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Winds, upwelling, water types and important biological components of the Northern Humboldt Current System (graphics
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The northern Humboldt Current System: Brief history, present status
and a view towards the future
1. Introduction

The tropical ocean off the west coast of South America is nota-
ble for several reasons. First, it is unusually cool for an ocean that is
so close to the equator with sea surface temperatures at 5 �S off
Peru as cool as 16 �C when most other tropical locations are in ex-
cess of 25 �C. Upwelling of cool waters brings phytoplankton nutri-
ents to the surface, dramatically increasing biological productivity
in this low-latitude region of few storms. Second, as a result of the
enhanced productivity, the northern Humboldt Current System
(HCS) off Peru produces more fish per unit area than any other re-
gion in the world oceans (Fig. 1), representing less than 0.1% of the
world ocean surface but presently producing about 10% of the
world fish catch. Third, as a result of sinking and decay of sur-
face-derived primary production and poor ventilation, surface oxy-
genated waters overlie an intense and extremely shallow Oxygen
Minimum Zone (OMZ). The OMZ forms a barrier to some animals,
concentrating living resources near the surface. At the other end of
the spectrum different forms of marine life have adapted to this
harsh environment, some utilizing it as a refuge from predation.
The OMZ also affects global nutrient budgets, as nitrate instead
of oxygen is used by bacteria as a terminal electron acceptor.
Fourth, beneath the OMZ, in layered continental shelf sediments
the absence of oxygen preserves dead organisms, creating a record
of past ecosystem and climate changes. Fifth, through ocean/atmo-
sphere coupling, the northern HCS is intimately linked to equato-
rial Pacific dynamics and is subject to large interannual to
multidecadal fluctuations in climate, ecosystems and its fisheries.

New in situ and satellite observing capabilities, long-term and
multi-variable data series, improved analysis, and modelling have
opened new windows into the dynamics of the northern HCS. Fish-
ery management is also evolving from a single-species approach
towards one that where the ecosystem is the unit of management.
This holistic approach, likely to be embraced in the 21st century,
appears to be particularly appropriate for the northern HCS where
strong temporal variability including El Niño, the Pacific Decadal
Oscillation (PDO, or El Viejo/La Vieja) and global change, consti-
tutes a major challenge. In this context, there was a clear need to
begin a new integration and synthesis of the Humboldt Current
System. The present collection of research papers resulted from
the ‘‘International Conference on The Humboldt Current System:
Climate, ocean dynamics, ecosystem processes, and fisheries” orga-
nized by the Institut de Recherche pour le Développement (IRD), the
Instituto del Mar del Perú (IMARPE) and the Food and Agriculture
0079-6611/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pocean.2008.10.012
Organisation (FAO) in Lima in late 2006 and highlight these devel-
opments. The focus of this special issue is on the northern Hum-
boldt Current System (HCS) off Peru and complements a 2007
compilation in the same journal for the central and southern
upwelling region off Chile (Escribano and Schneider, 2007). In this
introductory paper we provide a brief overview of the ‘‘ecological
and socio-economic” history of the northern HCS. The papers are
then introduced in the context of: (1) the impacts of natural envi-
ronmental rhythms and human exploitation; (2) new observations
and models; and (3) the ecosystem as the management unit. A sec-
tion on future research directions concludes the introduction to the
special issue. The papers in the special issue are organized starting
with physics and chemistry, then lower trophic biology to fish.
These mostly data papers are followed by modelling and then so-
cio-economic papers.

2. A brief history of ecology and exploitation of living marine
resources

The first ‘‘artistic” descriptions of the biological richness of the
northern HCS and its importance to humans can be found in the
pottery left behind by native South Americans well before America
was discovered by the Europeans (Rostworowski, 2005). Coastal
pre-Inca and Inca communities depended heavily on ocean re-
sources for their survival. The modern world became aware of
the incredible biological productivity of the northern HCS with
the discovery of tremendous deposits of seabird droppings or gua-
no (Cushman, 2003). The extraction of the seabird excrement (gua-
no, derived from an Inca word, comes primarily from the
cormorant Phalacrocorax bouganville, common name Guanay) for
fertilizer, played an important role in the Peruvian economy. The
guano was exported worldwide and played a role in the survival
of Europeans during the 19th century. The first marine biology sci-
entific research entity in Peru was the Marine Biology Laboratory
(Laboratorio de Biología Marina) established by the Compañia
Administradora de Guano to study and preserve this important re-
source. With the aid of international scientists the first ecosystem
perspective of the HCS was published in 1948 with the seabirds
occupying a central role (Fig. 2). During the 1940s and 1950s a fish-
ery developed on species like bonito (Sarda chilensis chilensis) and
tuna (primarily Thunnus albacore) driven by the high demand of
the liver oil of these species in the US market during World War
II and later the Korean war. The end of the Korean War increased
demand for guano and coincidentally the strong El Niño of

http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


Fig. 1. Fish catch versus primary productivity for the four main eastern boundary
coastal upwelling ecosystems for the years 1998–2005. It was assumed that the
reported fish catches (Fish and Agriculture Organization, FAO) were made within
100 km from the coast. The catches were then normalized by area. Primary
productivity was estimated from satellite remote sensing of chlorophyll and the
Behrenfeld and Falkowski (1997) model. Even during the El Niño year of 1998 Peru
fish catch still exceeded that from the other areas by several fold. Is Peru
exceedingly efficient in the transfer of primary production to fish or are Benguela
and Northwest Africa exceedingly inefficient?
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1957–1958 led to a dramatic decrease in seabird populations. The
present day anchovy or anchoveta (Engraulis ringens) fishery
started around the same period in 1955. This was an important
period for the ecosystem as managers pondered if the primary
objective was seabirds (guano) or anchoveta (fish meal). In 1954
the Peruvian Navy with input from the Compañía Administradora
de Guano and the government entity that managed fishing and
hunting established the Consejo de Investigaciones Hidrobiológi-
cas (CIH). The CIH was directed to coordinate and intensify hydro-
biological studies with the goal of improving the use and
Fig. 2. First ‘‘ecosystem-based” diagram for the northern Humboldt Current System
developed when seabirds were the focus of management (from Vogt, 1948).
sustainment of living marine resources. In 1959, as the anchoveta
fishery continued to develop, Peru requested technical assistance
for CIH from the Food and Agriculture Organization of the United
Nations (FAO) to develop a National Fishery Plan. Soon after the
Instituto de Investigaciones de los Recursos Marinos (IREMAR)
was created with programs dealing with oceanography, fisheries
biology, biology of whales, fishery economics and fishery technol-
ogy. In their final report FAO recommended the fusion of CIH and
IREMAR into a single institution. Accordingly in July of 1964 the
Instituto del Mar del Perú (IMARPE) was created and began opera-
tion in September of 1965. A number of the early IMARPE scientists
traced their roots to the Biology Department of the Compañía
Administradora de Guano. IMARPE continues to conduct research
on the northern HCS and its fisheries today.

The anchoveta fishery continued to grow during the 1960s to a
peak harvest of 12 million tons per year in 1970 accounting for 20%
of the world catch. The seminal paper of Ryther (1969), regarding
primary productivity, trophic levels and fish productivity in coastal
upwelling ecosystems, was developed based on an expedition to
Peru during this period of record harvest. A number of interna-
tional expeditions to the northern HCS followed and continue to
present. However, seven years after IMARPE’s formation, the
anchoveta population collapsed during the 1972 El Niño. An out-
standing synthesis of the dynamics of the Peruvian Upwelling Eco-
system focused on anchoveta and its crash was produced by
IMARPE in conjunction with ICLARM (now World Fish Center)
and the Deutsche Gesellschaft für Technische Zusammenarbeit (GTZ)
during the mid 1980s and published as conference proceedings
in 1987 and 1989 (Pauly and Tsukayama, 1987; Pauly et al.,
1989a,b). These publications continue to serve as major references
for the northern HCS. Since the 1980s, important technical and
conceptual advances have transformed many areas of marine sci-
ences. These advances have clarified important links and feedbacks
between climate, ocean circulation, biogeochemical cycles, trophic
webs and fish production. In addition, decades-long time series
data are now revealing environmental and climactic variability be-
yond the interannual scale of El Niño.

3. Impacts of natural environmental rhythms and human
exploitation on the ecosystem

The northern HCS is the region where El Niño, and climate var-
iability in general, is most notable (Fig. 3); sea surface temperature
(SST) anomalies greater than 10 �C have been observed during
strong El Niño events (Barber and Chavez, 1983). The modern
strong El Niño events include those beginning during 1925, 1941,
1957, 1982 and 1997. It was the strong 1957–1958 El Niño that
led to the realization that El Niño was more than just the intensi-
fication of a tropical coastal current (Chavez, 1986) but was linked
to changes in the global atmosphere (Bjerknes, 1966). The 1957–
1958 El Niño resulted in strong declines in seabirds (see Fig. 1 of
Chavez et al., 2003; Jahncke et al., 2004) and contributed, as de-
scribed above, to the development of the most intense and success-
ful fishery in the world. It was another El Niño in 1972 that was
associated with a large and persistent decline in anchoveta. The
collapse led to a vigorous scientific debate regarding causes: natu-
ral climate variability or over-fishing. The following 15–20 years
saw a dramatic rise in sardine (Sardinops sagax) populations. It took
over 10 years for scientists to notice that the same type of variabil-
ity was also being experienced off California and Japan (Kawasaki,
1983; Lluch-Belda et al., 1992) and 30 years before a longer period
(�50 year) natural climate phenomena (Mantua et al., 1997) was
implicated in the fluctuations of anchoveta and sardine (Chavez
et al., 2003; Alheit and Niquen, 2004). These large-scale, long-term
changes in Pacific ecosystems became widely known as ‘‘regime
shifts”. The topic remains hotly debated; did the Pacific transition



Fig. 3. Top panel shows the trend in sea surface temperature (SST) for the global ocean in 2 � 2 degree bins from 1875 to 2007. The warming over the last several decades is
notable. The first empirical orthogonal function (EOF) of the SST time series was calculated after the trend and the seasonal cycle were removed (a la Mantua et al., 1997 for
the Pacific Decadal Oscillation). The second panel shows the spatial pattern of the EOF with the northern HCS showing the highest variance relative to any coastal area of the
world ocean. The time series of the EOF is shown in the third panel with a warm eastern Pacific from the mid 1970s to the mid 1990s. The bottom panel shows the trend of SST
in 1 � 1 degree bins from 1981 to June 2008. Over this period, and primarily over the last decade the eastern Pacific, and the northern HCS in particular, has cooled (negative
trend) while the majority of the ocean warmed. The long term SST records are from Woodruff et al. (2008) and the recent SST trend from Reynolds et al. (2007).
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from a cool eastern Pacific (La Vieja) to warm eastern Pacific (El
Viejo) in the early 1970s and then to a cool eastern Pacific again
in the early to mid 1990s (Fig. 3)? Several papers in this issue
examine changes that occurred during this period (Ayón et al.,
2008b; Bakun and Weeks, 2008; Bertrand et al., 2008b; Guénette
et al., 2008; Swartzman et al., 2008). Finally, information collected
from anoxic sediments off Peru and Chile have uncovered even
longer term and more dramatic changes (Gutiérrez et al., 2008;
Sifeddine et al., 2008; Valdés et al., 2008). During the 400 years
of the Little Ice Age (LIA) primary productivity was low in the
northern HCS, the OMZ region was more oxygenated, and the
abundance of small pelagics was greatly reduced. This changed at
the end of LIA, circa 1820, to the present condition: high primary
productivity, a very intense and shallow OMZ, and abundant small
pelagic fish. This super regime shift showed that both anchovies
and sardines were favoured after 1820. Multi-decadal variability
(Chavez et al., 2003) was still apparent, but overwhelmed by the
centennial scale changes. Are these trends continuing, what will
happen with climate change (Fig. 3) and how will future changes
influence the harvest of marine living resources? Will there be
other tipping-points like the one at the end of LIA in the near fu-
ture? Are ecological disturbances associated with large interannual
to multi-decadal climate fluctuations responsible for the extremely
high levels of fish production? Does environmental variability ex-
plain the Peruvian ‘anchoveta paradox’, that is why are fish abun-
dance and production in the northern HCS so much higher than
other coastal upwelling ecosystems (Fig. 2)? These questions will
form the basis of future research.
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4. New observations and models

This section highlights new findings regarding living marine re-
sources and the environment that they are an integral part of Ber-
trand et al. (2008a) integrate observations and show how
anchoveta are impacted by processes occurring along a spectrum
of temporal and spatial scales. These processes include internal
waves with periods of minutes and sizes of meters to the global cli-
mate variations described in the previous section with periods
ranging from the interannual to centennial. A multi-scale (meter
to entire coastline) observational effort allowed Bertrand et al.
(2008a) to construct a conceptual model with management impli-
cations. The new and revealing aspects came from the small scale
surveys that showed how anchoveta and other members of the liv-
ing ecosystem ‘‘organize” around the rapidly varying environmen-
tal landscape. The animals leave their imprint on the physical
environment, as evidenced by measurements of the partial pres-
sure of carbon dioxide (pCO2). Another example of a small scale
but important observation, with significant impacts on ecosystem
dynamics, concerns anchoveta diet. Earlier studies had shown an
overwhelming numerical dominance of phytoplankton in stomach
contents (e.g. Pauly et al., 1989b; Rojas de Mendiola, 1989) and led
to the belief that the large populations of anchoveta were sup-
ported by an unusually short and efficient food chain (Ryther,
1969). From the analysis of a large number of stomach contents
and, most importantly, by conversion of the contents to carbon
equivalents, Espinoza and Bertrand (2008) show that the most
important source of calories for anchoveta are zooplankton – pri-
marily euphausiids and large copepods. Anchoveta, as indicated
by its long intestine typical of herbivorous organisms, still con-
sumes phytoplankton for important nutrients but zooplankton
for energy. This new information changes previously developed
and widely held paradigms for the northern HCS. Questions that
immediately come to mind are: Are there more zooplankton off
Peru than in any of the other coastal upwelling systems? Or per-
haps, are zooplankton more concentrated and available to ancho-
veta? Ayón et al. (2008a) provide a review of zooplankton
research for the northern HCS and leave it clear that new technol-
ogies are required to deal with the difficulties of zooplankton
sampling.

One model for colonization of pelagic habitat suggests that fish
first colonize favourable habitat then move to less favourable hab-
itat as populations expand (MacCall, 1990). Information collected
for anchoveta suggest a tight link to particular water masses, irre-
spective of population size (Bertrand et al., 2004; Swartzman et al.,
2008). Salinity is a good proxy for the anchoveta-favoured water
mass, Cold (upwelled) Coastal Wasters (CCW), as anchoveta is
abundant and well fed over a wide (14–23 �C) temperature range
(Gutiérrez et al., 2008b). Sardines seem to have greater affinity
for the high salinity Subtropical Surface Waters (SSW) although
not as strong as anchoveta for CCW (Swartzman et al., 2008).
CCW are associated with a shallow oxycline that may favour
anchoveta. Plankton size-structure is also different with larger
plankton being favoured in the CCW (high nutrients) and smaller
plankton in the SSW (more oligotrophic). What combination of
properties selects for anchoveta and sardine is still under
investigation.

Within the CCW habitat (Swartzman et al., 2008), anchoveta (i)
forage efficiently under a variety of different environmental condi-
tions (Espinoza and Bertrand, 2008), (ii) utilize food from various
trophic levels and select high energy food types (Espinoza and Ber-
trand, 2008), (iii) concentrate in refuge areas when conditions are
adverse (Bertrand et al., 2004), (iv) adapt their reproductive behav-
iour (Buitrón and Perea, 2000), and (v) distribute its population over
a large temperature range (Gutiérrez et al., 2008b). This combina-
tion of characteristics may help explain the Peruvian ‘anchoveta
paradox’: how anchoveta achieves such enormous concentrations
when they (i) are only capable of very short migrations and there-
fore cannot actively escape adverse conditions, and (ii) are mainly
distributed in dense surface aggregations, have very slow avoidance
reactions and are highly accessible to predators (fish, cephalopods,
birds, mammals and fishers) (Gerlotto et al., 2006).

Bakun and Weeks (2008) suggest two processes that might ex-
plain the dramatic fish productivity of the northern HCS. The
northern HCS is the upwelling system that is nearest to the equator
and is also a region of relatively weak but steady upwelling favour-
able winds. Because of the proximity to the equator the area of
upwelling is large so even with weak winds large quantities of
nutrients are upwelled but turbulence is low. Under these condi-
tions the so called environmental window (Cury and Roy, 1989)
for fish production is optimized. Second, Bakun and Weeks postu-
late that the close connection between Peru and the equatorial Pa-
cific exposes the region to strong interannual variability. These
sporadic and recurrent disruptions or ecosystem ‘re-sets’ could
keep the northern HCS from mature succesional states and favor
the rapidly growing ‘r’ populations like anchoveta (Chavez,
1987). Chaigneau et al. (2008) are the first to analyze eddy activity
from 15 years of altimeter data off Peru; somewhat surprisingly
they find highest activity during the strong El Niño of 1997–
1998. A next step would be to compare eddy activity for the major
coastal upwelling systems.

The role of the ocean in modulating increasing concentrations
of CO2 in the atmosphere has led to an explosive growth of regional
measurements of sea surface pCO2. Based primarily from observa-
tions off Oregon, Hales et al. (2005) suggested that coastal upwell-
ing systems were sinks for atmospheric CO2. The comprehensive
observations from the coast of Peru reported by Friederich et al.
(2008) sharply disagree with that generalization and show that
the northern HCS is a strong source of CO2 to the atmosphere.
The authors suggest several factors that could contribute to the
maintenance of sea surface pCO2 levels well above those of the
atmosphere in spite of elevated uptake of CO2 by phytoplankton:
(1) upwelling source waters are affected by OMZ denitrification,
contain low concentrations of pre-formed nitrate and have excess
inorganic carbon relative to nitrogen; (2) iron limitation of primary
production enhanced by offshore upwelling, driven by the curl of
the wind stress, that does not recruit continental shelf iron (John-
son et al., 1999) and (3) rapid sea surface warming that reduces
CO2 solubility. In a modelling study Echevin et al. (2008) were able
to reproduce a seasonal chlorophyll cycle that is out of phase with
the upwelling seasonal cycle and nutrients (Pennington et al.,
2006). The authors conclude that either (or both) light limitation
by deeper mixing (first suggested by Calienes et al., 1985) during
strong upwelling or iron limitation could be responsible for the
out of phase relationship. Clearly the topic of regulation of primary
productivity in the northern HCS requires further study.

In another combined observation and modelling study, Bertrand
et al. (2008b) show the impact of equatorially-generated Kelvin
Waves (KW) on the distribution of anchoveta and its primary con-
sumer, the fishers. New tools like satellite vessel monitoring sys-
tems (VMS) are now routinely deployed on fishing vessels and in
the northern HCS provide real-time positions of anchoveta seiners.
Bertrand et al. (2008b) combine VMS information, oceanographic
data and model output to show that large-scale oceanic KW forcing
is both detectable and significant in the spatial organization of the
ecosystem, including the distributions of anchoveta and the fish-
ers. These results provide evidence for a bottom-up control of the
system via ‘‘behavioural cascades” (see Frontier, 1987; Russel
et al., 1992) that can produce contrasting ‘ecosystem scenarios’ un-
der upwelling or downwelling KW conditions.
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Bottom-up forcing in the northern HCS is evident at interannual
(Barber and Chavez, 1983), multidecadal (Chavez et al., 2003; Al-
heit and Niquen, 2004) and now at centennial time scales (Gut-
iérrez et al., in press; Sifeddine et al., 2008; Valdés et al., 2008).
This bottom-up control observed with in situ data was also simu-
lated with trophic models at the scale of a bay (Taylor et al.,
2008b) and for the entire northern HCS (Taylor et al., 2008a). The
example provided by Bertrand et al. (2008b) makes it abundantly
clear that there is also strong bottom-up forcing in the northern
HCS at the intraseasonal time scale, but what about top-down ef-
fects? The large concentrations of plankton foraging fish in the
northern HCS, and the other coastal upwelling ecosystems (Fig. 2
and 4), could drive a top-down control of zooplankton, the so-
called wasp-waist hypothesis (Cury et al., 2000, 2003). Ayón
et al. (2008b) combined zooplankton data (1961–2005) with
simultaneous acoustic fish observations from 40 pelagic sur-
veys (1983–2005) and Peruvian landing statistics (1961–2005).
Fig. 4. Landings of anchoveta (Engraulis ringens), sardine (Sardinops sagax), jurel or jack
hake (Merluccius gayi) and Pota or the jumbo squid (Doscidicus gigas) for the period of 195
anchoveta, early 1970s for the remainder of the species and perhaps later for jack mack
They showed that on a regional scale zooplankton and ancho-
veta fluctuated in phase (i.e. bottom-up forcing), but in dense
schools anchoveta often induced a local reduction in zooplankton
abundance.

An area of explosive progress during the last several decades
has been in the development and use of numerical models. The role
of models in research and management is several-fold. First, they
serve as tests of our understanding of how ecosystems function:
what are the drivers, why they are the way they are, why they
change, etc. Models lead to new observations, improved under-
standing, new ecosystem rules, and iteratively to improved mod-
els. Second, models serve as integrators and interpolators of
sparse information. The ocean, because of its challenges to obser-
vation (opacity to light, corrosive water, etc.), will always remain
under sampled; models can interpolate the sparse data and gener-
ate views of the system that are in many ways analogous to satel-
lite images but in three dimensions. Finally, given enough scientific
mackerel (Trachurus murphyi), caballa or mackerel (Scomber japonicus), merluza or
0 to the present. The landings likely reflect fluctuations in abundance after 1965 for
erel, mackerel and the jumbo squid.
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progress the models can forecast the future and predict ecological
responses to natural climate variability and global change. While
models are an integral part of the future, it is also important to
consider their present-day shortcomings. The quality (here defined
as the ability to realistically simulate the ecosystem) of a model is
directly proportional to the amount of available in situ data. The
northern HCS, with its rich data, is an ideal region for model devel-
opment and use. Physical (ocean and atmosphere) modelling is
currently far ahead of ecological modelling. This is partly driven
by the number of variables needed for physics (temperature and
salinity), compared to biology (a potentially unlimited number),
which increases complexity and cost. Finally, the models are only
able to simulate known processes for which equations have been
developed; new processes or significant errors in ecological theory
are obviously problems for accurate predictions. A case in point is
provided by Espinoza and Bertrand (2008) who show that eup-
hausiids and large copepods are the dominant caloric prey for
anchoveta. Yet trophic models can be tuned to simulate long-term
dynamics of the ecosystem using phytoplankton as the major
source of food for anchoveta. Either what the anchoveta eats is
not particularly important to the ecosystem or there are still fun-
damental problems with the models. It is evident that modelling
will continue to advance in parallel to and with the advent of
new observations.

The models can be organized into several categories. First are
physical ocean models. These models are driven by atmospheric
forcing (wind and heat) typically provided by data-assimilating
atmospheric models or model-aided reanalysis of observations.
The resolution of the model (meters to kilometres in the horizontal
and meters in the vertical) is usually constrained by computational
power and the resolution of the atmospheric forcing. A widely used
model in the northern HCS is the Regional Ocean Modelling System
(ROMS; Colas et al., 2008) although it is certainly not the only one
(see Dewitte et al., 2008). Simple pelagic ecosystem models (re-
ferred to as NPZ for Nutrient, Phytoplankton, Zooplankton) were
first conceptualized in the 1940s (Riley, 1946) and have more re-
cently directly coupled to physical circulation models such as
ROMS (see Echevin et al., 2008, for example). Original formulations
had one phytoplankton and one zooplankton group but in order to
simulate global satellite chlorophyll there was a need to include
two size classes each of phytoplankton and zooplankton. This type
of ecosystem model is presently the most common and able to
simulate a small-sized tightly coupled (oceanic) food web and a
large-sized decoupled (coastal) food web. Adding NPZ to a physical
model increases computational requirements by at least five fold. A
present-day weakness of the coupled models is the lack of zoo-
plankton data for validation. The output of the coupled models
can be used to drive Individual Based Models (IBM) where a single
species is followed over time: the coupled model provides physio-
logical (temperature) and energetic (PZ) growth constraints; pred-
atory losses are provided externally (see Brochier et al., 2008 as an
example). The final group of models focus on trophic interactions
with the most popular being those of the ECOPATH family (Chris-
tensen and Pauly, 1992; Walters and Christensen, 2007). Several
papers in this issue apply these models (Guénette et al., 2008;
Tam et al., 2008; Taylor et al., 2008a,b). These models are able to
deal with a large number of trophic levels (hence the use of the
descriptor) and components but because of their complexity are
not able to resolve time or space with the necessary resolution.
Time and space are typically treated discretely, for example El
Niño versus normal (see, for example, Tam et al., 2008; Taylor
et al., 2008a). Newer versions include the ability to treat time
and space more explicitly but not at the level of the coupled mod-
els. Available in situ data for many, if not most, of the trophic com-
ponents and their rates is sparse. A new generation of models
attempts to embed ‘‘trophic” fishery models in the three dimen-
sional coupled circulation models described above (Fulton et al.,
2004; Travers et al., 2007) but these have yet to be applied to the
northern HCS.

5. The northern Humboldt Current System as a management
unit

Research over the past decades in the northern HCS has focused
on exploited living resources, i.e. a few number of species like
anchoveta, sardine, jurel or jack mackerel (Trachurus murphyi), cab-
alla or mackerel (Scomber japonicus), merluza or hake (Merluccius
gayi) and more recently the jumbo squid or ‘pota’ (Doscidicus gigas)
(Fig. 4). As can be gleaned from Fig. 4, landings have fluctuated
quite dramatically over the last decades driven by the large year
to year variability of the northern HCS (Fig. 3). Is the ecosystem
more sensitive to the environmental variability as a result of hu-
man exploitation of the resources? The Ecosystem Approach to
Fisheries (FAO, 1995) stresses the importance of managing the re-
sources by considering the whole ecosystem that the exploited
populations and their fishers are an integral part of. The expecta-
tion is that such informed management system will facilitate the
long term sustainability of fish stocks by understanding and pro-
tecting the ecosystem of which the fish are dependent, while at
the same time maximizing economic and societal benefits and pre-
venting wasteful overinvestment of economic resources. EAF and
its close relative Ecosystem-Based Management (EBM) have and
will continue to be daunting tasks given that resources, technolo-
gies and management theory are not yet at a level needed to imple-
ment these systems effectively. Given the unique monitoring
system, the well understood climate variability and the developing
ecological theory (summarized well in this special issue) the north-
ern HCS is a strong candidate for this approach. Routine physical
(temperature, salinity), chemical (nutrients and oxygen) and bio-
logical (chlorophyll, zooplankton biovolume) oceanographic infor-
mation has and continues to be collected. An even more intense
observation effort is in place for the marine living resources. Evolv-
ing technical capabilities, including tagging and tracking individual
animals (modern tags can also record environmental data), will go
a long way in improving our knowledge of the abundance and dis-
tribution of the so-called charismatic and sometimes threatened
species (i.e. seabirds, marine mammals, turtles, etc.). The final fron-
tier lies in the mero and macro zooplankton (copepods, euphausi-
ids, larger crustaceans, fish larvae) and smaller fish all with
behavioural attributes.

Technological advances in acoustics have facilitated collection
of information on the mero and macro zooplankton (copepods,
euphausiids, larger crustaceans, fish larvae) and smaller fish.
Acoustics can now provide qualitative and quantitative data on di-
verse species from zooplankton to large fish (and even mammals),
and given well-designed surveys, can document their interactions
(Bertrand et al., 2008a). Acoustics have been used to document
the dramatic changes in the pelagic red crab or ‘munida’ Pleuron-
codes monodon (a macro-zooplankton) population, after the
1997–98 El Niño (Gutiérrez et al., 2008b). Munida has been
exploited for decades in central Chile where its adult population
is demersal. High munida concentrations were rarely reported off
Peru but recently its populations experienced exponential growth,
presumably in response to the cooling trends shown in Fig. 3;
1998–2005 acoustic biomass estimates range from 0.6 to 3.4 mil-
lion tons. The increase in population and range was accompanied
by a change in the crab’s ecology, going to a complete pelagic life
cycle in Peru because the intense OMZ in this region restricts its
demersal habitat. As described above the munida not only in-
creased in abundance but extended its range towards the equator
as the eastern Pacific cooled during La Vieja (Fig. 3). But is it really
La Vieja or the beginning of the effects of man-induced global
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warming? Global warming may differentially heat land and sea,
intensify coastal upwelling winds (Bakun, 1990) and perhaps cool
coastal upwelling regions in the face of a general global warming
trend (Fig. 3). Acoustics allowed Gutiérrez et al. (2008b) to simulta-
neously observe anchoveta and munida and the data clearly show
that they often share the same habitat. Climatic changes have re-
sulted in an environment where these two species now overlap
even though munida is restricted to the very cold CCW whereas
anchoveta tolerates a much broader temperature range. Anchoveta
and munida are both prey for apex predators, they both feed on the
same planktonic organisms and munida forages on anchoveta eggs
and larvae so their affinity for the same habitat has important eco-
logical consequences. More information on euphausiids, the key
prey of anchoveta, is critically needed. Presently acoustic devices
can only be deployed routinely on ships but there is hope that
acoustic devices or other technologies for sensing zooplankton
can be made routinely available for autonomous platforms like
floats, gliders and moorings.

Anderson et al. (2008) has shown that commercial fishing re-
sults in a decrease in average body size and age of maturity of
the exploited fish stock. This can lead to age-truncated or juvenes-
cent populations that can become increasingly unstable. Peruvian
hake (Merluccius gayi peruanus) have been intensively fished since
the early 1970s (Fig. 4C) and show juvenescent characteristics: a
drastic reduction in mean hake size, an early age of maturation,
with the percentage of mature hake at 2 years changing from
�zero during the 1980s to >60% in the early 2000s. Additionally
the proportion of females in catches increased from �40% at the
beginning of 1990 to �100% at the beginning of 2000 (Guevara-
Carrasco and Lleonart, 2008; Ballón et al., 2008). Ballón et al.
(2008) showed that the few remaining large females in the popu-
lation currently make low investments in egg production. The lack
of males in the population could mean sperm limitation. In addi-
tion the lack of male pheromones should impact female spawning
and lead the large females to reallocate resources from reproduc-
tion to growth or survival. Not surprisingly, large females had high
condition factors and low gonosomatic indices when large males
were scarce. The hake habitat is restricted to northern Peru (typi-
cally north of 6 �S) where waters are ventilated (and oxygenated)
by the Equatorial Undercurrent. Ballón et al. (2008) also show that
El Niño negatively affects hake’s condition factor and reproduction
even though El Niño increases geographical range and habitat of
hake by oxygenating the central and southern Peru coastal waters
(Espino, 1990). These results with hake illustrate how fishing and
environmental variability can interact and impact populations in
unexpected and complex ways.

In addition to the above factors, the jumbo squid, an important
predator of hake (Zeidberg and Robison, 2007) seems to have in-
creased in abundance over the past decade (Fig. 4C). Argüelles
et al. (2008) showed that during 1989–1999, mature jumbo squid
(Dosidicus gigas) where of medium size (�40 cm), but from 2001
on, mature squid were larger (�80 cm). Argüelles et al. (2008)
hypothesize that the change in size and the increase in numbers
was caused by a parallel increase in mesopelagic (lanterfish in
particular) fishes that are prey for the jumbo squid. The size in-
crease also suggests that squid are not over-exploited in the
northern HCS. Unlike hake, squid is an ‘r’ species that grows very
fast (like anchoveta) and is therefore more resilient to fishing
pressures. Jumbo squid have not only increased rapidly off Peru
but also off Chile, Mexico and the United States (Zeidberg and
Robison, 2007; Bograd et al., 2008). Bograd et al. (2008) suggest
that changes in the geographical distribution of the jumbo squid
may be related to the expansion of eastern Pacific OMZ. If true
hake may be further impacted since the small area of high pro-
ductivity and oxygen off northern Peru (4–6 �S) where hake thrive
may be shrinking.
In northern HCS off Peru, fisheries decisions are made in quasi
real-time using the most recent observations. It is probably the
only place in the world where this rapidly ‘adaptive’ management
style is possible. Government bureaucracy and slow data analysis
usually mean that management decisions are implemented for
yesterday’s conditions and problems. However, there is still a need
for reliable predictors of future conditions to support the decision
making process. These must include our developing understanding
of interannual, multidecadal and centennial climate variability.
Forecasting climate effects on fishery stocks clearly is a daunting
task, but this should be an area of continued emphasis. Kelvin
waves (KW) and interannual variability are areas where immediate
gains are possible. As Bertrand et al. (2008b) have shown there is a
predictable northern HCS ecosystem response to coastal KWs of
equatorial origin. These KWs are excited in the western equatorial
Pacific, are observed by the TOGA-TAO array and satellite altime-
try, and travel across the Pacific to the northern HCS in about
two months. To the extent that there is a predictable response, this
two month window could be used to make management decisions.
If environmental conditions could be predicted six to nine months
in advance, such as predicting El Niño, further measures could be
taken. Jarre et al. (2008) compared two knowledge-based systems
(rule-based Boolean and fuzzy logic models) that would use multi-
ple data sets and indices to aid the decision support system. The
comparison was made for fisheries in the southern Benguela but
it has applications for the northern HCS. These new efforts could
be implemented into an easy to use ‘‘dashboard” to support the
decision makers.

The satellite vessel monitoring systems (VMS) have provided
unique data regarding fishery effort and as Bertrand et al.
(2008c) show, on the spatial distribution of resources. VMS data
provide robust, reliable, real-time, and low-cost information for
scientific and management purposes (Bertrand et al., 2007). Ber-
trand et al. (2008c) used artificial neural networks (ANN) with
VMS data to estimate the position of fishing operations for the en-
tire fleet of Peruvian anchovy purse-seiners. The ANN was trained
on a sample of fishing trips with known fishing set positions from
an at-sea observer program. The ANN correctly identified 83% of
the real fishing sets and largely outperformed comparative linear
models. Bertrand et al. (2008c) quantified the extent to which
the distribution of purse-seine sets describes anchovy distribution
and found that location yields valuable information on the distri-
bution of the Peruvian anchoveta stock and ultimately on its vul-
nerability to the fishery. A fishery that at present has too much
capacity: Fréon et al. (2008) estimated the present overcapacity
of the Peruvian purse seiner anchoveta fleet at over 300%, in other
words the fleet has the capacity to capture over 30 million tonnes
per year even though current quotas have ranged from 5 to 8 mil-
lion tons. This overcapacity was economically driven by the classi-
cal ‘‘tragedy of the commons” i.e. the race to catch a larger share of
a global annual quota and its roots can be traced to the inability of
fisheries managers, under several administrations, to enforce laws
controlling the expansion of the fleet and fish processing plants.

Under the present system the fishing year is divided into two
semesters (April–September and October–March) or fishing sea-
sons, with long-established closures coinciding with the two main
spawning periods in winter and summer. The quota or total allow-
able catch (TAC) was assigned or adjusted by management at the
beginning of each fishing period, formerly by season and over the
last few years by month. When the TAC for a period is reached
(or the period ends) the fishery is closed. Several periods make
up the fishing season. Since there is a single quota for all there is
a premium on skilled captains and high capacity. A new individual
quota (IQ) system, where the TAC is distributed among registered
fishing vessels holding a valid fishing license, is about to be imple-
mented. Removing the need to race to harvest as much as possible
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is expected to eventually result in a significant reduction in the size
of the fleet, but may also lead to new socio-economic, biological
and ecosystem challenges especially if, as in the past, the system
is not properly enforced. If properly administered the IQ system
should result in similar economic benefits to the fishery as do indi-
vidual transferable quotas (ITQs) (Costello et al., 2008) but perhaps
not to the shortcomings: concentration of ownership into a few
large companies, the loss of fishery benefits to local communities,
and the development of speculative bubbles (see Hilborn et al.,
2005 for a review). The implementation of the IQ system provides
an opportunity to study how anchoveta and the ecosystem re-
spond to a measured change. Under the present system the effec-
tive fishing season is about 50 days a year (Fréon et al., 2008) and
one would expect the duration of the fishing season to increase un-
der the IQ system. The consequences could be positive or negative
and as far as we know no such ‘‘controlled” experiment has been
carried out. For example, longer, less intense fishing might not be
as traumatic to anchoveta but more days at sea may lead to more
stress on the ecosystem as a whole. After several years of data col-
lection the pros and cons of the IQ system should be evaluated.

The examples given above illustrate the challenge of imple-
menting a management system that is ecosystem focused. It is
noteworthy that this special issue has no contributions regarding
the so-called called charismatic and sometimes threatened species
(i.e. seabirds, marine mammals, turtles, etc.) and how they fit into
the management equation needs to be considered. Although the
challenge is monumental if it can be accomplished anywhere it
might be in the northern HCS.

6. Future directions

Several future research problems have been highlighted
throughout this introduction to the special issue on the northern
HCS. Many can be linked to the unique features of this region:
Fig. 5. Global distributions of 50 meter oxygen (lmol/kg, top) and pH (bottom). Note th
from Conkright et al. (2002). The pH was calculated from total carbon dioxide and alkali
nutrients in Conkright et al. (2002).
(1) intense primary productivity and an efficient but still poorly
defined ‘‘trophic” transfer to small pelagic fish that supports the
largest fishery in the world (Fig. 1); (2) the greatest level of inter-
annual variability for any coastal region in the world ocean (Fig. 3);
and (3) an intense, shallow and ‘acidic’ oxygen minimum zone
(OMZ; Fig. 5). While these three processes, high biological produc-
tivity, interannual variability and oxygen minima, are not indepen-
dent, we treat each separately in the following paragraphs.

Several hypotheses have attempted to explain the uniquely
high productivity of small pelagic fish productivity in the northern
HCS – or what has been termed the ‘Peruvian anchoveta paradox’:
(1) the northern HCS may simply have higher levels of primary
productivity and therefore fish productivity than other coastal
upwelling ecosystems; (2) anchovy off Peru, but not the other
upwelling ecosystems, have been suggested to feed directly on
phytoplankton, primarily diatoms, and hence there is a very short
and efficient food chain; (3) the combination of high primary pro-
ductivity and relatively weak winds may lead to longer residence
times, a less turbulent environment, and optimal conditions for
fish growth, reproduction and egg and larval retention (Bakun
and Parrish, 1982; Bakun and Weeks, 2008); (4) the OMZ could
concentrate prey and at the same time reduce predation on zoo-
plankton and small pelagic fish; and (5) the high levels of northern
HCS interannual variability lead to a the pelagic ecosystem that is
always in an ‘r’ state favouring fast growing fish like anchoveta
(Chavez, 1987) and keeping long-lived ocean dwelling predators
(on the small pelagic) from getting established (Bakun and Weeks,
2008). As Bakun and Weeks (2008) remind us the spectre of cli-
mate change is on the horizon making them wonder if the changes
it brings will ‘‘shift Peru’s marine ecosystem out of its current
sweet-spot?”

The first hypothesis regarding increased fish production off Peru
can now be safely rejected as estimates of primary productivity
(Carr, 2001) and nutrient supply (Messie et al., 2008) indicate that
e very low oxygen and pH at this shallow depth off the northern HCS. The oxygen is
nity found in the GLODAP database (Key et al., 2004) and temperature, salinity and
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the Northwest Africa and Benguela coastal upwelling ecosystem
have greater or similar levels as Peru (Fig. 1). Is Peru exceedingly
efficient in the transfer of primary production to fish or are Bengu-
ela and Northwest Africa exceedingly inefficient? Paradoxically
primary productivity off Peru appears limited during the winter
months (Pennington et al., 2006), either by iron or light (Echevin
et al., 2008; Friederich et al., 2008); Peru appears to be the only
coastal upwelling ecosystem where upwelling and primary pro-
ductivity are out of phase. The second, ‘short food chain’ hypothe-
sis has now been discredited by Espinoza and Bertrand (2008), who
show that anchovy get most of their caloric energy from zooplank-
ton as in other upwelling ecosystems. One difference is that in the
northern HCS euphausiids are the favoured prey of anchoveta, in
contrast to Northwest Africa and Benguela. The Peruvian ancho-
veta paradox must be explained by some combination of the
remaining hypotheses which concern (1) the efficient transfer of
primary production to fish through zooplankton, in particular eup-
hausiids, via an optimal environmental window, (2) the OMZ im-
pacts predation on prey and predators of the small pelagic fish
and (3) the high interannual variability.

There is growing awareness that environmental variability
plays a dominant role in the functioning and structure of marine
ecosystems and that this variability is much greater than previ-
ously thought. El Niño has been and remains the classic example
of the impact of climate variability on ocean ecosystems (Barber
and Chavez, 1983). However, longer and more subtle changes in
the environment seem to drive stronger and more profound
changes on marine living resources (Lluch-Belda et al., 1992; Cha-
vez et al., 2003; Alheit and Niquen, 2004) leading to the so-called
‘‘regime-shifts.” New time series from cores from the marine sed-
iments underlying the Peru OMZ have revealed dramatic and sus-
tained shifts (Gutiérrez et al., 2008; Sifeddine et al., 2008). It
appears as if the current ‘‘sweet-spot” of fish productivity has come
and gone in the past before the advent of anthropogenic influences.
Will similar tipping-points (Gladwell, 2000) be reached in the fu-
ture? And if so, when will they occur and will we predict them?
Management plans will have to developed considering this shifting
environmental baseline.

Environmental variability leaves its imprint on the ecosystem
and the OMZ. Benthic communities on the continental shelf shift
dramatically from those dominated by the few organisms capable
of withstanding the dominant anoxic conditions to a diverse
community during El Niño when oxygen levels over the shelf in-
crease dramatically (Arntz et al., 2006; Gutiérrez et al., 2008a;
Tarazona et al., 1988). The oxygenation during El Niño ‘‘cleans”
not only the benthic but pelagic ecosystem on interannual scales
(Chavez, 1987). Similar changes occur at multidecadal and cen-
tennial time scales. However, during recent centuries, the north-
ern HCS OMZ has confined most oxygen-requiring animals to
shallow surface waters, providing a refuge from predation and
competition to those that can cope with low oxygen conditions.
The impacts of the OMZ on benthic communities are relatively
well documented but as discussed above the full impact of the in-
tense and shallow OMZ on the pelagic ecosystem remains un-
clear. For example, the role of the OMZ on zooplankton growth
and survival remains unresolved given the paucity of studies in
the northern HCS. An early study suggests that a large fraction
of the zooplankton community is limited in its vertical distribu-
tion by the OMZ (Judkins, 1980). In northern Chile on the other
hand a large number of zooplankton can penetrate the OMZ as
part of their vertical migrations while a smaller fraction is re-
stricted to the upper oxygenated layer (Escribano et al. in press).
Are the zooplankton further protected from grazing while in the
OMZ? Are they eventually more accessible to the anchoveta? A
number of bacterial processes and biogeochemical cycling, not
discussed in this special issue, are enhanced in the OMZ making
this region important for global nitrogen budgets for example
(Codispoti et al., 1986).

Recent reports suggest that OMZs are growing either in re-
sponse to the longer term centennial scale changes (Gutiérrez
et al., 2008) or anthropogenic influences (Stramma et al., 2008).
Such an expansion must certainly have consequences for the global
nitrogen cycles discussed above, further removing nitrate via deni-
trification. Can this expansion help explain the shrinkage of the
habitat of hake and other demersal fauna in northern Peru? The
natural process of photosynthesis, carbon fixation and oxygen pro-
duction, at the surface and sinking and decay of surface-derived
primary production to depth, where oxygen is consumed and car-
bon dioxide respired, act to ‘‘acidify” the deep ocean. Regions of
low oxygen are therefore regions of low pH (Fig. 5). How fast will
the slow diffusion of anthropogenically-derived atmospheric CO2

into the ocean (Feely et al., 2008) further acidify northern HCS eco-
systems and what will be the consequences? Is the acidic northern
HCS OMZ a window into the future of other ecosystems that cur-
rently have higher oxygen and pH?

In summary, the northern HCS off Peru is intensively studied
because of its unusual dynamics and astounding fish productivity.
It is a turbid green-to-brown ecosystem with more ‘‘substance”
than ‘‘beauty” – very different than stereotypical tropical systems
where diversity and colour dominate. Indeed, in the northern
HCS productivity is high at the expense of diversity. Interannually
and multidecadally, the northern HCS changes from higher biolog-
ical productivity and lower diversity during cool periods to lower
productivity and higher biodiversity during warm periods (El
Niño and El Viejo). In terms of marine living resources, the north-
ern HCS is perhaps the best monitored large ecosystem in the
world, allowing for unusually effective management of fisheries
in spite of internal (economic) and external (environmental) chal-
lenges. The continued collection of time series data is strongly
encouraged together with the application of new and evolving
technologies for observation, modelling and management. In the
present environment scientific/management strategy iterates be-
tween observations, basic ecosystem rules and single-purpose
models or management practices. In the future fully integrated
and adaptive observation, modelling and management systems
will be required with greater reliance on autonomous observing
systems like floats, gliders and moorings. We wonder what
changes, in the environment, and the integrated management sys-
tem, the next decades will bring, and hope that the next synthesis
will be as positive as this one.
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Relatively little is known about coherent vortices in the eastern South-Pacific along the Peruvian coast,
even with regard to basic facts about their frequency of occurrence, longevity and structure. This study
addresses these issues with nearly 15 years of relatively high-resolution satellite altimetry measure-
ments.

We first compare two distinct automated methods for eddy identification. The objective validation pro-
tocol shows that the rarely-used geometrical or ‘‘winding-angle method”, based on the curvature of the
streamline functions, is more accurate than the commonly-used ‘‘Okubo–Weiss algorithm”, which defines
a vortex as a simple connected region with values of Okubo–Weiss parameter weaker than a given
threshold.

We then investigate vortices off Peru using more than 20,000 mesoscale eddies identified by the wind-
ing-angle method. Coherent eddies, characterized by a high ratio of vorticity to deformation rate, are typ-
ically formed along the coast and propagate westward at 3–6 cm s�1. The vortices have a mean radius of
80 km, increasing northward, and are most frequently observed off of Chimbote (9�S) and south of San
Juan (15�S). The mean eddy lifetime is about 1 month, but if eddies survive at least 2 months, the prob-
ability for surviving an additional week (or month) is constant at 90% (or 67%). Anticyclonic eddies tend
to propagate northwestward whereas cyclonic vortices migrate southwestward. In general, cyclones and
anticyclones are similar, except for eddies surviving at least 6 months. In this case, after a similar 3–4
months of radius and amplitude growth, amplitudes (or sizes) decay particularly rapidly for anticyclonic
(or cyclonic) eddies. In terms of intensity, cyclonic eddies show a rapid decay during the first 3 months
before arriving at a quasi-constant value, whereas anticyclones exhibit steady decline. Finally, eddy tem-
poral variations were examined at seasonal and interannual scales in the ‘‘coastal” region favorable to the
formation of energetic mesoscale structures. On seasonal scales, eddy activity is maximal in fall and min-
imum in spring. At interannual scales, the eddy activity index was maximal during the strong El Niño of
1997–1998 but another strong maximum of eddy activity also occurred late in 2004. These temporal vari-
ations are probably associated with the intensification of the upwelling thermal front and with the pas-
sage of coastal-trapped waves which generate baroclinic instabilities. Further investigation of the
mechanisms involved on the eddy genesis is needed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction ized by relatively low levels of eddy kinetic energy (EKE)
The eastern South-Pacific Ocean (ESP), as the World Ocean in
general, is a turbulent system which exhibits, superimposed on
the large-scale Peru–Chile Current System (Strub et al., 1998),
mesoscale variability composed of eddies or vortices (Hormazabal
et al., 2004; Chaigneau and Pizarro, 2005c), meanders or fronts
(Chaigneau and Pizarro, 2005a), and squirts and filaments (Tho-
mas, 1999). Compared to other ocean basins, the ESP is character-
ll rights reserved.

del PEru (IMARPE), Esquina
60 69/76 30 (anexo 265).

eau).
(Stammer, 1997, 1998; Stammer and Wunsch, 1999; Le Traon
and Morrow, 2001; Stammer et al., 2006; Pascual et al., 2006),
varying from 200–300 cm2 s�2 along the continental coast to 50–
100 cm2 s�2 in the interior ocean (Hormazabal et al., 2004; Chaig-
neau and Pizarro, 2005b). Long-lived energetic eddies, having a
lifetime higher than 3 months, can nevertheless be generated near
the coast and propagate long distances offshore (Chaigneau and Pi-
zarro, 2005c).

Eddies are generally more energetic than the surrounding cur-
rents and are an important component of dynamical oceanography
at all scales. In particular they can transport heat, mass, momen-
tum, and biogeochemical properties from their regions of forma-
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tion to remote areas where they can then impact budgets of the
tracers (Bryan, 1996; Wunsch, 1999; Roemmich and Gilson,
2001; Jayne and Marotzke, 2002; Qiu and Chen, 2005). In the
ESP, the offshore propagation of mesoscale structures can extend
the area of high primary productivity (Thomas et al., 1994; Chavez,
1995; Loubere, 2000) through advection of phytoplankton biomass
and nutrient-enriched coastal water. It is also hypothesized that
the variability of the highly pronounced subsurface oxygen mini-
mum zone observed in the Peru–Chile Current System (Helly and
Levin, 2004) is modulated by the westward motions of mesoscale
eddies. In the vertical, eddy pumping may be an important mech-
anism for bringing nutrient-enriched subsurface water into the
euphotic zone as observed in other areas of the world ocean (Fal-
kowski et al., 1991; McGillicuddy et al., 1998; Siegel et al., 1999).
Finally, mesoscale processes impact marine ecosystems (Logerwell
and Smith, 2001; Spear et al., 2001; Bakun, 2006; Sasai et al., 2006)
and the management of various marine activities such as fisheries,
pollution monitoring, or offshore industry.

Despite the importance of the mesoscale dynamics, only a few
works have investigated eddy characteristics of the ESP and none
of them have focused on the Peruvian oceanic region which is
one of the most productive of the world. Recently, Chaigneau and
Pizarro (2005c) used near-surface drifters and satellite altimetry
to provide the mean Chile–Peru Current eddy characteristics in a
region south of 10�S, but basic questions remain. In particular,
mean eddy properties such as geographical distribution, frequency
of occurrence, lifespan, and propagation velocity field are all unde-
scribed. Growth and decay of long-lived eddies and the temporal
variations of eddy activity and characteristics are also poorly doc-
umented. Over the last two decades, satellite altimetry, due to its
global and regular monitoring with relatively high resolution, has
given considerable insight into mesoscale dynamics. The aim of
this study is to use nearly 15 years of altimetry to quantitatively
investigate the mesoscale activity and examine its spatio-temporal
variability in a region offshore from Peru. The results should be
useful for the validation of regional oceanic model simulations,
and also to better examine relationships between mesoscale
dynamics and marine ecosystems.

Mesoscale vortices cannot be identified and extracted from geo-
physical turbulent flow as observed by satellite altimetry without
suitable definition and a competitive identification algorithm. A
multitude of different techniques for automatic identification of
eddies have been proposed, based either on physical or geometric
criteria of the flow field. Physical criteria require the calculation of
dynamical properties, and eddies are identified where thresholds
of calculated properties are exceeded. Dynamical properties of
the flow field that have been used to identify eddies include pres-
sure or sea-level anomaly magnitude (Jeong and Hussain, 1995;
Fang and Morrow, 2003; Morrow et al., 2004a; Chaigneau and Pi-
zarro, 2005c), high vorticity magnitude (Hussain and Huyakawa,
1987), or high normalized helicity (Buning, 1989; Sadarjoen
et al., 1998). Other physical criteria based in particular on the
velocity gradient tensor or rate-of-deformation tensor have also
been used to study coherent oceanic structures (Isern-Fontanet
et al., 2003, 2004, 2006; Morrow et al., 2004b; Chelton et al.,
2007). However, as mentioned by Sadarjoen (1999), these physical
criteria often fail to locate vortices and eddy identification may be
inaccurate (Basdevant and Philipovitch, 1994). Furthermore, arbi-
trarily varying thresholds may need to be used for these methods,
requiring a user interaction which leads to a non-fully automated
and subjective process.

A second type of eddy identification techniques is based on
geometry of the flow. As vortices consist of quasi-circular flow pat-
terns, geometric criteria use the shape or curvature of instanta-
neous streamlines. These vortex-identification methods consist to
release a large number of streamlines over the velocity field of
the study domain and select the curves having circular or closed
geometry. To this end, two different techniques can be used: (1)
the ‘‘curvature center method” (Leeuw and Post, 1995) or (2) the
‘‘winding-angle method” (Sadarjoen and Post, 2000), which detects
closed streamlines via measuring cumulative changes in stream-
line direction as represented by the winding-angle (see Appendix).
As noted by Sadarjoen (1999) and Guo (2004), these geometrical
methods and in particular the winding-angle method, look promis-
ing to detect weak vortices.

The first goal of this study is to compare physical and geo-
metrical vortex-identification methods. After having established
the suitability of the geometrical method to extract eddies from
sea-level anomaly (SLA) maps, we apply this rather rarely-used
algorithm to investigate eddy activity off Peru. The paper is orga-
nized as follows. Under Section 2, we describe the satellite data
set and computation of the different eddy kinematics. Vortex
censuses, which involve objective identification and tracking
algorithms, are also described in Section 2. In Section 3 we com-
pare both of the eddy detection schemes using an objective pro-
tocol of validation. Section 4 deals with the main eddy
properties of the study region whereas Section 5 focuses on
the genesis, the propagation and the growth and decay of
long-lived eddies. The temporal variations of eddy characteristics
and eddy activity are investigated in Section 6. A summary of
the results is provided in Section 7, along with ideas for future
research.

2. Data and methods

2.1. Altimetry data and inferred eddy kinematic properties

Combining data from different satellite missions improves the
estimation of mesoscale signals (Le Traon and Dibarboure, 1999;
Le Traon et al., 2001; Chelton and Schlax, 2003; Pascual et al.,
2006). The altimeter data used in this study are the combined To-
pex/Poseidon (T/P), ERS-1/2, Jason-1 and Envisat product as pro-
vided by Collecte Localisation Satellite (CLS) – Space of
Oceanography Division of Toulouse, France. This AVISO delayed-
time altimeter dataset provides a homogeneous, inter-calibrated
and highly accurate long time-series of SLA data spanning roughly
14 years from October 1992 to August 2006 (datasource: http://
www.jason.oceanobs.com).

As explained by Ducet et al. (2000), SLA alongtrack measure-
ments are first filtered with a Lanczos filter having a typical cutoff
wavelength of 200–300 km in the study region. These filtered data
are then subsampled every 35–50 km and mapped through an
objective technique used to combine the distinct satellite along-
track measurements. This method takes into account long wave-
length error uncorrelated noise due to residual orbit errors but
also tidal or inverse barometer errors, and high frequency ocean
signals (Le Traon et al., 1998). Finally, the merged-satellite product
results in 723 weekly SLA maps which are computed relative to a
seven year mean (January 1993–December 1999) and distributed
on a regular 0.25� � 0.25� grid.

During the ERS-1 ice-monitoring and geodetic mission (26
December 1993–31 March 1995), there were no ERS data available
for ocean mesoscale studies. For this period, T/P data alone were
used in the merged product and the spatial and temporal decorre-
lation scales lead to a reduction in EKE levels of around 30% glob-
ally (Ducet et al., 2000). Since our study region (3�S–20�S; 70�W–
90�W, see Fig. 1) extends near the equator where the T/P ground-
track coverage is coarse (200–300 km), we can expect some reduc-
tion in EKE and in the number of identified eddies during the
period with only T/P data. We will return to this point during the
discussion on the temporal evolution of eddy characteristics in
Section 6.

http://www.jason.oceanobs.com
http://www.jason.oceanobs.com
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Fig. 1. (a) Study region (red box) and illustrative example for the detection of vortices by (b) one of the experts, (c) the ‘‘winding-angle method” and (d) the ‘‘Okubo–Weiss
method”. Shown are the SLAs (colour shading), the associated geostrophic currents (black quivers) and the identified eddies (light shading). Clockwise rotating structures
correspond to cyclonic eddies in the southern hemisphere. The numbers of identified eddies and success and excess detection rates are also indicated.
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Considering only the balance between the Coriolis force and the
pressure gradient, residual sea-surface geostrophic velocity com-
ponents (U0,V0) can be computed from the SLA gradients as

U0 ¼ � g
f
@ðSLAÞ
@y

;

V 0 ¼ g
f
@ðSLAÞ
@x

;

where g is the acceleration due to gravity, f is the Coriolis parame-
ter, and @x and @y are the eastward and northward distances. The
swirl velocity Vh of each detected eddy (see Section 3.2) corresponds

to the geostrophic velocity amplitude ðVh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U02 þ V 02

p
Þ.

It is important to note that f tends to zero near the equator and
the geostrophic approximation will not be valid north of �5�S.
Consequently, north of 5�S we followed Lagerloef et al. (1999) to
compute velocity components on a b-plane; this did not affect sig-
nificantly the statistical results of this study. We thus assumed that
the geostrophic approximation can be applied in the entire study
region between 3�S and 20�S and the velocity fields were com-
puted from the definitions given above. Also, the geostrophic
approximation for deriving eddy velocities is valid only if centrifu-
gal force and friction are neglected. The comparison of the relative
and planetary vorticities (n and f, respectively) in the ESP shows
that the vorticity rate ðj nf jÞ; equivalent to the Rossby number, in-
creases when eddy radius decreases (Chaigneau and Pizarro,
2005c): at a radius of 100 km the relative vorticity is about 1% of
f and at a radius of 10 km the rate increases to 10%. Since the re-
sults of this study are only based on vortices having a radius larger
than 35 km (see Section 4.1) which correspond to vorticity rates
smaller than 5%, we argue that ageostrophic processes can be
neglected.

EKE is computed from velocity components using the classical
relation

EKE ¼ 1
2
ðU02 þ V 02Þ:

To investigate the principal eddy characteristics of the study region
we also compute their vorticity and deformation rates. First, in the
local Cartesian (x,y) coordinate system, the gradients of geostrophic
components are

g11 ¼
@U0

@x
; g12 ¼

@U0

@y
; g21 ¼

@V 0

@x
; g22 ¼

@V 0

@y
:

Within a 7-day period, it is assumed that g11, g12, g21 and g22 are
constants with respect to location and time. Using these gradients,
we can determine the vorticity by

x ¼ g21 � g12;
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the shearing deformation rate (or the shear component of strain) by

ss ¼ g21 þ g12;

the stretching deformation rate (or the normal component of strain)
by

sn ¼ g11 � g22;

the total deformation rate by

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

s þ s2
n

q
and the divergence by

w ¼ g11 þ g22:

By definition, in the southern hemisphere the vorticity is positive
for an anticyclonic (warm-core, or high-pressure) eddy, and is neg-
ative for a cyclonic (cold-core, or low-pressure) eddy.

2.2. Eddy identification algorithms and eddy property determination

One of the aims of this study is to compare and quantify the effi-
ciency of two automated methods for eddy identification. The first
is based on geometric criteria and was motivated by the following
concrete definition of a vortex provided by Robinson (1991):

‘‘A vortex exists when instantaneous streamlines mapped onto a
plane normal to the vortex core exhibit a roughly circular or spiral
pattern (. . .)”

This definition suggests the use of streamline function curva-
tures for the detection of mesoscale eddies and is achieved using
the winding-angle (WA) detection algorithm (Sadarjoen et al.,
1998; Sadarjoen and Post, 2000; Sadarjoen, 1999; Guo, 2004). This
method (hereinafter referred as ‘‘WA method”) characterizes an
eddy structure by a point that defines its center and by a closed
streamline contour corresponding to the eddy edge. The inner
points bordered by this contour line belong to the eddy and deter-
mine its surface area. For each SLA map, possible cyclonic (or anti-
cyclonic) eddy centers are identified finding local SLA minima (or
maxima) in an arbitrary chosen 1.25� � 1.25� latitude–longitude
moving window. Then, streamlines are computed, following the
trajectories of virtual particles released in the geostrophic current
field from every 0.25� � 0.25� grid point. The step size and the
number of steps for the integration of the streamlines must be cho-
sen carefully. The step size should be chosen as small as possible to
achieve the highest accuracy while the number of steps should be
as high as possible to ensure that paths are long enough, particu-
larly in regions of low velocity magnitude. Here, each streamline
is constructed using arbitrary chosen values of 1200 vertices with
a constant step size of 0.05 (one twentieth of a cell grid corre-
sponding approximately to 1.35 km). The maximum streamline
length is thus of order of 1600 km corresponding to a maximum
detectable eddy radius of �250 km. This value is larger than both
the estimated size of the visually identified eddies and the larger
Rossby radius of deformation of 225 km observed in the study re-
gion (Chelton et al., 1998; see also Fig. 3b).

Then, the eddy identification process consists of two main
stages: the selection of streamlines associated with eddies and
the clustering of distinct streamlines corresponding to the same
vortex. In the first stage, selection, streamlines having a high wind-
ing-angle jaj � 2p (see Appendix for definition of a), corresponding
to a fully closed curve, are associated with an eddy center. In the
second stage, clustering, the streamlines belonging to a given eddy
are grouped. Thus, each cluster consists of closed streamlines
rotating around the same vortex center. For each cluster, the outer
streamline corresponds to the eddy edge. As noted by Isern-fonta-
net et al. (2003), when a vortex is embedded in background flow,
the total streamfunction field does not necessarily exhibit a clear
extreme at the eddy center. Consequently, the contours obtained
with the WA in the SLA fields are not always associated with closed
contours in the total streamfunction field. However, the main sta-
tistics obtained from SLA maps and discussed in this paper were
also computed from the total streamfunction field adding the baro-
tropic currents of the Rio05 combined mean dynamic topography
(Rio and Hernandez, 2004; Rio et al., 2007) produced by CLS Space
Oceanography Division (not shown). As no significant differences
were observed and as we are interested in eddy dynamics without
the influence of large-scale currents, we preferred using the
streamfunctions computed from the SLAs.

While WA method is based on geometrical criteria, the second
eddy identification method examined is based on a physical crite-
rion. It detects vortices using the properties of the Okubo–Weiss
parameter (Okubo, 1970; Weiss, 1991) which indexes the relative
importance of strain and vorticity in the flow as

W ¼ s2
s þ s2

n �x2;

where ss, sn and x are, respectively, the shearing deformation rate,
the straining deformation rate and the vorticity defined in Section
2.1.

As suggested in previous marine studies (Isern-Fontanet et al.,
2003, 2006; Morrow et al., 2004b; Chelton et al., 2007), a vortex
exists where rotation dominates, corresponding to negative W
values. More precisely, a vortex is defined as a region having
the same sign of vorticity and with values of the OW parameter
smaller in magnitude than a threshold W0 = �0.2rw, rw being
the spatial standard deviation of W. The geostrophic velocity
fields derived from SLA maps are used to compute rw at each
time, and closed contours of W = W0 are assigned to eddies. This
second vortex-identification algorithm is hereinafter referred as
‘‘OW method”.

The two eddy identification algorithms described above are ap-
plied to the entire altimetry dataset to detect eddy edges in the
study region. After a vortex edge is identified, several eddy proper-
ties are computed. The position of the vortex center is determined
as the position of the maximum absolute value of SLA inside the
eddy. The vortex area (A) corresponds to the area delimited by
eddy edge whereas its apparent radius (R) corresponds to the ra-
dius of an equivalent circular vortex having the same area

R ¼
ffiffiffiffi
A
p

r
:
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By analogy with atmospheric studies of cyclone activity (e.g.
Nielsen and Dole, 1992; Zhang et al., 2004; Wang et al, 2006), we
define the vortex amplitude as the absolute value of the SLA differ-
ence between the eddy center and the averaged SLA along the eddy
edge:

Amplitude ¼ jSLAcenter � SLAedgej:

Eddy intensity (EI), or energy density, corresponds to the mean EKE
over the vortex ðEKEÞ normalized by its area

EI ¼ EKE
A
¼ EKE

pR2 :

Finally, to measure the overall eddy activity in the study region, we
use an eddy activity index (EAI) that is defined as

EAI ¼ NEI ¼
XN

i¼1

EIi;

where N denote the number of identified eddies in the domain
shown in Fig. 1, and EI corresponds to the mean intensity of these
eddies. In other words, the EAI is defined as the count of eddies mul-
tiplied by their mean intensity, or equivalently, the sum of the eddy
intensities in a particular time (one week in our case).

Both these properties and the different eddy kinematics de-
scribed in Section 2.1 (e.g. swirl velocity, EKE, divergence, vorticity,
straining and shearing deformation rates) are computed for each
detected vortex. In addition to these various properties, we also
analyzed the eddy occurrence frequency and its distribution as
the eddy life span and eddy characteristics along their tracks.

2.3. Eddy-tracking algorithm

Note that an ‘‘eddy” refers to a single minimum or maximum
SLA center identified at a specific location and time, while an eddy
track consists of the trajectory of an eddy during its lifetime. An
eddy track usually lasts more than one observation interval (one
week in this study) and therefore, the number of eddy tracks is
usually smaller than counts of eddies. The eddy tracking algorithm
used in this study is adapted from Penven et al. (2005) and mini-
mizes a distance D between the detected eddies of two consecutive
maps. For each eddy (e1) identified on a given map at time t1 and
for each eddy (e2) identified on the next map at time t2 and rotating
in the same sense than e1, the nondimensional distance De1 ;e2 is de-
fined as

De1 ;e2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DD
D0

� �2

þ DR
R0

� �2

þ Dn
n0

� �2

þ DEKE
EKE0

� �2
s

;

where DD is the spatial distance between e1 and e2, and DR, Dn
and DEKE are, respectively, the radius, the vorticity and the EKE
variations between e1 and e2. D0, R0, n0 and EKE0 are, respectively,
the characteristic length scale (D0 = 100 km), characteristic radius
(R0 = 50 km), characteristic vorticity (n0 = 10�6 s�1) and character-
istic EKE (EKE0 = 100 cm2 s�2). De1 ;e2 represents the degree of
similarity between two eddies (smaller values indicate higher
similitude between e1 and e2). Thus, the algorithm selects the
eddy pair (e1,e2) that minimize De1 ;e2 and considers this pair to
be the same eddy that is tracked from t1 to t2. Since the
propagation speed of the mesoscale eddies is expected to be a
few tens of kilometers per week (Chaigneau and Pizarro, 2005c)
and to avoid jumping from one track to another, the searched
distance DD was restricted to 150 km. Vortices may also disap-
pear between consecutive maps, in particular if they pass into
the gaps between satellite groundtracks. To minimize this prob-
lem, we search for the same eddy for two weeks after its
disappearance.
3. Comparison between the winding-angle and the Okubo–
Weiss eddy identification methods

3.1. Validation protocol of the eddy identification methods

Since our goal is to automatically identify mesoscale eddies in a
large volume of data, it is imperative that we validate both identi-
fication methods. The validation protocol, adapted from Segond
(2006), verifies presence of the identified vortices using the follow-
ing objective methodology:

(1) On the 723 available SLA maps, 10 are randomly chosen and
sent to five oceanographic experts. These maps contain both
the SLA field and the derived geostrophic currents.

(2) For each map, all experts draw by hand the eddy contours
they identified.

(3) Their maps are then digitized and compared with the eddy
contours determined by both the automated algorithms.
For each map and for each vortex, rates of covering (Ae \
Am and Am \ Ae) are computed between the eddy area
identified by the expert (Ae) and the corresponding area of
the identification methods (Am). If one of these rates of cov-
ering are higher than a given threshold (50% in our case), the
vortex is considered as correctly detected since the expert
cannot determine the eddy envelop with high accuracy.

(4) Two different quantities are then estimated to validate and
quantify the efficiency of both the OW and the WA eddy
identification methods: the success of detection rate (SDR)
and the excess of detection rate (EDR). These rates are
defined as
SDR ¼ Nc

Ne
;

EDR ¼ Nom

Ne
;

where Nc corresponds to the common eddies identified by
both the expert and the automated method, Ne corresponds
to the total number of eddies identified by the expert and
Nom (or Noe) corresponds to the number of eddies identified
only by the method (or only by the expert). Note that the
method can sometimes merge two close eddies identified
as splitted by the expert. In this case it accounts for 1 in Nc
and 1 in Noe. In contrast, if the method splits two close ed-
dies identified as only one by the expert, both Nc and Nom
are increased by 1.
3.2. Efficiency of the WA and OW methods for the detection of
mesoscale vortices

Fig. 1 shows the SLA map and associated geostrophic currents
for the 8th August of 2004 in the study region which extends
from Northern Chile to Ecuador and from the coast to 90�W, cov-
ering a maritime area of �2.8 � 106 km2. Eddy contours identified
by one of the experts (Fig. 1b) and by both the WA (Fig. 1c) and
the OW methods (Fig. 1d) are shaded gray. This expert detected
29 eddies (Ne = 29) on this particular map (16 cyclonic and 13
anticyclonic), one more than the WA method. All the 28 struc-
tures identified by this algorithm are considered as common with
the expert, but a small cyclonic vortex centered at �14�S–78�W
(Fig. 1b) is not identified by the WA method (Fig. 1c). Conse-
quently in this example, Nc = 28, Noe = 1 and Nom = 0, leading to
an important SDR of 96.6%, and a null EDR. The WA method
missed a small cyclonic eddy identified by the expert at 13.5�S
and 78�W.
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In contrast, the OW method identified more structures than the
expert. Among the 51 vortices identified by the OW algorithm, 28
structures are common with the expert (Nc = 28) leading to the
same SDR of 96.6% obtained with the WA algorithm. However,
22 vortices are added by the OW method (Nom = 22) which leads
to a strong EDR of 75.9%. The well-developed anticyclonic eddy lo-
cated at the northeastern edge of the study region (Fig. 1b) is
missed by the OW method (Noe = 1). Even though we observed
the same success of detection rate in both methods, the strong ex-
cess of detection of the OW algorithm in this particular example
suggests a lack of efficiency of this method. But are these prelimin-
ary conclusions valid only for this particular example, or is the WA
method constantly more efficient to detect vortices?

To answer, the mean detection rates (SDR and EDR) were esti-
mated from the expert maps (50 maps in total) and the results
are presented in Fig. 2a. The SDR is equivalent for both methods
with mean values of 92.7% for the WA method and 86.8% for the
OW algorithm. On average, only 0.8% (or 0%) of the experts’ eddies
are merged by the WA (or the OW) algorithm and 2% (or � 6%) are
erroneously split into two eddies. The EDR which is less than 20%
for the WA method reaches 63% for the identification algorithm
based on the OW parameter. With OW’s EDR value of 63% and a
tendency to erroneously split eddies, it is evident that the OW
method over-detects. This problem was also noted by Isern-Fonta-
net et al. (2006) who applied the OW algorithm to vortices of the
Mediterranean Sea. The SDR to EDR ratio, equivalent to a signal
to noise ratio, is of 5 for the WA method and 1.4 for the OW meth-
od. These values also confirm that the automated method based on
the OW parameter is not adequate to detect ‘‘true” mesoscale ed-
dies while the WA technique is both more efficient and more con-
servative. Finally, although the OW algorithm identifies too many
vortices, this method also fails to identify some eddies with a de-
fault of detection rate (DDR = 1 � SDR) of 13.2%. Note that the
above results do not strongly depend on the choice of the selected
threshold W0 for the OW method, since the signal to noise ratio
varies from 1 to 3 for W0 varying from of �0.05rw to �rw (not
shown). However the best compromise is effectively a W0 value
in the range �0.3rw 6 �W0 6 0.2rw since the success of detection
rate decreases drastically outside these limits. It is also important
to keep in mind that experts may, for example, miss some eddies
or merge or split close eddies. As the experts do not have the pos-
sibility to correct themselves after inspection of the automatically
identified eddy contours, the obtained signal to noise ratio of 5
with the WA method can be considered as a minimum value.

Finally, as the expert maps are the basis for estimating the effi-
ciency of the automated algorithms, it is important to estimate the
reliability of the expert eddy-identifications. In order to intercom-
pare the tracking results from the different experts, Table 1 shows
for each evaluated map the percentages of eddies detected by only
one expert or commonly by between 2 and 5 experts. On average
(last column of Table 1), 33–34 distinct eddies are identified by
the experts on each given map. Around 11% of these 33 eddies
are identified by only one expert whereas nearly 85% are detected
by at least three of the five experts, and about 70% by all the five
experts. Despite the rather good agreement between the experts,
we note that 10–20% of the eddies are only identified by 1–2 ex-
perts. This suggests that 10–20% of the vortices may have a weak
SLA signature and could be then considered as spurious or at least
suspicious. Thus, the value of 20% can be considered as an upper
limit for an acceptable error of the automated algorithms. As
shown in Fig. 2, the 10–20% range is of the same order of magni-
tude than the DDR of both the automated methods; furthermore,
the EDR of 18.7% of the WA algorithm is also in the acceptable error
range set by the experts, which again confirm the good efficiency of
this method compared to the OW algorithm. Thus, based on the re-
sults of this objective comparison, the WA algorithm is retained for
this study and is applied to the 723 SLA maps in order to provide a
reliable description and confident statistics of the mesoscale activ-
ity off Peru.

4. Mean eddy properties

4.1. Eddy radius

The probability density function of eddy radii shows a non-
Gaussian distribution with a strong asymmetry (Fig. 3a). The
majority of the detected eddies have a radius of �50 km and vorti-
ces with a radius higher than 175 km are very infrequent. Even if
the WA algorithm can detect small-scale vortices of few km
(Fig. 3a), the combination of the Lanczos filter with the truncation
step size used for subsampling the alongtrack altimetric data (see
Section 2.1) suggests that the SLA maps cannot correctly resolve
mesoscale structures having a diameter smaller than 70 km.
Hence, all the results discussed hereafter are based on vortices
with radii ranging from 35 to 250 km. This restriction removes
around 20% of the �25,000 vortices originally identified, but does
not alter our main conclusions. The remaining cyclones and anticy-
clones have an average radius of 80–85 km. This mean size is rela-
tively homogeneous over the whole spatial domain. However,
considering the 35% of eddies having an SLA amplitude higher than
2 cm, Fig. 3b shows that radii increase by a factor of 1.6 from
�100 km at 20�S to �160 km at 3�S. This increase is small com-
pared to the factor of 4.5 increase in the Rossby radius of deforma-
tion (Fig. 3, 20�S vs. 3�S) that is often associated with eddy size.
However, the regional study of Penven et al. (2005), performed
with a high-resolution model, noted a similar equatorward in-
crease of both the eddy radii and the characteristic eddy length-
scales computed from the autocorrelation functions of surface
current anomalies (Stammer, 1997). The modeled eddies exhibit
typical radii of 70–80 km at 20�S and of 100–120 km at 3�S leading
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to a factor increase of �1.5, similar to our observations. Other stud-
ies, based on altimetry alongtrack measurements (Stammer, 1997,
1998) or on a merged-satellite product (Chelton et al., 2007), have
also identified similarly weak equatorward increases in eddy
lengthscales.

The mean EKE and EI distributions as function of eddy radius
are shown in Fig. 3c. The mean EKE (or EI) increases (or decreases)
quasi-linearly from �10 cm2 s�2 (or from 2.5 � 10�3 cm2 s�2 km�2)
for eddy radii of 35 km to �110 cm2 s�2 (or to 10�3 cm2 s�2 km�2)
for radii of 175 km. Higher discrepancies between the linear fit and
the data are observed for eddy radii higher than 150 km due to a
reduced number of eddies detected in this range of size (Fig. 3a).
The intensity distribution is mainly explained by the relatively
weak EKE range observed in the study region and the relatively
large range of eddy radius. For example, eddies have a mean EKE
varying of a factor 10 (from �10 to �100 cm2 s�2) while their area
vary by a factor of�25. It is then obvious that for a same EKE range,
the most energetic or most intense eddies correspond to smaller
structures.

4.2. Eddy frequency

A total of 10,113 cyclones and 9842 anticyclones were identi-
fied, which corresponds to 2129 cyclone tracks and 2112 anticy-
clone tracks, or about 14 cyclones and anticyclones per week.
These numbers indicate that there is no preference for the eddy
polarity. The mesoscale structures cover an average total area of
around 6.5 � 105 km2, representing �25% of the study region.
Fig. 4a shows the geographical distribution of the frequency of
these �20,000 identified eddies. Its interpretation is straightfor-
ward since it corresponds at every location to the percentage of
Table 1
Percentage of eddies identified by only one expert and commonly by between 2 and 5 ex
identified eddies.

Map #1
(32)

Map #2
(37)

Map #3
(31)

Map #4
(31)

Map #5
(28)

M
(

1 expert 9.4 21.6 16.1 16.1 0
2 experts 6.2 2.7 6.5 12.9 7.1
3 experts 3.1 5.4 6.5 3.2 0
4 experts 6.2 13.5 3.2 3.2 7.1 1
5 experts 75.1 56.8 67.7 64.6 85.8 7
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Fig. 4. (a) Mean regional climatology of eddy frequency (in %) for October 1992–Aug
distribution of mean EKE (in cm2 s�2) from satellite altimeter measurements.
time instants that the point is located within a vortex. The mean
eddy frequency over the domain is of 25.7%, in agreement with
the rough estimate of the mean area they cover. Mesoscale struc-
tures are commonly observed south of 15�S where eddy frequency
is of order of 30–50% but also offshore of Chimbote at around 9�S–
82�W (Fig. 4a). These regions also correspond to local maxima in
EKE of order of 100–150 cm2 s�2 (Fig. 4c). The mean spatial corre-
lation between the eddy frequency and EKE distributions decreases
from 40% south of 12�S to less than 20% in the 8�S–12�S latitude
band (not shown). North of 8�S, the eddy frequency decreases to
20–25% (Fig. 4a and b) whereas EKE values are higher than
200 cm2 s�2 (Fig. 4c). In this northern region, the two fields are
anticorrelated at �20% which suggests than the high SLA variance
observed north of 8�S is rather associated with equatorial long-
wave dynamics than energetic mesoscale eddies. Strong minima
of eddy occurrence, with values weaker than 5–10%, take place
all along the coast. The reason is that eddies are not fully developed
in these coastal regions so that the WA algorithm cannot find
closed streamlines. Finally, no significant difference was observed
between the distribution of cyclonic and anticyclonic eddy fre-
quencies nor in terms of seasonal variability.

4.3. Eddy lifespan

The lifespan distribution of the 4241 eddy trajectories is shown
in Fig. 5a. The average lifetime of an eddy is 33 days and the med-
ian lifetime is of 14 days, without important difference between
the two types of eddies. The seasonal variation of mean eddy life-
span was also insignificant with values of 33–35 days all year. For
lifetimes shorter than 2 months, eddy numbers exhibit steep de-
clines (Fig. 5a). Longer lifetimes are well approximated by expo-
perts for each evaluated map. Numbers into brackets denote the number of distinct

ap #6
38)

Map #7
(35)

Map #8
(36)

Map #9
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Map #10
(33)

Average
(33.3 ± 3.1)

2.6 11.4 11.1 9.4 12.1 10.9 ± 6.3
5.3 2.9 8.3 3.1 6.1 6.1 ± 3.1
5.3 11.4 5.6 0 6.1 4.7 ± 3.3
3.2 14.3 5.6 6.2 21.2 9.4 ± 5.9
3.6 60.0 69.4 81.3 54.5 68.9 ± 10.3
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nentially decaying distributions (black solid line in Fig. 5a) with a
correlation coefficient of 99.7% and a root mean square (rms) dif-
ference of 12 days. This distribution implies constant probability
for surviving an additional week (month) of 90% (67%). In order
to assess the dependence of survivability on eddy strength, we cal-
culate 7-day survival probabilities for tracks lasting at least 2
months as function of EI (not shown). Survival probabilities in-
crease from 85% for eddy intensities weaker than
10�3 cm2 s�2 km�2 to 92% for intensities higher 3 � 10�3

cm2 s�2 km�2. Another monotonic relationship is observed be-
tween eddy lifetimes and eddy amplitudes at the time they are
formed (Fig. 5b). Eddy lifespan increases on average from less than
1 month for a very weak eddy having ‘‘birth amplitude” of 0.5 cm
to 2–3 months for a more developed eddy having initial amplitude
higher than 3 cm. However, no interesting relationship was found
between ‘‘birth intensity” and eddy lifespan. Finally, eddy lifetimes
not only depend on their amplitude but also on their place of birth,
showing a clear dependence with the latitude: eddies generated
south of 15�S have a mean lifetime of 50–60 days, whereas eddies
formed north of 5�S exist for an average of 10–15 days. This short
near-equator lifespan also confirms that the high EKE values ob-
served in the northern part of the study region (Fig. 4c) are not
associated with eddies but rather with other processes such as
equatorial long-waves or tropical instability waves.

4.4. Eddy kinematics

Table 2 shows the statistics of eddy kinematic parameters over
the study region. Cyclonic and anticyclonic eddies have similar
Table 2
Mean statistics of the eddy kinematics for the time period October 1992–August
2006.

Mean Standard
deviation

Minimum Maximum

10,113 Cold-Core Cyclonic eddies (Unit: 10�6 s�1)
Vorticity �2.523 1.165 �17.392 �0.525
Shearing deformation 0.047 0.846 �6.330 6.840
Stretching

deformation
0.115 0.872 �5.424 6.377

Total deformation 1.001 0.700 0.010 6.875
Divergence 5 � 10�5 0.006 �0.235 0.079

9842 Warm-Core Anticyclonic eddies (Unit: 10�6 s�1)
Vorticity 2.449 1.272 0.528 21.724
Shearing deformation �0.044 0.836 �7.570 4.588
Stretching

deformation
�0.009 0.847 �5.190 4.625

Total deformation 0.968 0.693 0.006 7.571
Divergence �1 � 10�5 0.006 �0.137 0.076
average vorticities of order of 2.5 � 10�6 s�1 in absolute value.
On average, the shearing and stretching deformations rates and
the divergences of both types of eddies are several order of magni-
tude smaller than the vorticities. However, a total deformation rate
of �10�6 s�1 suggests than eddies tend to be deformed and are not
perfectly circular. Fig. 6a shows the distribution of both the vortic-
ity and the total deformation rate as function of EI. The total defor-
mation increases by a factor 4 from around 0.6 � 10�6 to
2.4 � 10�6 s�1 whereas the vorticity increases by a factor 6 from
1 � 10�6 to 6 � 10�6 s�1. As the ratio between the deformation rate
and the vorticity decreases from 0.6 to 0.4, the most intense eddies
should be less deformed and more circular. To verify this hypoth-
esis and better investigate the eddy shape, we use the least squares
method to fit ellipses to the �20,000 eddy edges. The non-circular
shape of these vortices is confirmed by a mean ellipse eccentricity
of 1.65 for both types of eddies. As expected, the mean ellipse
eccentricity slightly decreases with the EI (Fig. 6b): weakly intense
eddies (EI < 0.8 � 10�3 cm2 s�2 km�2) have an eccentricity of more
than 1.7 whereas strong energetic eddies (EI > 4 � 10�3 cm2 km�2)
are more circular with a mean eccentricity of �1.55.

Finally, other kinematics properties have been studied such as
the mean distribution of the rotation velocity or of the EKE across
eddies. Average swirling velocities Vh increase outward to a maxi-
mum of around 10 cm s�1 at the eddy edges (not shown), in agree-
ment with the results of Chaigneau and Pizarro (2005c) obtained
from surface drifters and altimetry measurements. EKE which is
negligible at the eddy center also increases outward to a mean va-
lue of �70 cm2 s�2 at the eddy edges. However, averaged values of
EKE inside the detected eddies are relatively small with values of
37 ± 69 cm3 s�2 for cyclonic eddies and 42 ± 59 cm2 s�2 for
anticyclones.

Section 4 has been devoted to a detailed investigation of mean
eddy properties (radius, frequency, lifetime and kinematics) in the
study region. We will now focus in Section 5 on the genesis and on
the propagation mode of ‘‘non-stationary” eddies. Section 5 also
deals with the evolution of the characteristics of long-lived eddies
(radius, amplitude, intensity and vorticity).
5. Eddy life cycles

5.1. Genesis and propagation

The geographical distribution of the points of eddy genesis is
presented in Fig. 7 in color shading. The location of genesis corre-
sponds to the initial point of an eddy track having a minimum life-
time of 1 month. This threshold on the lifespan is imposed to select
only the ‘‘non-stationary” or propagating eddies. Eddy genesis is
more frequent near the coast than in the interior ocean, with five
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pronounced maxima nearshore between 6�S and 20�S. The tempo-
ral variations of eddy genesis are examined in further detail in Sec-
tion 6. The coastal formation of eddies may be due to interactions
of the Peru–Chile Current system with the coastline, presence of
the strong upwelling front, or the high-temporal variability of
the coastal flow (Pizarro et al., 2002). The intensification of the
poleward subsurface Peru–Chile Undercurrent by the downwelling
Kelvin waves of equatorial origin can also destabilize the near-sur-
face coastal circulation (Shaffer et al., 1997; Zamudio et al., 2001)
and generate eddies. Despite these pronounced maxima along
the coast, eddy genesis also occurs offshore (Fig. 7). Additional
localized maxima of eddy genesis with weaker amplitudes appear
for instance in the entire region between 9�S and 14�S.

Fig. 7 also displays the mean eddy velocity propagation field
(black arrows) computed by a centered difference scheme at each
7-day eddy displacement. Eddies propagate offshore quasi zonally
over the entire study region, except north of 9�S where a south-
westward component is observed. On average, eddy propagation
velocities increase equatorward from a mean value of around
3 cm s�1 at 20�S to 5–6 cm s�1 north of 9�S, substantially weaker
than the eddy-edge swirl velocities of �10 cm s�1 (see Section
4.4). This velocity difference confirms eddy coherence with a clear
separation between the rotating core and the surrounding advec-
tive flow. These eddy propagation velocities of 3–6 cm s�1 are of
the same order of the estimates of Chaigneau and Pizarro
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Fig. 7. Regional climatology of eddy genesis, October 1992–August 2006. Units are
number of events. Only eddies having a lifetime higher than 1 month are included.
Average motion vectors for eddy centers are superimposed (black quivers). Bold
dashed lines delimit the ‘‘coastal region” where temporal eddy characteristics
variations are investigated in Section 6 and Figs. 9 and 10.
(2005c); the northward increase in velocity is consistent with the
meridional changes of eddy motions on a b-plane (Cushman-Roi-
sin, 1994). However, the observed eddy propagation speeds are
systematically lower than both the energetic large-scale Rossby
wave zonal wave speeds of 10–30 cm s�1 (Maharaj et al., 2005;
Chelton et al., 2007) and the westward South-Equatorial Current
of �8 cm s�1 observed in the region from near-surface drifter mea-
surements (Chaigneau and Pizarro; 2005b). Thus, as also men-
tioned by Chelton et al. (2007), the observed SLA variability at
these low latitudes consists of a superposition of fast-propagating
Rossby waves and slowly-propagating mesoscale eddies. Differ-
ences between cyclonic and anticyclonic eddy pathways of long-
lived vortices are investigated in Section 5.2.

5.2. Growth and decay of long-lived eddies

Average eddy characteristics over 6-months of life are shown in
Fig. 8. This analysis is based on 32 (or 39) long-lived cyclonic (or
anticyclonic) eddies. Both types exhibit similar growth rates in
terms of radius and SLA amplitude (Fig. 8a and b). Long-lived eddy
radii increase at a rate of �12–15 km per month whereas the
amplitudes grow by �1 cm per month. The growth phase of 3
months is however shorter for anticyclonic eddies, with a maxi-
mum mean radius of 100 km and amplitude of �4 cm. In contrast,
cyclonic eddies are fully developed after a growing phase of 4
months, with typical radii of 120 km and SLA amplitudes of
4.5 cm. The decay phases of the two eddy types are also distinct.
After 3–4 months of propagation, anticyclonic eddies tend to main-
tain their size whereas their amplitudes decay (�2 cm). In contrast,
cyclonic eddies decay slowly in terms of SLA amplitude (Fig. 8b)
but rapidly decrease in size (Fig. 8a). After 6 months of propagation
the SLA amplitudes of cyclones are still two times higher (�4 cm)
than at the time of their genesis (�2 cm). Finally, the temporal evo-
lution of the mean energy density also depends on direction of
rotation (Fig. 8c). While the intensity of anticyclonic vortices de-
cays quasi-linearly by about 70% in 180 days, the cyclones intensity
decays by 50% during the first 80 days before reaching a near-con-
stant value of 1.8 � 10�3 cm2 s�2 km�2. Further investigation is
needed to determine the physical processes involved in these dif-
fering evolutions, but similar differences in eddy characteristics
have been observed for atmospheric vortices (Hakim and Canavan,
2005).

Fig. 8d shows the average meridional propagation of long-
lived eddies. During the first 50 days, eddies formed near the
coast propagate offshore remaining close to their latitude of
birth. After this period however, a clear separation is observed:
cyclonic eddies continue westward during four more months be-
fore turning slightly southward, whereas anticyclonic eddies
move preferentially northwestward with a meridional displace-
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ment rate of 1.5� in 4 months corresponding to a northward
velocity component of �10 km per week. After 6 months, both
types of eddies have traveled 750 km offshore (not shown) but
anticyclonic vortices are found on average 1.7� further north
than the cyclones. This divergence in eddy pathways, related to
the b effect (Cushman-Roisin, 1994), has been previously ob-
served in the ESP (Chaigneau and Pizarro, 2005c), in other east-
ern boundary current systems (Morrow et al., 2004b) and in the
global ocean (Chelton et al., 2007). Pathway divergence may
have important repercussions in tracer budgets, leading for
example to a net equatorward heat transport. Finally, as the
warm anticyclonic (or cold cyclonic) eddies move equatorward
(or poleward) they are subject in the southern hemisphere to a
higher (or lower) planetary vorticity f. In order to maintain their
absolute vorticity, their relative vorticity n may decrease (or in-
crease). As shown in Fig. 8d, the relative vorticity of long-lived
anticyclones, averaged over the eddy area, decreased in average
from 3.3 � 10�6 to 1.7 � 10�6 s�1 after 6 months. In contrast,
the relative vorticity of long-lived cyclones increased from an
averaged value of �3.5 � 10�6 to �2.2 � 10�6 s�1. However, even
considering the vorticity of the mean large-scale circulation, the
temporal evolution of the absolute vorticity (n + f) does not re-
main constant, which suggests that the vertical eddy extent
may also change during the vortex propagation, in order to con-
serve the potential vorticity.

Section 5 has given results on the locations of eddy genesis, on
the propagation modes and on the life-cycle of long-lived eddies.
However, the relatively high-temporal resolution of the altimetry
dataset also allows temporal variability of eddies to be examined,
since 1992. The next section examines temporal variations at sea-
sonal and interannual scales.
6. Temporal evolution of the mesoscale eddy characteristics

In this section, we consider the �4500 eddies located south of
6�S and less than 4� offshore the South-American coast. This
sub-domain corresponds to the main region of eddy genesis
(see black dashed line in Fig. 7); the temporal variations dis-
cussed below concern the newly-formed or ‘‘young” eddies of
this region.
6.1. Seasonal cycle

Fig. 9 shows the mean seasonal cycle of coastal eddy properties.
The number of coastal eddy and their size do not significantly vary
seasonally, with values of 5.7–6.1 generated eddies per week hav-
ing mean radii of 77–81 km year around (Fig. 9a and b). In contrast,
SLA amplitudes (Fig. 9c) between eddy centers and eddy edges are
25% higher during fall (�2.1 cm) than during spring (�1.7 cm). The
combination of increase SLA gradients and unchanged radii results
in higher levels of EKE and EI during fall (Fig. 9d and e). The EKE
and EI are, respectively, 45% and 50% stronger during this season
than spring. Finally, as eddies are slightly more numerous and
more intense during fall, the EAI is also maximal during this season
(Fig. 9f). During fall, mesoscale vortices are �35% more active than
in summer and winter and 65% more active than in spring.

The enhanced EI and eddy activity during fall may be related to
the strength of the thermal front separating the cold upwelled
coastal water from warmer offshore water. Firstly, the annual
amplitudes of both the sea-surface temperature (SST) and the
upper layer heat content are maximal around 300–500 km offshore
and minimal along the coast (Takahashi, 2005). Due to the ocean’s
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thermal inertia, the mean SST reaches its maximum value between
March and May (Mitchell and Wallace, 1992) producing strong zo-
nal SST gradients with an associated strong thermal front during
this period. Based on 3 years of remote sensing data, Carr et al.
(2002) observed that the maximal frontal gradients along the Peru-
vian coast take place in later summer and fall. Secondly, frontal
intensity is also reinforced at the end of summer by a stronger in-
shore advection of equatorial and subtropical waters (Grados,
1989; Vázquez and García, 2001), principally observed near
Chimbote (9�S) and between 15�S and 20�S (Grados, 1989; Takah-
ashi, 2005). This latter region also corresponds to the northern lim-
it of the cold Chile–Peru Current which turns westward at about
9�S to feed the South-Equatorial Current (Strub et al., 1998; Chaig-
neau and Pizarro, 2005b). The seasonal variations of frontal inten-
sity driven by atmospheric fluxes and advective processes could
thus enhance generation of baroclinic instabilities during fall and
could explain the seasonal variations observed in Fig. 9. However,
this interpretation requires further investigation, probably with sa-
tellite SST data, historical in-situ hydrographic data and a high-res-
olution regional model.

6.2. Interannual variations

To remove the intraseasonal and seasonal fluctuations of eddy
properties and investigate only interannual variations, we applied
a one-year running-mean to the original time-series (Fig. 10). The
study time period (1992–2006) includes the years when only T/P
data alone were available (December 1993–March 1995; see Sec-
tion 2.1) and distinct phases of warm (or cold) El Niño Southern
Oscillation associated with El Niño (or La Niña). Within the period
of altimetry measurements, a very strong El Niño occurred in
1997–1998 followed by a weak event in 2002–2003 (ENFEN,
2003). In contrast, relatively cold La Niña events took place in
1995–1996 and 1998–2000 (McPhaden, 2006).

During the T/P alone period, eddies appear less numerous
(Fig. 10a) with weakened SLA amplitude (Fig. 10c), leading to
slightly less energetic and intense eddies (Fig. 10d and e). The
EAI was consequently reduced by 35% during this period
(Fig. 10f). As mentioned in Section 2.1, the coarse resolution of T/
P groundtracks (typically 200–300 km in the study region) leads,
on average over the World Ocean, to a reduction in EKE of 30%.
In the study area, the EKE decreases by 20% from a local maximum
of � 45 cm2 s�2 in summer of 1994 to a minimum of �35 cm2 s�2

in summer of 1995. In contrast, during the strong El Niño period
both the eddy amplitude, the EKE and the EI are strongly increased.
However the combination with a relatively weak number of eddies
(Fig. 10a) does not lead to an exceptional peak in the EAI in 1997–
1998. During the strong El Niño period, the EAI is of
�22 � 10�3 cm2 s�2 km�2, 40% higher than the mean value ob-
served between 1992 and 2006. These observed variations were
not reproduced during the weak El Niño event of 2002–2003 which
was associated with rather weak EAI values of
�15 � 10�3 cm2 s�2 km�2. This may indicate that the 2002–2003
event did not significantly impact on the oceanographic conditions
along the Peruvian coast. During the relatively cold La Niña period
of 1995–1996, eddy SLA amplitudes and the EAI also exhibit weak
values, but we cannot provide any strong conclusion since this per-
iod includes the summer of 1995 where ERS-1 data is not available.
Furthermore this relatively weak eddy activity period was not
reproduced during La Niña event of 1998–2000. Finally, an in-
crease of the EAI was observed for a one-year period starting in
winter of 2004 (Fig. 10f) associated with an increase number of
vortices during this period (Fig. 10a). The maximum EAI values ob-
served in spring 2004 (October–November) coincides with reduced
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upwelling areas and an important inshore advection of warmer
and saltier subtropical waters from Chimbote to 16�S (IMARPE,
2005). This local scenario was the consequence of the southward
propagation of a coastal-trapped wave forced at the equator by a
large-scale equatorial Kelvin wave. However, the physical mecha-
nisms responsible of the observed eddy activity variations at inter-
annual scales are not completely understood and further
investigation is needed.

7. Summary and future work

This study investigates the eddy population off Peru using
nearly 15 years of satellite altimetry measurements with high spa-
tio-temporal resolution. The first part compares two distinct auto-
mated eddy identification methods. When considering that ‘‘a
vortex exists when instantaneous streamlines mapped onto a plane
normal to the vortex core exhibit a roughly circular or spiral pattern
(. . .)” (Robinson, 1991), the geometrical method using the stream-
line function curvatures to identify eddies appears much more effi-
cient than the algorithm based on the value of the Okubo–Weiss
parameter. With a success of detection/excess of detection ratio
of 5, we strongly recommend the use of the ‘‘winding-angle” meth-
od for the detection of eddy edges.

A second part provides an analysis of the mean eddy properties
offshore the Peruvian coast. Around 14 cyclonic and 14 anticy-
clonic eddies with radii higher than 35 km were identified on each
weekly map, providing more than 20,000 eddies to be studied
(October 1992–August 2006). In general, no significant difference
is observed between cyclonic and anticyclonic eddies in terms of
mean characteristics, occurrence frequency and formation region.
The typical size of the well-developed eddies having amplitudes
higher than 2 cm increases equatorward from a minimum value
of �100 km at 20�S to a maximum of �160 km north of 5�S. How-
ever, considering all eddies, their mean radius is �80 km and mean
lifetime �1 month. They also exhibit a time-independent 1-week
survival probability of 90%, for lifetimes greater than around 2
months. Eddies, which are more frequently observed south of
15�S and offshore Chimbote (9�S) than in the rest of the study do-
main, are rather coherent since the vorticity/total deformation ra-
tio increases from 1.5 to 2.5 with increase EI.

Long-lived eddies are principally formed near the coast and
propagate offshore at mean speeds of 3–6 cm s�1. During the first
3–4 months of westward propagation, cyclonic and anticyclonic
long-lived eddies exhibit a growing phase where both their radii
and SLA amplitudes increase by a factor �2–3. Then, both types
of eddies show a decaying phase impacting the amplitudes of
anticyclonic and the sizes of the cyclonic vortices. However in
terms of EI (e.g. energy density), cyclonic eddies show a rapid de-
cay during the first 3 months before stabilizing at a quasi-con-
stant value, whereas anticyclones exhibit a regular decline.
Finally, the displacement of long-lived eddies confirm the diver-
gence observed in previous studies (Morrow et al., 2004b; Chaig-
neau and Pizarro, 2005c): anticyclonic eddies propagate
preferentially northwestward while cyclonic eddies migrate in
the southwestward direction. During propagation their relative
vorticities increase in response to latitudinal changes in planetary
vorticity.

Temporal variations of the most energetic eddies show an
important variability at seasonal scales. Eddies are slightly more
numerous and intense in fall, leading to a strong EAI. This EAI,
65% stronger in fall than during spring, may be related to seasonal
variations of the thermal front intensity. At interannual scales,



Fig. 11. Winding-angle (WA) schematic representation for a segmented streamline.
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eddy activity and eddy characteristics in general are strongly de-
creased in 1994–1995 due to inconsistency of the data set, being
affected by the T/P alone measurements. In contrast, the EAI
reaches its maximum value during the strong El Niño event of
1997–1998 and another clear maximum is observed at the end
of 2004 possibly due to the passage of a coastal-trapped wave.

The results may be useful for the validation of high-resolution
regional models and could be of interest to the biological commu-
nity to investigate links between ecosystems and mesoscale activ-
ity along the highly productive Peruvian coast. However, owing to
limited resolution and necessary interpolation, the altimetry
mapped data impose space and timescale limitations and miss
small-scale vortices. In particular, based on satellite-tracked drifter
trajectories, Chaigneau and Pizarro (2005c) have shown than the
typical eddy radius of the ESP is about 20 km, and that 70% of ed-
dies have a radius smaller than 35 km. Thus once validated, regio-
nal models could help to document, for example, the impacts of
smaller vortices on the offshore transport of coastal water proper-
ties, on physical budgets (heat, salt, mass, etc.), and on productivity
and ecosystems.

The results also raise a number of additional questions that re-
quire future research. For example, the respective roles of local ver-
sus remote forcing of equatorial origin on eddy genesis and the
effects of this forcing on both cyclonic and anticyclonic vortices.
Similarly, general mechanisms contributing to the growth and de-
cay of eddies need be examined in detail. Another unresolved prob-
lem concerns the merging of eddies which can be an important
process to the vortex phenomenology. The particular case of dipo-
lar eddies should also be investigated since convergence/diver-
gence lines between eddies, by analogy of the Rossby wave–
induced convergences, could have important repercussions on
the distribution of living organisms (e.g. Dandonneau et al.,
2003). Finally, the impact of large-scale warming on mesoscale
activity needs be evaluated. Attempts at reliable objective classifi-
cation of these processes will likely require high-resolution regio-
nal models forced by realistic atmospheric fields.
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Appendix A. Appendix

As explained in Section 2.2, the winding-angle eddy identifica-
tion algorithm attempts to locate a vortex by selecting and cluster-
ing closed streamlines (Guo, 2004). Let us consider a 2D streamline
beginning at a starting point P1 (Fig. 11) and composed of several
segments which the length corresponds to the step size (around
1.35 km in our case). The winding-angle (WA) of the streamline
corresponds to the cumulated sum of the angles between all pairs
of consecutive segments

WA ¼
XN�1

j¼2

hPj�1; Pj; Pjþ1i ¼
XN�1

j¼2

aj;

where hPj�1,Pj,Pj+1i = aj denotes the signed angle between the seg-
ments [Pj�1Pj] and [PjPj+1]. Positive values of a correspond to coun-
terclockwise-rotating curves and negative values correspond to
clockwise-rotating curves.
In the WA eddy identification method, a streamline is associ-
ated with an eddy if its winding-angle is higher than 2p.
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a b s t r a c t

A seasonal simulation from a medium-resolution ocean general circulation mode (OGCM) is used to
investigate the vertical structure variability of the Southeast Pacific (SEP). The focus is on the extra-trop-
ical Rossby wave (ETRW) variability and associated forcing mechanism. Some aspects of the model mean
state are validated from available observations, which justifies a vertical mode decomposition of the
model variability. The analysis of the baroclinic mode contributions to sea level indicates that the gravest
mode is dominant over most of the domain at all frequencies. Annual variability is on average twice as
large as the semi-annual variability which is confined near the coast for all the modes. The first baroclinic
mode contribution to the annual cycle exhibits a clear westward propagation north of the critical lati-
tude. The higher-order modes only contribute near the coast where they are associated with vertically
propagating energy. The residual variability, which is the energy at all timescales other than annual
and semi-annual periods peaks offshore between �20�S and �30�S for all baroclinic modes. The third
baroclinic mode also exhibits a relative maximum variability off the coast of Peru south of the critical lat-
itude of the annual cycle (�13�S), where the Peru–Chile Undercurrent is the most intense. Sensitivity
experiments to the atmospheric and boundary forcing suggest that the residual variability results from
the non-linear interaction between annual Rossby waves and the mean flow, while the annual ETRWs
in the model result from the summed-contribution from both the local wind stress and remote equatorial
forcing. Overall the study extends the classical analysis of sea level variability in the SEP based on linear
theory, and suggests that the peculiarities of the baroclinic modes need to be taken into account for inter-
preting the sea level variability and understanding its connection with the equatorial variability.

� 2008 Published by Elsevier Ltd.
1. Introduction

The coastal ocean off Peru and Chile is characterized by perma-
nent upwelling cells in the north due to prevailing trade winds, and
by seasonal upwelling in the south. This region also contains the
Peru–Chile Current System (PCCS), extending from central Chile
(�40�S) to northern Peru (�4�S) (cf. Strub et al., 1998). The PCCS
is complex, composed of several surface and subsurface currents,
and subject to large seasonal and interannual variabilities. The
PCCS has been of interest to the oceanographic and climatic com-
munity because climate variability off Peru and Chile is strongly
connected to tropical Pacific variability, with the South American
Elsevier Ltd.

14 Av. Edouard Belin, 31400
coast behaving as an extension of the equatorial wave guide over
a wide range of frequencies (Shaffer et al., 1997; Pizarro et al.,
2001, 2002; Vega et al., 2003). The PCCS is also intensely produc-
tive in terms of fish catch, even when compared to other Eastern
Boundary Current (EBC) regions (Strub et al., 1998; Carr, 2002).
Thus, the socio-economical impact of climatic events such as ENSO
(El Niño Southern Oscillation) has been large over the region. The
offshore regional variability (for example as evidenced by the TO-
PEX/POSEIDON data; Stammer, 1997) also exhibits a strong spatial
heterogeneity, reflecting a complex combination of forcing mecha-
nisms of the extra-tropical Rossby waves (ETRW) in a region where
mixing processes can significantly impact water mass properties
(Yeager and Large, 2004). An important question remains how
the extra-tropical Rossby waves ‘ventilate’ the PCCS.

Altimetric data indicates that ETRWs contribute to sea level var-
iability over a wide range of frequencies (Chelton and Schlax,

mailto:bxd@imarpe.gob.pe
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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1996), but also that dispersion from linear theory is likely impor-
tant (Killworth et al., 1997). As an illustration, Fig. 1 presents the
maximum amplitude and phase of the sea level seasonal cycle
from altimetric data over 1992–2004. Fig. 1 reveals several inter-
esting features: the phase lines tend to be parallel to the coast
north of �30�S, illustrating the large scale structure and offshore
propagation of the signal. The pattern of maximum amplitude for
sea level reflects the change in the annual ETRW with latitude with
the largest values north of a line from �30�S at the coast to �15�S
at 90�W, and minimum values south of this line. Further to the
south and to the west, the analysis captures prominent mesoscale
eddy activity (Chaigneau and Pizarro, 2005). The overall pattern
does however not show clear westward propagation suggesting
that non-linear processes are at work or that it results from a com-
plex combination of baroclinic modes with different propagation
speeds. These observations motivate this study, which attempts
to document the ETRW and associated processes at seasonal time-
scales in the SEP.

ETRW models connected to coastal-trapped wave models have
been used to explore sea level and thermocline anomalies near
the Chilean coast on a variety of timescales (Vega et al., 2003;
Ramos et al., 2006). However, in reduced gravity models of the
ocean’s response to wind forcing (Qiu et al., 1997), many physical
processes are ignored including (1) the coupling of Rossby waves
to bottom topography (Killworth and Blundell, 1999), (2) vertical
mixing, (3) projection of momentum on the different vertical
modes and the coupling among them, and (4) the effects of vertical
shear (Killworth et al., 1997; deSzoeke and Chelton, 1999;
ColindeVerdiere and Tailleux, 2006) or (5) bottom roughness
(Tailleux and McWilliams, 2001). More sophisticated numerical
models include these effects but become difficult to interpret.

Here a vertical modal decomposition of a general circulation
model is used to explore the seasonal variability in SEP and under-
stand the mechanisms that control the oceanic response to wind
and remote forcing. Of particular interest is how the dynamical
modes are forced in the model and the connection to equatorial
variability via coastal-trapped waves and the radiation of the
ETRW north of the critical latitude (Clarke and Shi, 1991). Stated
another way, we explore whether the SEP can be considered linear
on the different timescales that encompass the seasonal cycle. In
Fig. 1. Maps of the (a) amplitude and (b) phase (annual harmonic) of the seal level as deri
month for the phase (‘1’ corresponds to ‘January’). The annual harmonic was smoothed
addition, the study provides a description of the baroclinic mode
variability in the region, as a complement to studies based on lin-
ear models (Vega et al., 2003; Ramos et al., 2006). In particular, lin-
ear models typically use a single mode with a dissipation term
(Rayleigh type) to account for energy lost from the surface to the
deep ocean. Such an approach assumes that dissipation occurs
through vertical propagation of the Rossby wave (McCreary,
1984; Kessler and McCreary, 1993), a process that, to the author’s
knowledge has not been investigated for the extra-tropical lati-
tudes in a realistic framework. The modal decomposition used here
should provide insights on such process, and extend classical anal-
yses based on the linear theory.

The work is structured as follows. The model, data and method
are briefly described in Section 2. In Section 3, mean circulation
and the propagating variability are analysed. In Section 4, the ver-
tical mode decomposition is presented and the propagating char-
acteristics of the baroclinic modes are investigated. Section 5
focuses on local and boundary forcing through sensitivity experi-
ments with modified forcing conditions. These experiments permit
assessing the degree of ‘linearity’ of the ESP system as a function of
timescale. Section 6 summarizes and discusses relevance of the
model findings to our understanding of the ESP dynamics.

2. Model, data and method

2.1. Model

The primitive equation OPA model at 1/3� resolution (fully de-
scribed by Madec et al., 1998) has been set up for the ESP, in the
area between 5�S and 40�S, 92�W and 70�W. This model has 31
z-levels in the vertical with 10 m intervals between 0 and 100 m,
and 500 m at 4750 m depth. The model has a rigid lid and the
sea surface height is calculated diagnostically. The horizontal diffu-
sion on the tracers and velocity is bilaplacian with a constant coef-
ficient of 1.4 � 1011 m4/s. The model resolution is sufficient to
allow some eddies to be resolved explicitly, but the intensity of
the resolved mesoscale activity remains low compared to
observations.

Open boundary conditions are specified for velocity (barotropic
stream function and baroclinic velocities), and for the tracers tem-
ved from TOPEX/POSEIDON satellite data. Units is cm for the amplitude and calendar
with a three-grid-point-width boxcar average.
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perature and salinity for inflow into the model domain. Tracers are
advected out of the domain with an upstream advection scheme. A
sponge layer is also included to damp propagating waves. The
sponge layer is narrow on the north open boundary (1.7�) and
wider for the south and west open boundaries (5.3�).

The model is forced at the boundaries with a climatology of the
temperature, salinity and velocity fields obtained from an ORCA
2� � 2� global interannual simulation. The global model was forced
by ERS winds over 1992–2000 (cf. Lengaigne et al. (2002) for de-
tails). The surface forcing of the regional model consists of monthly
climatological ERS winds (Bentamy et al., 1996), NCEP heat fluxes
(Kalney et al., 1996) and CMAP precipitation fluxes (Xie and Arkin,
1996) over 1992–2000.

Three manipulative experiments used the settings in Table 1,
which correspond to different local (heat and momentum fluxes)
and open-ocean boundary forcings. The control run simulation,
called CR, used a seasonally varying forcing both at the open
boundaries (OBs) and at the air–sea interface, whereas the other
two simulations explore the impacts of seasonality at the open
boundaries (experiment called OBmean) and the momentum
fluxes at the air-sea interface (experiment called TXTYmean) by
cancelling one or the other. These manipulations OBmean and
TXYmean are analysed in Section 5.

Simulations were run for 7 years with climatological forcing.
The first 3 years are considered as the spin up period and only
the last 4 years are analyzed.

2.2. Data

2.2.1. Gridded satellite winds ERS
Wind products are from CERSAT (http://www.ifremer.fr/cersat)

(Bentamy et al., 1996). ERS 1–2 scatterometer measurements have
a 50 km spatial resolution and a 500 km-wide swath. These satel-
lites covered the global ocean in 3 days and operated from January
1991 to December 2000. A monthly climatology was computed for
1992–2000 and was used to force the model.

2.2.2. Mixed layer depth (MLD)
Global MLD climatology is from de Boyer Montégut et al.

(2004). It was estimated using in situ temperature profiles, for
which the MLDs are estimated using a difference criterion of
0.2 �C between the surface reference depth (10 m) and the base
of the mixed layer. A gridded monthly product is then built on a
2� � 2� spatial grid.

2.2.3. T/P + ERS altimetric data
Sea Level Anomaly (SLA) maps were supplied by AVISO (CLS,

Toulouse, France) from 1993 to 2004. The maps result from an
optimal interpolation of combined altimetric data from TOPEX/
POSEIDON and ERS1/2 missions (Le Traon et al., 1998) on a 1/
4� � 1/4� grid every week. The SLAs are built by removing from
the measurements the mean sea surface over 7 years (1993–
1999). The precision of this product is of about 2–3 cm rms.

2.2.4. Levitus data set
The World Ocean Database 2001 (Conkright et al., 2002) or so-

called Levitus data set (Levitus et al., 1998) for temperature was
Table 1
Model experiments’ description.

Name Boundary forcing

CR (control run) Monthly climatology
TXYmean Monthly climatology
OBmean Mean
used to derive the mean thermocline depth and to check the model
seasonal density structure.

2.2.5. Sea surface temperature (SST)
Two products were used to estimate the mean SST over the

model domain: (1) the so-called Reynolds data set (Reynolds and
Smith, 1994) on a 1� � 1� resolution grid, with data over 1990–
2002; and (2) the 9 km resolution SST from Advanced Very High
Resolution Radiometer (AVHRR; Vazquez et al., 1995) from POD-
AAC (http://podaac-www.jpl.nasa.gov/products/product102.html)
over 1990–2002.

2.3. Method

To understand the dynamic response of the model ocean to var-
iable atmospheric forcing, we used a vertical modal decomposition
of ocean density structure. Dynamic vertical modes form a com-
plete orthogonal set that can describe any perturbations of density.
We follow Dewitte et al. (1999) who analyzed the interannual var-
iability of equatorial currents and sea level. We have made two
simplifying assumptions here. First, we assume that linearization
is appropriate. Linearization requires that interface deviations be
small relative to mean layer thicknesses, which is probably true
on seasonal time scales. Second, we assume that the Wentzel–Kra-
mers–Brillouin (WKB) approximation is appropriate, allowing the
analysis to be done independently at each location. This approxi-
mation requires that the background state changes over a length
scale that is large relative to the wavelength of the perturbations.
Although the mean stratification can experience drastic changes
over short distances in the region of interest (in particular near
the coast where isotherms rise), the method is justified a posteriori
by the model results, which provide a meaningful dynamical inter-
pretation of the ocean’s response to variable atmospheric forcing
(see also Thompson et al. (2002) for the North Pacific). The density
change length scale off the coast is also much larger than the local
Rossby radii (see Fig. 8 of Section 4.1). The WKB approximation in
the context of topographic variations is justified by Killworth and
Blundell (1999), who argue that while coastal topographic slopes
do impact local baroclinic modes and their phase speeds, on a ba-
sin-wide average, topographic variations do not influence the over-
all propagation characteristics of the long-wavelength Rossby
waves.

As noted by Wunsch (1997) in his modal decomposition of
mooring observations in the World Ocean, modal decomposition
has the advantage over, say, Empirical Orthogonal Functions (EOFs)
in that it keeps dynamically distinct features separate. EOFs mix
the different vertical modes, and only work well when the mode
energy levels are very different.

In order to confirm/infirm the propagating nature of the derived
baroclinic mode contributions, we used Extended-EOF decomposi-
tion (Weare and Nasstrom, 1982). This method often produces
pairs of modes with similar spatial structure and explained vari-
ance but with a quadrature phase shift. The similar characteristics
imply that these paired modes essentially describe the same prop-
agating phenomenon. Modes which are not paired often corre-
spond to non propagating phenomena.
Wind stress forcing Heat flux forcing

Monthly varying climatology Monthly varying climatology
Annual mean constant Monthly varying climatology
Monthly varying climatology Monthly varying climatology

http://www.ifremer.fr/cersat
http://podaac-www.jpl.nasa.gov/products/product102.html
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3. Mean circulation and propagating variability

In this section, we examine the realism of the simulation with
regards to the main fields and properties that can influence the
wave characteristics. In particular we focus on (1) the mean verti-
cal stratification that determines the vertical mode structure, (2)
the characteristics of the Peru–Chile Undercurrent (PCU) that is a
major feature of the coastal current circulation in the ESP, and
(3) the mixed layer depth that influences how the momentum flux
is transmitted to the dynamics and the off-shore and coastal sea le-
vel variability.

3.1. Mean state

3.1.1. SST
The mean SST of the CR model is presented in Fig. 2a, where it

can be compared to both the Reynolds and AVHRR observations
(Fig. 2b and c). The model simulates the main pattern of SST, with
Fig. 2. SST for (a) CR, (b) the Reynolds observations (1� resolution) and (c) the AVHRR obs
�C. Shading is for temperature above 20 �C and the 18 �C-isotherm is in thick line for (a
a realistic representation of the basin-wide meridional gradients
and position of the isotherms. Near the coast, the Peru upwelling
(delimited by the 20 �C isotherms) is captured and compares fairly
well to the Reynolds estimate. At finer spatial scale, comparison of
the two products permits evaluation of the model’s ability to sim-
ulate the permanent upwelling cells along the Peru–Chile coast.
Due to the relatively low resolution of the model (1/3�), the simu-
lated cross-shore SST gradients (not present in the Reynolds SST)
are weaker north of �20�S (Fig. 2a) compared to the observed
AVHRR SST (Fig. 2c), which results in substantially cooler SST in
the model. On the other hand, off the coasts of central and southern
Chile, temperatures are slightly warmer off-shore and cooler on
shore, which indicates that the model either overestimates upwell-
ing or that heat fluxes are not realistic or are incorrectly distributed
over the mixed layer (too deep at the coast, see Fig. 5). Despites
these model flaws, and although the model produces wigglings
of the isotherms that are not always present in the high-resolution
observations, it provides a generally realistic distribution of SST at
ervations (9 km resolution). (d) Mean SST difference between CR and AVHRR. Unit is
)–(c). Shading is for temperature anomaly lower than �1.2 �C in (d).
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a resolution that cannot be achieved from observations for the sub-
surface in this region of the world. This also motivates the present
study.

3.1.2. Thermocline depth
The thermocline depth in the control run (CR) and in the

WOA01 observations was calculated following Pizarro and
Montecinos (2004) based on the depth of the maximum
temperature gradient (Fig. 3). The comparison is presented in
Fig. 3 which highlights the difference in resolution of the two prod-
ucts. The maximum depth is found at 17�S, 89�W in the model,
whereas it is at 23�S; 83�W in the observations which may reflect
the scarcity of the observed data in this region. Near the coast, the
model thermocline does not shoal nearly as much as the observa-
tions, which is partly due to the difference in vertical resolution of
the two products (higher for the model). Near 500 km offshore the
model thermocline tends to be deeper than the observations.
However, the mean zonal gradients in thermocline depth, when
averaged between 15�S and 35�S, are similar (�0.1 m/km).

3.1.3. Peru–Chile Undercurrent (PCU)
The PCU is a well-defined, poleward, subsurface flow, which

extends over the continental shelf and slope off the west coast
of South America with a core located between 100 and 300 m
depth. The PCU transports warm, salty equatorial subsurface
water from the eastern tropical Pacific to at least as far south
as 48�S (Silva and Neshyba, 1979). This water mass in turn is
the main source for the coastal upwelling off Peru and northern
Chile (e.g. Huyer et al., 1987) and is associated with the oxygen
minimum (Wyrtki, 1963). A mean poleward flow in the PCU of
5–10 cm s�1 has been observed between 5�S and 12�S off Peru
(Huyer et al., 1991). At 30�S off Chile, a southward mean flow
of about 13 cm s�1 (for the period January 1993–February
1999) was observed at 230 m depth, near the PCU core over
the upper slope (Pizarro et al., 2002). Like other poleward under-
currents of EBC systems, the PCU may be a return current driven
by upwelling-favorable, alongshore winds blowing in the oppo-
site direction (McCreary, 1981). Roden (1962) also showed the
relevance of wind-driven Sverdrup dynamics to explain the pres-
ence of the rather strong southward transport along the coast of
Peru, though he was limited by the poor quality of wind datasets
available.
Fig. 3. Mean thermocline depth for (a) Levitus data and (b
However, seasonal and interannual changes in the PCU off Chile
and Peru are not clearly related to these winds (Huyer et al., 1991;
Pizarro et al., 2001), and important seasonal variability originates
on the equator (Pizarro et al, 2002). It is thus interesting to explore
the mean characteristics of the PCU in the model, which will help
validate the model and provide insight into PCU dynamics. Fig. 4
displays the mean characteristics (maximum along-shore velocity
and depth) of the modelled PCU at 10�S and as a function of lati-
tude. Fig. 4a can be compared to Fig. 11 of Huyer et al. (1991)
although the latter is based on data of a peculiar period and corre-
sponds to geostrophic currents only, unlike the climatological
model. Despite this limitation, the 1991 figure indicates that the
modelled PCU has a realistic pattern at 10�S with a minimum
velocity core �200 km off-shore and a secondary core attached
to the continental slope. Its magnitude is weaker than in the obser-
vations and decreases southward, while its depth increases south-
ward (Fig. 4b). Considering the relatively low resolution of model
with regards to the cross-shore scale of this current (�50 km),
the realism of the simulated PCU is encouraging with regards to
the connection between equatorial and inner basin variability. In
the following, to examine PCU variability, we will consider vari-
ability at the core of the mean PCU.

3.1.4. Mixed layer depth
Investigating the mean mixed layer depth in the model may

provide insights on the realism of the vertical gradients in the sur-
face layers which impacts the dynamical response of the ocean to
momentum and heat flux forcing. Note that the spatial heterogene-
ity of the model mixed layer will be taken into account to diagnose
the theoretical baroclinic mode energy distribution (see Section
4.1). Following de Boyer Montégut et al. (2004), the model mean
mixed layer depth was calculated based on the temperature profile
with criteria of 0.2 �C (i.e. the depth where temperature equals SST
– 0.2 �C). The results are displayed in Fig. 5. The model correctly
simulates the offshore deepening of the mixed layer. Further off-
shore, the model exhibits fine scale structures which may not be
resolved by the observations. In particular, near 90�W, 20�S the
model simulates a deeper mixed layer than in the observations,
whereas near 78�W, 22�S it is shallower.

Summarizing, it appears the model mean state has a reasonably
realistic structure that may account for PCU dynamics. It allow fur-
ther investigation of its variability and associated forcing mecha-
) CR. Unit is m. Shading is for depth larger than 90 m.



Fig. 4. Mean characteristics of the PCU in CR (negative value for southward current): (a) the cross-shelf section of current at 10�S. This figure can be compared to Fig. 11 of
Huyer et al. (1991) who made an estimate of the geostrophic flow from four CTD sections at 10�S [see also Fig. 3 of Strub et al. (1998)]. Yellow shading is for values of current
lower than �3 cm s�1. (b) Depth of the core of the PCU (black line) and minimum mean along-shore velocity in the core of the PCU (red line) as a function of latitude (upper
scale). The angle of slope of the coastline used to estimate the along-shore velocity is also plotted in green line (lower scale).

Fig. 5. Mixed layer depth for the observations (left) and the model (right). Unit is m. The criteria used is on temperature (dT = 0.2 �C). Shading is for depth larger than 44 m.
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nisms. In the following, some aspects of the model variability are
analysed.

3.2. Variability

3.2.1. Sea level
Fig. 6 displays the results of the EOF analysis of (1) the satellite-

derived sea level anomalies and (2) CR. The satellite data were
high-pass filtered (cut-off frequency = 1.5-year) in order to dam-
pen interannual variability. Note however that this filtering does
not completely remove the low-frequency variability contribution
because the satellite seasonal cycle contains a component associ-
ated to the rectification of the interannual variability on the mean
state and seasonal cycle, which is not the case for CR. This limits
the comparison between the simulations and the observations.

The spatial patterns of the dominant EOF are similar for the
observations and simulation over a succession of positive and neg-
ative anomalies that extend offshore more in the north than in the
south. Discrepancies between the observations and the simulation
are the largest south of 25�S where the variability associated with



Fig. 6. Maps of the first EOF of sea level for (a) the observations as derived from TOPEX/POSEIDON data and (b) for CR. Units is cm. The associated temporal functions (in non-
dimensional units) are shown in the panel (c) in plain line for CR and dashed line for the observations. Darker (lighter) shading is for value lower (larger) than �1 (1) cm. The
spatial patterns were smoothed with a seven-grid-point-width boxcar average.
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mesoscale eddies is significant in the observations (Chaigneau and
Pizarro, 2005). This is partly due to the relatively low resolution of
the model which underestimates mesoscale activity by a factor of 3
in terms of eddy kinetic energy as compared to altimetric data (not
shown). It may also be related to the fact that monthly mean clima-
tological fields forced the model so that intraseasonal variability in
the model is underestimated.

The magnitude of the anomalies is on average slightly higher
for the observations than for the simulation. The percentage of
explained variance is 20% versus 30% for CR and the altimetric
data, respectively. However, because CR uses a repetitive clima-
tological forcing, the EOF analysis is somewhat equivalent to an
Extended-EOF (E-EOF) analysis, and, as such, captures the prop-
agating dominant mode of the variability that comes out as a
pair of modes. Thus, the pattern of the second dominant mode
of the EOF analysis is similar to that of the first, except that
the associated temporal functions are shifted by a quarter of a
period as in E-EOF analysis (not shown). This implies that the
actual percentage of explained variance associated to the sea-
sonal cycle for CR is 30% + 29% = 59%, which is much larger than
for the observations. The remaining variance is associated with
both the high- and low-frequency variability, which will be dis-
cussed in Section 5.

Despite these discrepancies in the spatial pattern, the associ-
ated time series of the EOFs are in phase (c = 0.92) (Fig. 6c). Other
techniques were applied on the sea level time series, which in-
cludes E-EOF and Complex-EOF (Horel, 1984), and these lead to
comparable results. For instance, the dominant CEOF mode for
the model and the observations explained 86% and 53% of the var-
iance, respectively, and exhibit comparable patterns of amplitude
and phase (spatial correlation between model and observation
reaches 0.50 and 0.45 for the amplitude and phase excluding the
region south of a line from (20�S; 90�W) to (38�S; 73�W)).

3.2.2. PCU
As mentioned above, the PCU is a characteristic feature of the

SEP. Its existence illustrates the complex vertical structure of the
coastal ocean and highlights the peculiar dynamics associated with
the connection to equatorial variability through coastal-trapped
Kelvin waves. In the following, some aspects of PCU variability
are documented through the model, which will later serve as a
basis for examination of the connection between the equatorial
and the inner basin variability.

The seasonal variability of the PCU has not been well docu-
mented due to scarcity of data. Pizarro et al. (2002) however doc-
umented PCU variability from a 7-year long current record over the
slope and near the core of the PCU at 30�S and showed that this
flow is strongly modulated at seasonal and interannual periods
by Rossby waves which are in turn forced by equatorial Kelvin
waves arriving at the South American coast. Ramos et al. (2006)
also noted a connection at semi-annual periods between the coast-
al and offshore thermocline variability in northern Chile. At these
timescales, the PCU, embedded in the coastal ‘wave guide’, exhibits
a variability that is documented from the model.

Fig. 7a displays the annual and semi-annual harmonics of the
PCU and wind stress along the coast as a function of latitude, with
semi-annual harmonics represented over two cycles. It indicates
that, whereas the semi-annual cycle of the PCU exhibits a clear
southward propagation pattern, the annual cycle exhibits more lat-
itudinal variability, reflecting a more complex forcing mechanism
at annual timescale. The amplitudes of the annual and semi-annual
cycles are comparable (see plain lines in Fig. 7b) with zones of rel-
ative maximum variability for the annual (semi-annual) cycle be-
tween 9�S and 13�S (9�S and 11�S) and between 27�S and 37�S
(15�S and 19�S). These increases in variability along the coast take
place near the critical latitudes of the semi-annual and annual peri-
ods for the first and second baroclinic modes as estimated by
Clarke and Shi (1991): �15�S and �9�S for the semi-annual period
and �37�S and �23�S for the annual period (see Fig. 7c). Note that
the coastline shape and vertical grid configuration of the model
(taking into account the changes in the continental shelf width)
may explain the deviation from the Clarke and Shi (1991)’s esti-
mate. The latter is based on 300 km segments chosen so that they
approximated the deep-sea boundary (source of the topographic
data is not mentioned in Clarke and Shi (1991)).

The annual harmonics of the along-shore wind may contribute
to the change in propagating characteristics of the PCU variability.
As noted in earlier works (Shaffer et al., 1999), the winds off the
coast of Peru tend to be phase lagged (lag = �4–6 months) with
the ones of southern Chile with a minimum variability between
17�S and 22�S (Fig. 7b). Moreover, the increase in PUC annual var-
iability south of 25�S seems to be consistent with an increase in



Fig. 7. PUC seasonal cycle: (a) time-latitude sections of the annual and semi-annual components of the PUC and along-shore wind stress. Negative values correspond to
southward (northward) current (wind stress). Units are cm s�1 for currents and 10�2 N m�2 for wind stress. Each field are represented over 1-year period. Yellow shading is
for values lower than �1. Unit. (b) Variability (RMS) as a function of latitude of the annual (red lines) and semi-annual (blue lines) components of the PUC (plain lines) and
wind stress (dotted lines). RMS curves were smoothed with a seven-grid-point-width boxcar average. (c) Critical latitude as a function of the period for the first (black line),
second (grey line) and third (dotted line) baroclinic mode as derived from Clarke and Shi (1991).
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wind stress, with a lag of several months (Fig. 7a). The semi-annual
component of the along-shore wind is much weaker than the an-
nual component, which favours the free poleward propagation of
the semi-annual component of the PCU.

With these few aspects of the model variability and mean state
in mind, we next investigate the vertical density structure variabil-
ity and associated dynamical response.

4. Vertical mode decomposition of the model variability

A vertical mode decomposition is sought in order to interpret
the dynamical response of the ocean to the heat and momentum
forcing and to document the off-shore propagating variability in
the model.

4.1. Projection coefficient and forcing

The theoretical projection of the momentum and heat fluxes on
a given baroclinic mode can be derived from the vertical mode
decomposition of the mean stratification, taking into account both
the heterogeneity in mixed layer depth and thermocline depth. For
momentum flux, in non-dimensionalized form, the projection coef-

ficient is written as follows, Pnðx; yÞ ¼
H

hmix

R 0

�hmix
Wnðx;y;zÞdzR 0

�Hbot
W2

nðx;y;zÞdz
, where H is

the mean thermocline depth (cf. Fig. 3b), hmix the mean mixed layer
(cf. Fig. 5b), Wn, the vertical mode structures and Hbot the depth of
the ocean floor. Pn is displayed in Fig. 8 for the first three baroclinic
modes. The results indicate that at basin scale, a significant part of
the wind stress variability projects on the first and second baro-
clinic modes. Due to the rising isotherms along the coast, the third
baroclinic mode (and high-order modes, not shown here) contrib-
utes significantly near the coast especially north of 20�S. However,
the pattern of Pn has to be interpreted in the light of the distribu-
tion of the local wind stress curl since Pn � ~rK~s is the actual forc-
ing term of the linearized momentum equation for each mode. At
the annual period, the spatial pattern of the annual harmonic of
the wind stress curl forcing (Fig. 8, bottom left panel) reveals that
high-order modes are not favoured near the coast between 15�S
and 27�S. The region of maximum values for P2 corresponds also
to a region of minimum amplitude of the forcing. On the other
hand, the regions of large P1 are associated with the large ampli-
tude of the annual cycle of the wind forcing, especially in the off-
shore region.

Note that for heat flux, the projection coefficient has a depen-
dency in 1

c3
n

(where cn is the long wave phase speed for mode n) as
compared to Pn (cf. Dewitte (1998)), so that for the high-order ver-
tical modes, heat flux forcing may contribute significantly to the
dynamical field variability. However, because of the weak values
for phase speed, the dynamical response of the ocean has to remain
mostly local and does not radiate from the forcing region.
4.2. Baroclinic mode contribution to sea level

The variability maps for the baroclinic mode contributions to
sea level anomalies for the annual and semi-annual cycles and
residual are presented in Figs. 9 and 10, which show that the an-
nual cycle projects predominantly on the first baroclinic mode,
whereas the semi-annual cycle is less energetic for all the modes
in the inner basin. Consistent with critical latitude theory, most
of the variability of the annual cycle is confined in the form of
coastal-trapped Kelvin waves along the coast south of �32�S and
�20�S for the first and second baroclinic mode contributions,
respectively (see Fig. 7c for an estimation of the critical latitude
as a function of baroclinic modes and frequency). The semi-annual
cycle has also a maximum in variability offshore, north of �23�S
for the first baroclinic mode, again consistent with the expected
theoretical critical latitude. Interestingly, the residual variability
projects on all the modes and is as large as the annual variability
of the first baroclinic mode. It is by far the largest contribution to
the second baroclinic mode. This residual variability extends as
far offshore as the annual cycle variability of the first baroclinic
mode and exhibits a different spatial pattern for each of the first
three modes. In particular, it exhibits a peak in the inner basin at
27�S for the first mode and at 23�S for the second mode, whereas



Fig. 8. Non-dimensionalized wind projection coefficient for the first three baroclinic modes and the maximum amplitude of the annual cycle of wind stress curl in
10�8 N m�3.
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for the third mode, it is the largest near (23�S–80�W) and off the
coast of Peru south of �13�S. Notably, this latter latitude corre-
sponds to the critical latitude of the annual cycle for the third baro-
clinic mode (cf. Fig 7c), whereas one find the largest amplitude of
the PUC along the coast of Southern Peru (Fig. 4b), suggesting
wave-mean flow interaction as a source of the residual variability
in this region. The summed-contribution of modes 4–18 mostly
peaks within �100 miles of the coast and south of 22�S, which is
consistent with theory which predicts energy at these frequencies
should remain near the coast as trapped coastal waves. Note the
zone of minimum residual variability in a kind of ‘shadow zone’
off northern Chile for the first and second baroclinic modes and
the sharp decrease in variability of the first baroclinic mode south
of �33�S (the critical latitude of the annual cycle of the first baro-
clinic mode). These complexities reflect the internal variability of
the model, which will be further investigated in Section 5.
The first baroclinic mode is dominant over the whole basin for
both the annual cycle and the residual variability. The variability
of the semi-annual cycle of the first baroclinic mode is about half
that of the annual cycle. In the following, we investigate the prop-
agating characteristics of the first baroclinic mode contribution to
sea level at the annual period.

4.3. Propagating characteristics

4.3.1. The first baroclinic mode extra-tropical Rossby wave
To investigate the propagating characteristics of the first baro-

clinic mode contribution to the annual cycle, maximum amplitude
and associated phase are estimated at each grid point (Fig. 11a and
b). The results indicate clear off-shore propagation of the sea level
with the phase lines parallel to each other over most of the basin.
Note, however, the spatial heterogeneity of the amplitude of the



Fig. 9. Baroclinic mode energy distribution: variability (RMS) maps of first (top) and second (bottom) baroclinic contribution to sea level anomaly for the annual and semi-
annual frequencies and for the residual. Units are cm. Contour intervals are every 0.2 cm. Shading is for value larger than 0.4 cm. The maps were smoothed with a three-grid-
point-width boxcar average.
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annual signal which traduces local wind forcing and the likely
interaction between modes as suggested by the patterns of wind
projection coefficients (Fig. 8). As an indication of the longitudinal
extent of the propagation, we computed the distance from the
coast reached after 6 months by a theoretical ETRW with phase

speed cðyÞ ¼ b�c2
1ðyÞ

f 2ðyÞ (c1 is the first baroclinic mode phase speed ob-

tained from the vertical mode decomposition and averaged over
a 5� zonal segment starting 1� from the coast). The derived curve
mimics the theoretical change of phase speed with latitude (cf.
white line in Fig. 11). Interestingly, the curve matches the location
of the transition zone between maximum and minimum amplitude
of the sea level and the region where phase lines become more er-
ratic (Fig. 11a and b). In order to confirm the propagating nature of
the signal, an E-EOF analysis was performed on the recomposed
annual harmonic of the first baroclinic mode contribution to sea le-
vel. The spatial pattern of the dominant mode (which comes up as
a pair) is consistent with off-shore propagation from the coast. A
quantitative estimate of the wavelength from Fig. 11c (whether
from the phase lines map, taking the distance between phases lines
separated by 6 months, or from the E-EOF map, taking the distance
of the zero line from the coast) matches the estimate from the dis-

persion relation of the ERWs (x ¼ � bkc2
n

f 2
0

, see Appendix A), taking



Fig. 10. Same as Fig. 9 but for the third baroclinic modes and the summed-up contributions of modes 4–18. Units are cm. Contour intervals are 0.1 cm. Shading is for value
larger than 0.2 cm.
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the values for c1 as derived from the vertical mode decomposition
(not shown). These comparisons confirm the off-shore propagation
of first baroclinic mode ERW at annual period.

For the second baroclinic mode, off-shore propagation also oc-
curs but is confined near the coast where the amplitude of the an-
nual harmonic is the largest (not shown). For the third baroclinic
mode, surface propagation is hardly detectable in the amplitude
and phase (not shown) because of the slow phase speed and the
coastal restriction of the associated variability.

As a consistency check of the model variability in terms of prop-
agating Rossby wave, we verify in the following that the energy
distribution on the baroclinic modes (as described above) is coher-
ent with vertical propagation. Since high-order modes have a
strong signature near the coast at the annual period, it is expected
that they combine to form ‘beams’ that transfer energy downwards
(McCreary, 1984). Formation of such beams would explain why the
first baroclinic mode ETRW dominates the sea level variability in
the model.

4.3.2. Vertically propagating energy flux
Following Dewitte and Reverdin (2000), WKB ray path theory is

used to interpret wave features identified in the energy flux asso-
ciated with vertical isotherm displacements. The theoretical back-
ground of the WKB ray path theory and the validity of assumptions
are extended to extra-tropical latitudes and are presented in
Appendix A. Ray paths correspond to the path of the energy flux



Fig. 11. Maps of the annual harmonic of the first baroclinic mode contributions to sea level anomalies (a) amplitude (in cm) and (b) phase (label ‘1’ corresponds to January).
(c) Map of the dominant E-EOF of the recomposed annual harmonic. The thick white line indicates the distance from the coast reached in 6-month by a first baroclinic mode
ERW propagating with theoretical phase speed of c ¼ b�c2

1
f 2 .

B. Dewitte et al. / Progress in Oceanography 79 (2008) 120–137 131
(u � p,v � p,w � p) where (u,v,w) is the velocity vector and p is the
pressure field (Eliassen and Palm, 1960). Vertical velocity w is esti-
mated as df/dt, where f is the vertical displacement of the iso-

therms f ¼ T
@T
@z

� �
. The vertical energy flux, w � p, should be

averaged over long time scales relative to the variability. If there
is only one ray path and linear theory applies, the phase of the sig-
nal in vertical displacement should be constant along the ray path
and the energy flux should be parallel to it. In practice however,
the variability is multi-frequency, the signals originating from var-
ious areas can interfere, and the simulation is non-linear, so that
the ray path concept should only be viewed as a diagnostic tool.
The isotherm vertical displacements (f) are derived from the sim-
ulated temperature field (T) interpolated vertically on a 5 m grid
using 1D cubic splines. The vertical convergence of the mean ver-
tical energy flux associated with this field @f0

@t � p0
D E

quantifies the
anomalous kinetic and potential energy released to the fluid
through the (1) dissipation and diffusion terms (not estimated)
or (2) advected from surface near the coast (or transferred by
non linearities to other frequencies). Brackets denote the time
average, and primes denote the annual harmonics of the individual
variables.

Fig. 12 displays the annual harmonics for sections at 11�S,
17�S and 27�S. Positive values correspond to downward energy
flux and extend westward and downward from the coast in
the upper layers. For all sections, maximum amplitude is found
near a theoretical WKB trajectory associated to a phase speed
between those of the first and second baroclinic modes. The
relative maximum for the 11�S section at 2000 m may be due
to wave interference within the subthermocline and upward flux
originating from the reflection the waves at the ocean bottom.
The slope of the energy ‘beam’ increases with latitude, consistent
with theory (cf. Appendix A). The difference between the differ-
ent sections with respect to the share of energy actually reach-
ing the deep ocean reflects the latitudinal heterogeneity of the
high-order mode contribution to variability near the coast
(Fig. 10) and the change in critical latitude as a function of mode
order.

These results indicate that the weak surface variability of the
high-order modes in the offshore region can be explained by the
vertical propagation of energy by the ETRW.
5. Role of local wind stress forcing versus boundary forcing

The results presented above may be sensitive to boundary forc-
ing. Of particular interest for the SEP is how local wind contributes
to the ETRW variability, as compared to the remote equatorial forc-
ing. Two sensitivity experiments were therefore run with the re-
gional model, with and without seasonal change in boundary and
wind forcing. The heat flux was allowed to vary as usual to simplify
interpretation. Because heat flux forcing projects preferentially on
the higher-order modes, it should not impact results of the manip-
ulations presented here. The configuration of the simulations is
summarized in Table 1. The TXYmean stands for the simulation
using a mean wind stress forcing, whereas OBmean uses a constant
open boundary condition. In order to assure that the baroclinic
mode energy distribution in TXYmean and OBmean is not drasti-
cally modified by changes in the mean density structure compared
to CR, which would limit the comparison between the three simu-
lations, we verified that the mean SST, thermocline depth and
mixed layer depth were similar in all the runs. The maps of the dif-
ference in mean SST between the simulations and the CR indicates
that the changes in boundary forcing configuration impact the
mean SST only in the coastal zone and results in SST changes no
larger than + or � �1�C (not shown). The mean thermocline depth
of TXYmean and OBmean is also comparable to that in CR in the re-
gion of maximum amplitude of the first baroclinic mode (also not
shown). The mean structure of the PCU was similar in all the runs
(slightly larger amplitude in OBmean).
5.1. Baroclinic mode energy distribution and propagating
characteristics

The vertical mode decomposition of the model runs is here de-
scribed and the baroclinic mode contribution to sea level anomaly
is estimated for the annual, semi-annual and residual variability.
The results indicate that, as for CR, the variability in TXYmean
and OBmean projects preferentially on the annual harmonics of
the first mode, with the residual variability of comparable magni-
tude (or even larger for OBmean) to CR. Also, as for CR, the high-or-
der mode contributions are weaker by an average factor of 2 than
that of the first baroclinic mode (not shown).



Fig. 12. Sections at 11�S, 17�S and 27�S of the vertical energy flux associated with
the annual harmonic. Positive values are for downward flux. The thick dashed lines
indicate the theoretical ray paths for phase speed values of the first (n = 1) and
second (n = 2) baroclinic modes, respectively. Unit is 10�8 m2 s�2. Shading is for
values larger than 2. Unit is 10�9 m2 s�2.
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The propagating characteristic of the gravest baroclinic mode
contribution to sea level at the annual period is extracted through
E-EOF analysis for TXYmean and OBmean (Fig. 13). For both simula-
tions E-EOF modes emerge as a pair with the associated time series
phase-lagged by 3 months (a quarter of a period), indicating that the
variability has a propagating nature. Not surprisingly the maximum
variability zones of the first baroclinic mode contribution to sea level
for the annual cycle are located near the coast for TXYmean (at least
north of 20�S), reflecting the connection with equatorial variability.
For OBmean, the variability peaks in the inner basin at various loca-
tions that are not always associated with the maximum amplitude of
the annual harmonics of wind stress curl forcing (Fig. 8, bottom left
panel), suggesting that the local wind stress and boundary forcing
both contribute to propagation of the ETRW in CR. To illustrate these
contributions, the E-EOF maps of TXYmean and OBmean are arbi-
trarily summed up and presented in Fig. 13c. The resulting pattern
strikingly resembles the dominant E-EOF mode of CR (Fig. 11c),
which suggests a quasi-linear response by the ocean at annual per-
iod. On the other hand, as will be seen in the next section, the simi-
larity of the residual variability in all the runs indicates a non-linear
response of the ocean to seasonal forcing.

5.2. Characteristics of the residual variability

The residual variability of the PCU in TYXmean and OBmean is
comparable in magnitude and spatial distribution in all the runs
(not shown), suggesting that the residual variability mostly results
from internal dynamics and only weakly depends on the forcing.
More likely, the residual variability depends on the mean along-
shore current system.

To further investigate the residual variability, its low- and high-
frequency components were ‘separated’ through filtering (a cut-off
period of 1 year is used). E-EOF analysis was then performed on the
filtered fields (only the first baroclinic mode contribution to sea le-
vel is considered), and the results for the dominant propagating
modes plotted in Fig. 14 (only one element of the pair is displayed).
For all the simulations, the high-frequency residual variability is
maximal near (70�W–27�S). It also exhibits a westward-northward
propagating pattern that tends to follow the mean circulation at
100 m, suggesting generation of waves through barotropic and
baroclinic instability that extracts energy from the mean flow.
The northward propagation may be due to the advection of the
waves by the mean flow. Note that the amplitude of the signal in
OBmean is more intense than in the other runs, which suggests
that the wind stress may damp the instabilities near 25–27�S in
CR. Along the coast of Peru, high-frequency variability is also sig-
nificant for CR and TXYmean but not for OBmean suggesting that
this variability mostly originates from equatorial forcing. The dom-
inant periods of the associated time series of the E-EOF mode are
�140 days for CR and TYmean and �250 days for OBmean.

The low-frequency component of the residual exhibits a differ-
ent spatial pattern, with an ‘apparent’ propagating feature in the
meridional direction. The variability peaks in a region centered
around (80�W–30�S) for the all the runs and is larger in OBmean
and TXYmean than in CR by a factor of about 2, which suggests that
the non-linearities forced by the wind and boundary-forced waves
in this region compensate each other and reduce the amount of en-
ergy transmitted to the longer time scales.

The characteristics of the residual sea level are suggestive of
instability involving interaction between the mean circulation
and the ETRWs. Cerovecki and de Szoeke (2006) studied the nature
of long baroclinic wave propagation and instability in an idealized
unventilated subtropical flow with vertical shear. Interestingly,
their solutions from a 21/2-layer model, both for the background
flow and the perturbations, share many characteristics with the
patterns of Fig. 14, which include a well-defined and narrow beam
of stable waves emanating from the forcing region and propagation
slightly north and westward depending on the background flow
cases. These observations again support the interpretation of
Fig. 14 as instability process resulting from the interaction be-
tween the annual Rossby waves and the mean circulation. Note
that the residual variability is enhanced where it overlaps the re-
gion of sharp decrease in the first baroclinic mode annual ETRW
amplitude, which is again consistent with the above interpretation.

6. Discussion and conclusions

A seasonal simulation from a medium-resolution OGCM is here
used to investigate the variability of vertical structure in the SEP. In
particular we attempt to determine if surface variability results



Fig. 13. Maps of the dominant E-EOF of the recomposed annual harmonic of the first baroclinic mode contribution to sea level for (a) TYmean, (b) OBmean, and (c) the sum of
(a) and (b). Unit is cm.
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from ETRW considering (1) the complex nature of the forcing
which is both from equatorial and local origins, and (2) the pres-
ence of intraseasonal variability which, to a large extent, accounts
for the non-linearity of the system. Although the model does not
completely resolve coastal-trapped wave and eddy activity, it sim-
ulates much of the observed mean state and variability.

A vertical mode decomposition separated distinct modes of the
variability, as evidenced by their different propagating characteris-
tics. The decomposition works efficiently for the low baroclinic
modes because the vertical structure is insensitive to the mean
flow. The first baroclinic mode is the most energetic for all frequen-
cies. The annual and residual variabilities are the most energetic
for each mode (residual is total minus annual and semi-annual har-
monics). The semi-annual variability is on average half that of the
annual in the inner basin, whereas along the coast within the PCU,
the annual and semi-annual are similar in magnitude (Fig. 7). The
annual cycle of the first baroclinic mode exhibits clear westward
propagation due to ETRWs forced throughout the basin and mostly
in the interior. On the other hand, the second and higher-order
baroclinic modes are mostly forced near the coast. Interestingly,
although we make use of a full physics model, the dynamical
adjustment of the ocean at annual frequency is basically linear in
the sense that both the local wind stress and the boundary forcings
sum to produce the sea level pattern. Another linear process asso-
ciated with the annual frequency is the vertical propagation of en-
ergy that explains the large contribution of the high-order
baroclinic modes near the coast, where the modes combine to form
‘beams’ of energy that propagate downward and westward along
ray-paths that are steeper in the south, consistent with theory.
Such processes have previously been documented for the equato-
rial annual Rossby wave (Kessler and McCreary, 1993; Dewitte
and Reverdin, 2000), and are generalized here for ETRWs to verify
propagation of sea level variability in the model and to interpret
characteristics of the coastally trapped high-order baroclinic
modes.

The results also reveal the presence of significant ‘residual’ var-
iability which corresponds mostly to internal dynamics of the
model physics (Fig. 14). This residual is largest near the coast
and in the transition zone corresponding to the sharp decrease in
amplitude and propagation of the ETRW. Interestingly, zonal
change of the sea level variability in this transition zone may mod-
ulate the meridional circulation through geostrosphical adjust-
ment at a wide range of frequencies since it takes a few months
(<�7–8 months) for the first baroclinic annual Rossby wave south
of 10�S to cross the basin from the coast up to this zone of
minimum amplitude of the annual cycle. The propagating charac-
teristics of the residual variability are consistent with this interpre-
tation, which suggests that the annual ETRW and the mean
circulation may interact in this region (ColindeVerdiere and
Tailleux, 2006; Cerovecki and de Szoeke, 2006). The possibility of
such interaction certainly deserves further investigation from
more specific designs of model experiments. Remarkably, results
of an idealized exploration of the instability of periodic (including
annual) perturbations of oceanic subtropical gyres (Cerovecki and
de Szoeke, 2006) are consistent with the more realistic solution
of the model.

Results of the medium-resolution model are, however, limited
in a number of ways. First, it is not clear to what extent the model
can reproduce coastal-trapped waves (and therefore the connec-
tion with the equatorial variability), considering that the Rossby



Fig. 14. Dominant E-EOF modes (one element of the pair) of the high-passed (top) and low-passed (bottom) filtered first baroclinic contribution to residual sea level for CR
(left panels), TXYmean (middle panels) and OBmean (right panels). Percentage of explained variance (sum of the percentage of variance of the two elements of the pair) is
indicated on top of each panel. Unit is cm. Contour interval is every 0.2 cm. Zero contours are not plotted. Shading is for values larger than 0.4 cm. The mean currents
(magnitude and direction) at 100 depth are over plotted in each panel. Only the currents which either the zonal or meridional component is larger (lower) than 2 (�2) cm s�1

are drawn.
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radius of deformation in this region is of the same order as the
model resolution (the Rossby radius ranges from 150 to 30 km
from �5�S to �40�S for the first baroclinic mode – see Chelton
et al., 1998). The choice of the medium-resolution was motivated
by computational cost considerations. Medium-resolution also
permits meaningful interpretation of regional sea level variability.
It is worth pointing out that high-resolution models are sensitive
to additional parameters such as the spatial resolution of the wind
forcing and the characteristics of the open-boundary conditions.
For instance, in the regional high-resolution model of Penven
et al. (2005), the simulated EKE has a different pattern and ampli-
tude depending on which climatological winds – satellite Quick-
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SCAT or Reanalyses product (ERA40) – are used to force the model.
Variability scales of wind forcing in this region are therefore
important, and the medium-resolution model is less affected by
the particular wind stress product used to force the model.

Another important limitation is the seasonal forcing of the mod-
el. Considering the non-linearity of the system (as evidenced by the
substantial contribution of the ‘residual’ variability), rectification
processes at various timescales are to be expected. For instance,
ENSO drastically modifies the regional mean stratification and cir-
culation (Blanco et al., 2002) and consequently may modulate the
characteristics of the annual ETRW. Such non-seasonal processes
need further investigation. The model results reported here could
serve as a background material for the interpretation of simula-
tions including interannual components.

Despite these limitations, our model results show that sea level
variability at the annual period consists mostly of a one-baroclinic
mode response to wind and equatorial forcing. Takahashi (2005)
recently found that the annual cycle of heat content in the Peru re-
gion is mainly forced by insolation, and not by the wind stress curl.
He notes however that dynamical processes may produce different
regional budget characteristics. The apparent conflict between our
results and Takahashi’s (2005) may suggest regional air–sea cou-
pling on the annual cycle results from compensation among large
dynamical signals. For instance, Kessler et al. (1998) found that an-
nual SST in the cold tongue was consistent with solar shortwave
forcing alone, but that shortwave forcing is only important because
two strong forcings cancel: in their case, cooling via increased
upwelling is opposed by warming associated with Tropical Insta-
bility Waves. Whether or not the heat flux in our model region is
driven by horizontal or vertical advection by the ETRW will need
further examination with a medium to high-resolution coupled re-
gional model.

The model’s finding of vertically propagating energy on the an-
nual period raises the question whether such propagation might
also occur at lower frequencies, including ENSO. If so, energy
originating from the equatorial regions may dissipate in the
subthermocline at higher latitudes. Long-term medium to high-
resolution regional model simulations should provide insight on
this issue.

The SEP also contains an oxygen minimum zone (OMZ; Helly
and Levin, 2004) which covers a large area off-shore Ecuador, Peru
and Chile and is well-marked in the subthermocline. OMZ variabil-
ity and maintenance processes are poorly understood. In view of
our model results, we wonder if the ETRW participates in OMZ for-
mation and maintenance through advection of low oxygen concen-
tration. Interestingly, the bottom of the OMZ at 300 m is located
near the zone of intense residual variability in our model (not
shown), which also corresponds to the westward limit of the Ross-
by wave annual variability. More realistic simulation of the ESP
using physical–biogeomechical coupled model should help clarify
this issue.
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Appendix A. Linear formalism for vertically propagating extra-
tropical Rossby waves

As shown by Moore and Philander (1977), the linear, inviscid
equations for a b-plane (f = f0 + by) can be separated into vertical
and horizontal components. The horizontal component yields a
dispersion relation for standing wave modes in the meridional
and horizontal directions

x ¼ �bk

k2 þ l2 þ f 2
0 =c2

n

ðA:1Þ

where l and k are the meridional and zonal wavenumbers, respec-
tively, x the frequency, f0 the Coriolis parameter at some latitude
(y0) and cn the separation constant of the vertical structure
equation:

d
dz

dWn

dz
� N�2

� �
þWnc�2

n ¼ Fl ðA:2Þ

N is the local Brunt–Vaïsälä (or buoyancy) frequency. Fl is the pro-
jection of the forcing onto the latitudinal mode l under consider-
ation. It is usually assumed to be zero below a certain depth close
to the surface (Lighthill, 1969). Thus, the vertical structure function
Wn is solution of the homogeneous equation with the boundary
conditions:

dWn

dz
þ N2

g
Wn ¼ 0 at z ¼ 0

dWn

dz
¼ 0 at z ¼ �H ðH is the depth of the ocean bottomÞ

From the vertical equation a local vertical wavenumber can be de-
fined: mnðx; zÞ ¼ Nðx;zÞ

cnðxÞ .
We now consider a motion which is the combination of the

solutions of the different vertical modes for a specified l and call
m the local vertical wavenumber. It is then interesting to describe
the solution as if the vertical scale m�1 of the wave was small com-
pared with the scale on which m varies (WKB approximation).
(A.1) is then a relation between x, m and k which can be differen-
tiated to estimate group velocities. In this study, we consider only
long zonal wavelengths. In this limit (k2 þ l2 � 0), the dispersion
relation reduces to:

x ¼ �bkc2
n

f 2
0

ðA:3Þ

Given the wave frequency and phase speed, the trajectory that de-
fines wave energy propagation can be obtained by integrating two
ordinary differential equation: dx

dt ¼ Cx
ng ¼ @x

@k and dz
dt ¼ Cz

ng ¼ @x
@m. The

slope of ray paths in the (x,z) plane becomes:

dz
dx
¼ 2k

m
¼ 2kcn

N
ðA:4Þ

Therefore, the wave energy originating at the surface propagates
downward towards the west with steeper slope for weaker stratifi-
cation or lower latitude. Fig. A1 presents the theoretical trajectories
for the annual period at various latitudes and for a mean stratifica-
tion taken from the model (CR). With the definition of the phase
propagation in the zonal and vertical directions, and because the
dispersion relation is non-dispersive in the long zonal wavelength
limit, phase lines are parallel to WKB ray paths. This wave propaga-



Fig. A1. Theoretical WKB trajectories for the annual period at 11�S, 15�S, 21�S and 27�S. The mean Brunt–vaïsälä frequency of the model and the mean between the first and
second baroclinic mode phase speed were used to derive the local slope of the trajectories.
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tion provides a mechanism by which low-frequency energy gener-
ated by surface wind is transmitted into the deep ocean.
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a b s t r a c t

An eddy-resolving numerical simulation for the Peru–Chile system between 1993 and 2000 is analyzed,
mainly for the 1997–1998 El Niño. Atmospheric and lateral oceanic forcings are realistic and contain a
wide range of scales from days to interannual. The solution is validated against altimetric observations
and the few in situ observations available. The simulated 1997–1998 El Niño closely resembles the real
1997–1998 El Niño in its time sequence of events. The two well-marked, sea-level peaks in May–June and
November–December 1997 are reproduced with amplitudes close to those observed. Other sub-periods
of the El Niño seem to be captured adequately. Simple dynamical analyses are performed to explain the
1997–1998 evolution of the upwelling in the model. The intensity of the upwelling appears to be deter-
mined by an interplay between alongshore, poleward advection (related to coastal trapped waves) and
wind intensity, but also by the cross-shore geostrophic flow and distribution of the water masses on a
scale of 1000 km or more (involving Rossby waves westward propagation and advection from equatorial
currents). In particular, the delay of upwelling recovery until fall 1998 (i.e., well after the second El Niño
peak) is partly due to the persistent advection of offshore stratified water toward the coast of Peru. Altim-
etry data suggest that these interpretations of the numerical solution also apply to the real ocean.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

As widely documented in the literature, the El Niño phenome-
non has dramatic consequences off the Americas and most partic-
ularly in the currents of the Peru–Chile system (PCS) (Strub et al.,
1998). Major observational efforts have been deployed to under-
stand the processes at work because of the implications for the
ecosystem (Barber and Chavez, 1983), fisheries activity and global
climate.

Data obtained for the 1997–1998 El Niño provides a partial pic-
ture of the PCS and the changes it went through during this period.
It is only partial because in situ observations are condemned to be
sparse in time and space and because satellites have a limited view
of the subsurface. In this context there is a great need for models to
fill the gaps, and many models have, in fact, been developed to
understand more fully the PCS functioning. Besides the pioneering
work done on the upwelling dynamics in the 1970s and early
1980s, most of the PCS models have focused on the poleward prop-
agation of coastally-trapped waves using linear models. The main
reason for this focus is that coastal wave activity alone explains
to some degree the intraseasonal variability (Brink, 1982; Ramos
et al., 2006), interannual variability (Shaffer et al., 1997; Pizarro
et al., 2002), and even lower frequency variability (Clarke and
Lebedev, 1999; Pizarro et al., 2001, 2002), at least nearshore. On
the other hand, there are indications that the response of the PCS
ll rights reserved.

.

to El Niño conditions simply cannot be fully understood with such
coastally-trapped waves models no matter how well they repro-
duce the sea-level and alongshore-flow fluctuations. In particular,
they ignore the Ekman flow modulation that arises from changes
in wind patterns during El Niño (Strub et al., 1998). Also onshore
flows are known for not being well captured by linear coastally-
trapped wave models (Brink, 1982). Observational evidence of
the importance of onshore flows is reported by Huyer et al.
(1987) for the 1982–1983 El Niño off Peru. More recently, eddy-
resolving primitive-equation models have been applied to different
sectors of the PCS (Leth and Shaffer, 2001; Leth and Middleton,
2004; Penven et al., 2005). These studies focused on seasonal cy-
cles. The only primitive-equation modeling study we know of that
deals with PCS interannual variability is Mesias et al. (2003), but it
only incorporates the variability due to the wind. The present work
extends that of Penven et al. (2005); it includes the equatorial var-
iability, partly through the boundary conditions and partly explic-
itly. We use the Regional Oceanic Modeling System (ROMS) to
simulate the PCS dynamics over most of the 1990s with realistic
atmospheric forcing and boundary conditions provided by a
state-of-the-art oceanic general circulation model (OGCM)
solution.

Our regional solution is analyzed for its 1997–1998 El Niño per-
iod. Special emphasis is put on validation, mainly using sea-level
anomalies (SLA) measured from altimeters, and the realism of
coastal wave activity in the model is also assessed (Section 3). A
qualitative evaluation of the model in terms of subsurface changes
undergone by the central Peru upwelling between June 1997 and
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June 1998 is presented in Section 4. In particular, we define and
discuss the succession of stages that characterizes the 1997–
1998 El Niño (including the two well-marked sea-level peaks de-
scribed by Strub and James (2002) using altimetry data): the first
peak (P1, May–June 1997); the aftermath of P1 (July–August
1997); the relaxation interval between P1 and P2 (September–
October 1997); the second peak (P2, November–December 1998);
the aftermath of P2 (January–April 1998); and the recovery from
El Niño (May 1998 and afterward). This particular sequencing is
devised for our solution analysis, but it approximately coincides
with those put forward to describe previous observational analyses
(Carr et al., 2002; Blanco et al., 2002). Dynamical analyses show the
nature of the complex thermohaline and circulation changes
brought about during El Niño. Most importantly we quantify the
role played by the alongshore pressure gradient off the Peruvian
shelf in counteracting the Ekman transport by driving onshore flow
(Section 5). This component of the flow is poorly explained by
coastal wave activity alone, and we offer an alternative conceptual
model for the thermohaline and circulation evolution over the
whole El Niño period (Section 6). In Section 7, a complementary
view is given on the effects that geostrophic onshore flow can have
on the Peruvian ecosystem. A brief summary is in Section 8.
2. Model set-up

2.1. ROMS hydrodynamic model

The numerical simulations are performed using the Regional
Oceanic Modeling System (ROMS; Shchepetkin and McWilliams,
2005). The configuration encompasses a large domain from 15�N
to 41�S and from 100�W to the South American coast with open-
boundary conditions at its western and southern edges. The
open-boundary conditions (Marchesiello et al., 2001) are treated
using a combination of an Orlanski scheme for the tracers and
baroclinic velocities and a Flather scheme for the barotropic mode.
ROMS solves the hydrostatic primitive equations using terrain-fol-
lowing curvilinear vertical coordinates. We use 30 vertical levels
stretched toward the surface so that roughly 20 levels cover the
first 200 m of the water column over the continental slope at
1500 m depth (vertical stretching parameters are hs = 6.5, hb = 0,
and Tcline = 10 m in the notation of Song and Haidvogel (1994)).
The bottom topography is interpolated from the Etopo2 database
(Smith and Sandwell, 1997) and, to reduce the pressure gradient
computation errors, it is smoothed (analogous to Marchesiello
et al., 2003) to satisfy the condition dh/h < 0.18 (Beckman and Hai-
dvogel, 1993). Subgrid-scale vertical mixing is parameterized using
the KPP boundary layer formulation (Large et al., 1994).

The configuration is designed taking into consideration several
factors. The domain extent allows us to explicitly represent the
processes and currents that connect the Peru–Chile system (PCS)
with the eastern equatorial Pacific. The premise is that signals of
equatorial origin are essential for the functioning of the PCS, in par-
ticular coastal waves that can propagate as far south as 35�S along
the South American coastal wave guide. The horizontal resolution
of �7.5 km (1/15�) is sufficient to resolve these coastal waves and,
more generally, mesoscale processes, given Rossby radii that range
from �200 km in the northern part of the domain down to 25 km
in the south (Chelton et al., 1998).

2.2. Model spin-up

The model solution is spun-up for 5 years starting from the Lev-
itus climatology as initial conditions and with climatological atmo-
spheric forcing (ERS for wind stress and COADS for heat and
freshwater flux, with a weak restoring toward climatological SST
and sea surface salinity; Barnier et al., 1995). Boundary conditions
are also climatological from the SODA reanalysis (Carton and Giese,
2008). These forcings are consistent with those used to run the
interannual experiment (Section 2.3). The final state of this spin-
up is used as the initial condition for the interannual experiment.
Little adjustment occurs when restarting with the non-climatolog-
ical forcing, but we discard the first year (1992) in the analysis.
Hereafter, we refer to the interannual solution as RIPC7 (ROMS
Interannual Peru–Chile with a 7.5 km horizontal grid resolution).

2.3. Atmospheric forcing

RIPC7 is run from January 1992 to January 2000 using weekly
ERS1 and ERS2 scatterometer winds (Bentamy et al., 1996). The
1o resolution ERS wind stress is linearly interpolated onto the mod-
el grid. A coastal extrapolation described in Capet et al. (2008) is
performed where no data is acquired by the scatterometer, i.e.,
within 50–100 km from the shore. ERS is chosen because, coastal
data gaps aside, it provides well validated accurate wind fields
(Quilfen et al., 2000) and was the only scatterometer flying in
1997–1998. The choice of air–sea heat fluxes to force the model
is more problematic. Both steep topographies (the Andes are
responsible for spurious oscillations in spectral models such as
NCEP; Large and Danabasoglu, 2006) and subtle ocean–atmo-
sphere coupling (e.g., the functioning of the extensive stratus cloud
deck in the PCS has yet to be fully understood; see VOCALS project
http://www.eol.ucar.edu/projects/vocals/) lead to large uncertain-
ties in the heat flux estimates. Forced with NCEP heat fluxes, the
model exhibits a climatological 2–3 �C warm bias in SST off south-
ern Peru and northern Chile (not shown). The solution we present
is forced with heat fluxes interpolated from the COADS climatology
(Da Silva et al., 1994). It yields a much better agreement with SST
climatologies. Consequently, the only source of variability (inter-
annual or synoptic) in heat flux forcing comes from the restoring
term based on the difference between the model and observed
SST (Barnier et al., 1995). For the latter, we rely on the weekly
AVHRR-Pathfinder product (http://podaac.jpl.nasa.gov/sst/). The
treatment of freshwater is similar but cruder since the observed
sea surface salinity used for the restoring is the climatological
product from COADS (Da Silva et al., 1994). This means that, for
example, the change in rainfall patterns during the El Niño
1997–1998 is not represented.

2.4. Downscaling the Pacific circulation

To study the regional consequences of basin-scale climate
changes and the El Niño 1997–1998 event in particular, we do
not simulate the whole Pacific but rely on information from an
OGCM that is passed on to our regional configuration through
the open-boundary conditions. In the solution we present here,
the boundary information is extracted offline from a POP-CCSM
solution. POP-CCSM is similar to the solution labeled ‘‘x1ocn” in
Large and Danabasoglu (2006) except that its atmospheric forcing
(Large and Yeager, 2004) has interannual variability (and diurnal
cycle). Toward the equator POP-CCSM has a horizontal resolution
of less than 0.5o in the meridional direction (1� in the zonal direc-
tion) to ensure that the system of equatorial currents can be
resolved.

A key requirement for this approach is that the open-boundary
conditions must input the climate signal to be downscaled. Our
boundary conditions are updated every 4 days (the time interval
between two POP-CCSM output files) so that equatorial Kelvin
waves with frequencies in the intraseasonal band (periods from
50 to 70 days) are transmitted into the regional model. Equatorial
wave activity is known to be an essential component of equatorial
variability including at the interannual time scale (Kessler and

http://www.eol.ucar.edu/projects/vocals/
http://podaac.jpl.nasa.gov/sst/
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McPhaden, 1995; Kessler et al., 1995). These equatorial waves trig-
ger coastal waves that propagate poleward along the South Amer-
ican coast (Shaffer et al., 1997). Preliminary simulations with only
monthly-varying boundary conditions yielded an overly weak
1997–1998 El Niño, e.g., in SLA (Section 3). Most importantly,
POP-CCSM realistically reproduces the evolution of the equatorial
thermohaline structure and circulation. Fig. 1 shows a comparison
of temperature and zonal velocity between POP-CCSM and the TAO
measurements1 at 110�W, i.e., 10� to the west of our open boundary.
Although the POP-CCSM thermocline is too diffuse (a bias commonly
seen in OGCMs) the time variability is well captured. The thermo-
cline deepening corresponding to the two 1997–1998 El Niño peaks
is approximately the right amplitude and so is the relaxation be-
tween them. (Looking closely, notice that the second peak appears
to not reach deep enough, and the POP-CCSM evolution seems
smoother than of the data; e.g., the sharpness of the two main ob-
served peaks.) The termination phase cannot be assessed at 110�W
because the data are missing, but at 95�W good agreement is gener-
ally observed, especially during the first half of 1998 (even the weak-
er third peak in May 1998 – also reported by Carr et al. (2002) – is
present in POP-CCSM, albeit weaker than in the data). POP-CCSM
shows some skill at reproducing the observed zonal velocities and,
in particular, the timing and intensity of the two eastward pulses
that correspond to the main El Niño peaks (P2 is centered at greater
depths than P1), and it also reproduces the westward currents in
winter 1997 and in early 1998. Two notable deficiencies are the
weaker-than-observed eastward velocity that prevails through most
of 1998 and the systematic westward flow bias near the surface.

3. Sea-level anomaly and coastal wave activity in the Peru–Chile
system

3.1. Sea-level evaluation

As a first assessment of RIPC7 realism we compare SLA from our
interannual solution to SLA maps derived from satellite altimetric
measurements.2 SLA provides valuable information because of its
high spatial and temporal coverage. On the other hand, the SLA
has some limitations that need to be kept in mind during this eval-
uation exercise: most important are the nearshore data gaps and
large uncertainty in shallow waters. In addition, the SLA-gridded
product we use (DUACS; Ducet et al., 2000) has a nominal resolution
of 1/3�. For these reasons caution is required when considering
coastal waves whose amplitude is expected to decay exponentially
away from the shelf on a scale equal to the first deformation radius.

Fig. 2 shows RIPC7 and DUACS SLAs in a time–latitude diagram,
along a line running parallel to the coast 35 km offshore, i.e., far en-
ough at most latitudes to trust the DUACS data. The main charac-
teristics and sequence of events associated with the 1997–1998
El Niño are clearly reproduced in RIPC7 (see also Strub and James,
2002 for a description of the events using altimetry measure-
ments). The simulated July and December peaks have the correct
timing and are only slightly weaker (by less than 25%) in amplitude
than the observations. Note though that the magnitude of the sim-
ulated first peak is closer to the observations and is thus of a
strength comparable to the second peak, whereas the first peak
is weaker than the second observed one, as also confirmed by
tide-gauge measurements (Blanco et al., 2002 and see below).
We attribute this model bias to the boundary information at the
equator because Fig. 1 suggests that the second peak in POP is
1 TAO data shown in Fig. 1 were plotted with the TAO Project Office data display
interface (http://www.pmel.noaa.gov/tao/realtime.html).

2 Although there is good agreement; we do not show model-data SST comparisons
because satellite SST is partly assimilated in the model through the heat flux restoring
term (Section 2.3).
weaker than in the observations. The relaxation interval between
the two peaks is realistically simulated. More generally, RIPC7 cap-
tures the main interannual signals such as the mild El Niño in 1993
and the La Niña conditions that start in mid-1998. For the period
1994–1997, where weak SLAs prevail, the model-data agreement
is less clear.

In Fig. 3, we show monthly averaged SLA maps from RIPC7 and
DUACS for the months of May and June 1997 (at and shortly after
the arrival of the SLA first peak; Fig. 2) and December 1997 (when
the SLA second peak has reached its maximum intensity). Notice
first the good model-data correspondence in terms of large scale
patterns and amplitudes for all three months: the equatorial patch
of a large SLA has the correct extension. Toward the south, a posi-
tive SLA tends to be increasingly confined nearshore, and this is
also nicely captured in RIPC7, especially in May and June. Obvi-
ously, the model and data eddy fields are expected to differ since
no assimilation constrains their phase correspondence. However,
RIPC7 correctly generates a preponderance of anticyclones and
some of them (off the main capes and headlands such as Paracas
at 14�S) seem to correspond to eddies present in DUACS. One
apparent discrepancy is a too strong SLA along central Chile com-
pared to DUACS where the coastal signal is weaker and more bro-
ken up; on the other hand, there is no evident amplitude
discrepancy in the comparison with coastal tide-gauges in this re-
gion (Fig. 4).

DUACS’s nearshore SLA needs to be taken cautiously, however,
and we perform a complementary evaluation with four tide-gauge
records for Paita (5�050, northern Peru), Callao (12o030, central
Peru), Arica (18o280, northern Chile), and Caldera (27o040, central
Chile). Daily data were obtained from UHSLC (http://uhslc.-
soest.hawaii.edu/) and low-passed filtered to be compared with
model output, using a Lanczos filter with a 3-day cut-off and 15-
day window. Unavoidable sources of model/data discrepancies in-
clude the fact that, with ROMS C-grid discretization, sea level at 1/2
grid cell from the coast has to be used as a proxy for coastal sea le-
vel; in reality nearshore processes unresolved by our solution
might alter the signal somewhat. Despite this caveat, the model-
data agreement is good with a rms error (averaged from the four
tide-gauges) of 0.05 m over the period 1994–1999 and of 0.03 m
if the 1997 El Niño maximum is discarded3 (Fig. 4). Most impor-
tantly the two El Niño peaks have good timing and amplitudes,
although the December–January 1997–1998 SLA is underestimated
by 20–30% (also noticed in the comparison with DUACS), and some
high-frequency peaks are weaker in the model than in the observa-
tions. Finally, the signal attenuation going from north to south is also
correctly represented in the model with 50% and 40% reductions for
the May–June 1997 and December–January 1998 SLA between Paita
and Caldera. This statement should be qualified with respect to Fig. 2
that suggests a lack of SLA attenuation in the model around 17�S.

Overall, RIPC7’s SLA shows a considerable resemblance to the
data, and this gives us some confidence in the realism of the solu-
tion because, on scales of the order of the baroclinic Rossby radius,
the SLA tends to reflect upper-ocean, depth-integrated thermoha-
line anomalies (Stammer, 1997). Assessment of the simulated sub-
surface circulation and thermohaline structure (Section 4.1) tends
to reinforce this conclusion.

3.2. Coastal wave activity during El Niño

It is now well established that equatorial variability on a wide
range of scales transmits as coastal trapped waves (CTWs) when
reaching the eastern end of the Pacific (or other basins). CTWs thus
3 The largest rms error is found at the Arica tide-gauge location with 0.06 m over
the period 1994–1999 and 0.05 m if the El Niño maximum is discarded.

http://uhslc.soest.hawaii.edu/
http://uhslc.soest.hawaii.edu/
http://www.pmel.noaa.gov/tao/realtime.html


Fig. 1. Zonal velocity U [m s�1] (top) and temperature T [�C] (bottom) time–depth diagram for the POP-CCSM solution (left) and TAO array observations (right) at 110�W at
the equator. The white patches indicate missing data, and the model plot for velocity is masked accordingly.

Fig. 2. Time–latitude diagrams of SLA [m] along the west coast of South America from (a) ROMS and (b) DUACS; (c) line where the data are taken, following the coast 35 km
offshore.
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generated subsequently propagate poleward (Shaffer et al., 1997).
Along the west coast of the Americas, the water-mass changes re-
lated to El Niño are primarily thought to occur through poleward
water-mass advection by the currents accompanying coastal
waves (Blanco et al., 2002), especially in the range 50–70 days�1,
but also at lower frequencies.

As evident from Fig. 4 the model does not generally follow the
tide-gauge signals at high frequency, except in rare instances such
as the major SLA pulse in May 1997. On the other hand, the model
coastal dynamics is consistent with the description above. Indeed,
coastal SLAs spectra have a marked peak at 50–70 days�1 that can
be traced back into POP but cannot be explained by local wind var-
iability (Fig. 5; on the other hand, the peak at a period of 40 days
could be associated with local wind forcing). In addition, subsur-
face alongshore velocities along the Peruvian Plateau exhibit fluc-
tuations in the same frequency range; they are mainly in
geostrophic balance (as expected from idealized Kelvin waves;
not shown); and they are strongly correlated with SLA. To get a
better sense of the oscillatory behavior associated with different
frequency ranges (50–70 days�1 and lower frequency correspond-
ing to the two peaks) SLA, alongshore and cross-shore velocities
are high-passed or low-passed (resp.). High-pass filtered time-lat-
itude diagrams of SLA and alongshore velocity (Fig. 6) demonstrate
poleward propagation for these variables with a phase speed
around 3.2 m s�1, i.e., in the upper end of observed CTW phase
speed range (Meyers et al., 1998) and roughly consistent with a
first-baroclinic Kelvin wave speed. At lower frequency the robust-
ness of spectral estimates is dubious but the low-pass-filtered SLA
and alongshore velocity (Fig. 7) reveal again the undulatory nature
of El Niño. The propagation speed is about 0.35 m s�1 at the 6-
month period, not far off the 0.2–0.3 m s�1 propagation speed
found by Pizarro et al. (2001) for even lower frequency signals.

An outstanding signature of El Niño is thus its underlying CTW
activity, both in the high-frequency band 50–70 days�1 and at low-
er frequencies comparable to the two peaks during the event. This
wave dynamics is well captured by simple linear models and has



Fig. 3. Monthly mean SLA [m] for the west coast of South America for model (ROMS, top) and observations (DUACS, bottom): (a) ROMS, May 1997; (b) DUACS, May 1997; (c)
ROMS, June 1997; (d) DUACS, June 1997; (e) ROMS, December 1997; (f) DUACS, December 1997. Nearly all of the model domain is shown on the maps.
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been amply analyzed (Shaffer et al., 1997; Pizarro et al., 2001,
2002). It is also reproduced by RIPC7, but our primitive-equation
model allows us to investigate processes going beyond this simple
dynamics. On time scales long compared to individual high-fre-
quency pulses (lasting say a few days to a couple of weeks), we ex-
pect advection and nonlinear processes to become important. In
the remainder of the paper, our focus is to extract such processes
from the full signal.
4. El Niño’s subsurface signature in Peruvian waters

In this section, we focus on the thermohaline and currents
anomalies associated with El Niño in the model. We first describe
the persistent changes associated with P2 taken broadly and then
examine the modulations on monthly time scales during the whole
El Niño period. We focus our attention on central Peru because (1)
this region undergoes the largest SLA during El Niño (Fig. 3), and
(2) the coastline and the shelf break are nearly straight and run
parallel to each other so that physical processes are, to a large de-
gree, invariant alongshore (Penven et al., 2005).

4.1. Second peak

Time-averaged (over the whole second peak from mid-October
to mid-February) and alongshore-averaged (from 7�S to 13�S) ver-
tical cross-sections for temperature, Brunt-Väisälä frequency, and
alongshore and cross-shore velocities are presented in Fig. 8. The
corresponding model climatology between 1993 and 1999 (with
1997 and 1998 excluded) for the same months is also shown and
fits the picture of the system for spring–summer (weakening
upwelling-favorable winds and increasing atmospheric heat
fluxes) as described in Strub et al. (1998) and Huyer et al. (1991)
and also simulated by Penven et al. (2005). Upwelling is noticeable
during the climatological conditions, with coastal waters around
16 �C and a 100 m upward tilt (from offshore to nearshore) of the
corresponding isotherm (Fig. 8b). The water column is weakly
stratified but for a thin layer around the boundary layer depth
(Fig. 8d). Alongshore velocities (Fig. 8f) reveal a surface-intensified,
equatorward coastal current (maximum velocities �0.20 m s�1)
and a Peru–Chile Undercurrent (PCU) underneath. The PCU has
its core centered at a depth of 150 m over the slope, with maxi-
mum values of 0.10 m s�1 (comparable with the observations re-
ported by Brink et al. (1983) and Huyer et al. (1991)), and it
extends as far as 150–200 km offshore. Negative cross-shore veloc-
ities (Fig. 8h) of �0.08 m s�1 in the first 15–20 m are associated
with offshore Ekman transport. Below, a weak onshore return flow
at 0.01–0.02 m s�1 is present and feeds the coastal divergence.

The picture for the period October 1997–February 1998 differs
in many respects. Nearshore surface temperature is 20 �C, i.e.,
3 �C warmer than usual; anomalies are even larger offshore (4 �C
at 250 km). Maximum subsurface temperature anomalies are still
�2.5 �C at 300 m. Offshore the 60–100 m deepening of the 15 �C
isotherm compared to the model climatology is consistent with ob-
served deepenings (Grados, 1998; Sanchez et al., 2000). Except
within the first 100 km nearshore, the isotherms below 100 m
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Fig. 4. Tide-gauge (red) and ROMS (green) sea-level time series at four locations along the coast from north to south: (a) Paita (5�050S), (b) Callao (12�030S), (c) Arica (18�280S),
(d) Caldera (27�040S).
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bend downward when approaching the coast. Also, the upper 100–
150 m of the water column are considerably more stratified
(excluding the surface boundary layer, Fig. 8c).

Currents also exhibit major changes (Fig. 8e and g). Velocities in
the core of the PCU reach 0.20–0.25 m s�1, in agreement with
observations during previous El Niños (Smith, 1983). The poleward
flow shows an offshore extension over 250 km. Also notice that the
alongshore poleward flow penetrates the nearshore over the shelf,
with values of 0.05–0.10 m s�1 at a depth around 40–50 m, and
that the vertical extent of the equatorward coastal jet is conse-
quently reduced. The lower limit of the PCU remains close to
200 m, i.e., near the zero crossing of the first-baroclinic mode. An
equatorward current is underneath the PCU and centered at
around 400 m depth, where the velocities are between 0.05 and
0.10 m s�1; it is entirely absent from the model climatology.
Although no observations exist to corroborate the existence of such
a current off Peru, Kosro (2002) observed a similar equatorward
current at depth off northern California during El Niño 1997–1998.



Fig. 6. Time–latitude diagrams from mid-October 1997 to March 1998 of: (a) sea level g [m], (b) negative alongshore velocity �V [m s�1], and (c) cross-shore velocity U
[m s�1]. A band-pass filter (with 80 days�1 and 12 days�1 cut-off frequencies) is applied to reduce the strong signal associated with the ENSO SLA second peak. Model output
is saved every 12 h over this period to allow a better estimate of the alongshore propagation speed. Gray lines correspond to �3.2 m s�1. (Alongshore velocity is averaged
between 100 and 200 km offshore and 60 and 180 m depth, as in Fig. 11b.)
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4.2. El Niño off Peru on monthly time scales

We now turn to the successive stages that make up the model El
Niño event. These bear a close resemblance to the observed se-
quence, as already suggested by Figs. 2 and 3. This is readily seen
in subsurface temperature in Fig. 9. Alongshore averaged tempera-
ture sections are shown that are representative of the P1 aftermath
period (Fig. 9a); the relaxation interval (Fig. 9b); the P2 period
(Fig. 9c); the P2 aftermath period (Fig. 9d); and the El Niño recov-
ery (Fig. 9e). The active P1 period is not shown because it is very
much like that of P2. The corresponding figures for the model cli-
matology are shown alongside and provide a sense of the 1997–
1998 anomalies.
Right after P1 the offshore temperature has changed and exhib-
its traits not found in the climatology for the usual conditions for
that time of year: an increased stratification with a thicker thermo-
cline and 18 �C water roughly 50 m below its normal depth (i.e., at
120 m depth versus 70 m). These offshore characteristics remain
remarkably stable throughout the remainder of 1997 and early part
of 1998, with signs of a return to normal only in May–June 1998
(the offshore temperature in Fig. 9e still differs significantly from
the climatology Fig. 9j) and with some cooling in the boundary layer
(the upper 50 m) in winter 1997 (Fig. 9b). In particular the seasonal
cycle, so visible in the climatology, is completely overwhelmed.

As one looks closer to shore and especially over the slope, more
variability is observed because the tilt of the thermocline due to



Fig. 7. Time–latitude diagrams for 1997 and 1998 of: (a) sea level [m], (b) alongshore velocity [m s�1], and (c) cross-shore velocity [m s�1]. A low-pass filter (with a 80 days�1

cut-off frequency) is applied to reduce the strong signal associated with high-frequency variability (especially in the range 50–70 days�1). White lines correspond to
�0.35 m s�1. (Alongshore velocity is averaged between 100 and 200 km offshore and 60 and 180 m depth, as in Fig. 11b.)

4 Note that, in contrast with higher latitudes, the upwelling-favorable wind during
El Niño is generally anomalously strong and hence tends to mitigate the weakening
effect of the internal oceanic processes.
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the upwelling activity varies greatly from one phase to another.
Yet, these variations do not simply follow those for the mean sea-
sonal climatology. If one compares the upper thermocline tilt
within 100 km of the shore between 1997 and 1998 and the clima-
tology, the different months can be classified as follows: from Au-
gust to December 1997 and from May 1998 on, the tilt is close to
normal although the water upwelled at the coast differs signifi-
cantly. In June 1997 and from February 1998 to April 1998, the
thermocline tilt is much less than in climatological conditions
(even flat in February and March 1998, Fig. 9d). Sources of up-
welled water appear shallower than during climatological situa-
tion which may have important biological consequences (on
larger scales, Chhak and Di Lorenzo (2007) interpret in these terms
the changes undergone by the north Pacific in relation with the
PDO oscillation). July 1997 and January 1998 are intermediate by
the same measure and tend to have their tilt more confined to
the nearshore than the climatology (e.g., compare Fig. 9a and f).

5. Upwelling disruption during El Niño

There are several ways that El Niño can weaken the upwelling.4

First and perhaps most obviously, the arrival of CTW is associated



Fig. 8. Vertical sections of (a, b) temperature T [�C], (c, d) Brunt-Väisälä frequency N2 [s�2], (e, f) alongshore velocity V [m s�1], and (g, h) cross-shore velocity U [m s�1]
averaged between 7�S and 13�S over the P2 period mid-October 1997 to mid-February 1998 (left column) and in the climatology (right column). Black contours on velocity
sections indicate zero velocity. Black contours on temperature sections are every �C. The white dashed line represents the depth of the model mixed layer.
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with a depression of the thermocline, i.e., negative vertical velocities
that tend to counteract the upwelling driven by Ekman coastal diver-
gence. Second, the anomalously strong PCU and the equatorial water
mass it transports tend to increase the upper-ocean stratification. It
is highly plausible that, during El Niño, upwelling weakness partly
stems from the change in stratification. Although it is difficult to as-
sess the role of this mechanism quantitatively, its relevance is sup-
ported by analytical upwelling solutions, e.g., in a 2-layer linear
model (Gill, 1982, Section 10.11). Note that this is only for the initial
baroclinic response to an upwelling-favorable wind turned on sud-
denly; nevertheless, the same mechanism is hypothesized to explain
the upwelling reduction undergone by the California Current System
over the last 50 years (Roemmich and McGowan, 1995; Di Lorenzo
et al., 2005; Kim and Miller, 2007). Finally, an equatorward-rising
sea level following the coast drives an onshore geostrophic flow that
counteracts the Ekman currents, thereby limiting the coastal



Fig. 9. Vertical sections of temperature [�C] averaged from 7�S to 13�S for different periods of 1997–1998 (left column) as defined in Section 1: (a) P1 aftermath (July 1997);
(b) relaxation interval (October 1997); (c) P2 (mid-December 1997 to mid-January 1998) (d) P2 aftermath (March 1998); and (e) recovery from El Niño (June 1998). The
model climatology (center column) is shown for the corresponding month: (f) July, (g) October, (h) mid-December to mid-January, (i) March, and (j) June. Alongshore wind
stress 30 km offshore between 7�S and 13�S (right column) is shown for the corresponding month in 1997–1998 (black line) and the climatology (dashed line). Positive wind
stress is equatorward (i.e., upwelling-favorable). Black contours on temperature sections are every �C.
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divergence. In the context of El Niño, this is documented by Huyer
et al. (1987) for the Peruvian coast during a few days of 1982–
1983. It remains unclear how generic and important this process is.
To some extent the classification done in the previous section
between normal and lower than average upwelling conditions off
Peru during El Niño can be understood in simple terms involving
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wind forcing, coastal wave arrivals, and an equatorial water-mass
presence off the Peruvian coast. In particular, thermocline tilts
comparable to the climatology are seen during periods where the
wind intensity is above (sometimes significantly) the maximum
climatological values, i.e., 0.06 N m�2 reached in July. In the period
October 1997–February 1998, the wind anomaly largely compen-
sates for the stratification increase and the CTW induced thermo-
cline deepening until early January 1998. This is also true during
late-winter and spring 1997 when winds are strongest and strati-
fication near the surface has been eroded somewhat due to re-
duced heat fluxes, a combination that results in nearly normal
upwelling. Likewise, the recovery starting in May 1998 can be
attributed to a conjunction of increasing winds, with values return-
ing to greater than 0.06 N m�2, and some reduction in the stratifi-
cation. This set of arguments explains at least at a qualitative level
the modulations of the Peruvian upwelling intensity on monthly
time scales in our solution.

We now turn to the effect of the onshore flow associated with
alongshore pressure gradient that can be quantified in a relatively
straightforward way using our solution. Fig. 10 shows the Ekman
transport estimated from sy/(qf) with sy the alongshore wind
stress and f the Coriolis frequency. Also shown is the actual trans-
port in the model for similar locations (integrated over the mixed-
layer). Important mismatches between the two can be found
during P2 and especially P1 (where the El Niño effect combines
with a seasonal anomaly) with the offshore transport about half
or less of its expected value over periods of several months. Given
the resemblance among the time series of equivalent onshore
velocity associated with the mismatch (Fig. 10), total onshore
velocity at the base of the boundary layer (Fig. 11d), and geo-
strophic onshore velocity computed from sea level (Fig. 11e), we
conclude that the alongshore sea-level gradient plays an important
dynamical role during El Niño in our model.

To assess whether this is also true in the real ocean, we com-
puted a cross-shore flow in geostrophic balance using altimeter
data. Differences in the treatment of DUACS and ROMS sea levels
to deduce velocities are minor. The result is presented in Fig. 11c
and closely matches the one for the model for low frequencies
(the high-frequency oscillations markedly differ).

Besides strengthening the model credibility it suggests that
alongshore sea-level gradient is an important indicator of the
health of the Peruvian system. Further thoughts on this are offered
in the final section.

We next inquire into the mechanisms that drive the onshore
flow during El Niño. One approach is to connect the cross-shore
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Fig. 10. (a) Ekman transport (blue) estimated from alongshore wind stress and
model offshore transport (cross-shore velocity integrated from the surface to the
model mixed-layer depth; red). Transports are averaged between 7�S–13�S and 50–
150 km offshore. (b) Onshore velocity estimated from the difference between the
transports (to be compared with the cross-shore geostrophic velocity in Fig. 11e).

and averaged between 7�S and 13�S, plotted along with the climatology (dashed
gray). (b) is volume-averaged in a tube delimited by the depths 60 m and 180 m,
cross-shore distances 100 and 200 km and latitudes 7� and 13�. (c and e) are
computed from the alongshore sea-level gradient between 7�S and 13�S at 100 km
offshore. (d) is a few meters below the model mixed-layer (i.e., Ekman layer) at
100 km offshore, averaged between 7�S and 1�S. (f) is taken 100 km offshore and
between 7�S and 13�S. A low-pass Lanczos temporal filter is applied with a
40 days�1 cut-off frequency and a 24-day half-window.
velocities with the CTWs. Indeed, the power spectrum for the
cross-shore velocity (Fig. 5) and even a visual inspection of its time
series in Fig. 11d indicate that the cross-shore velocity arises at
least in part from the CTW activity. However, the connection to
CTWs is not as strong as for alongshore velocities (Figs. 5 and
11b). There is a weaker peak in the cross-shore velocity spectrum
for the 50–70 days�1 frequency band where CTWs prevail com-
pared to sea level and alongshore velocity. Most convincingly,
band-passed, time–latitude diagrams of cross-shore velocity do
not exhibit the poleward propagation nearly so clearly as sea level
and alongshore velocities do (Figs. 6 and 7). A looser relationship
between a CTW and cross-shore velocity is expected on theoretical



Fig. 12. TAO/TRITON data 20 �C isotherm depth monthly anomaly [m] in: (a) June 97 (top) and (b) November 1997. (From TAO Project Office data display interface; http://
www.pmel.noaa.gov/tao/realtime.html.)
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grounds; a Kelvin wave in idealized geometry has zero cross-shore
velocity, although this result is not expected to hold in the more
general case of CTWs along an irregular coast. Further support
for this expectation comes from the difficulty that linear wave
models have had in capturing observed cross-shore velocities
(Brink, 1982, 1991).

6. Delayed El Niño recovery and onshore flow dynamics

In this section we argue that, on a long internal time scale asso-
ciated with El Niño (�6 months), the anomalous onshore velocity
can be understood as a regional downscaling response to the ba-
sin-scale circulation and water-mass anomaly, and it has the effect
of delaying the recovery to normal conditions throughout the first
half of 1998. Its regional manifestation as a warm-water wedge
with a northwest/southeast geostrophic frontal-boundary current
reaching the Peruvian coast at 14�S is also likely to have upscaling
consequences for the whole tropical Pacific, but that demonstra-
tion would go beyond our regional modeling study.

It is well known that the eastern equatorial Pacific has an
upper-ocean warm anomaly during an El Niño. In the P1 period
the warm anomaly is relatively confined in latitude, but in the per-
iod approaching the P2 peak the warm anomaly extends well south
of the equator throughout the eastern Pacific (Fig. 12). This water-
mass anomaly5 moves into the Peruvian region in late 1997 and
early 1998 and remains in place until the next summer, as is evident
in a time sequence of horizontal q maps within our model domain
(Fig. 13). Atypically strong eastward currents south of the equator
(Fig. 14) advect anomalously warm water into the region from the
central Pacific; they are initially strongest near the equator (around
3�S in July 1997), partly merged with the Equatorial Undercurrent,
and later occur as distinct South Equatorial Countercurrents (around
5�S and 10�S in December 1997).

Perhaps the most remarkable aspect of the 1997–1998 El Niño
is the slow recovery in the P2 aftermath period in the Peruvian re-
gion (Fig. 13). In our simulation the period between mid-January
and mid-April 1998 is associated with an almost complete disap-
pearance of cold surface water from coastal upwelling, with iso-
therm tilts confined to the very nearshore (Fig. 9d). Over this
period the anomalous stratification and water-mass characteristics
hardly change, despite the facts that the low-frequency SLA is
weakening (Fig. 11f) and there is reduced high-frequency CTW
5 The water-mass anomaly cannot be generated as a locally-forced steric response
in the model, but must be created by lateral advection into the domain. The air–sea
flux specification (Section 2.3) in the offshore anomaly region gives a heating of only
10 s W m�2 during the �2 month anomaly generation phase at the end of 1997,
which can account for less than 1 oC increase in the upper-ocean T, whereas the actual
increase is more than 3 �C (Fig. 9).
activity while the alongshore poleward advection reverses or at
least diminishes (Fig. 11b).6

Climatologically, the austral summer and early-fall season
(coinciding with the P2 after math) is subject to a vigorous upwell-
ing along the South American coast. In 1998 the wind is signifi-
cantly stronger than its climatology (Figs. 11a and 9), which
would tend to increase upwelling. Therefore, some other mecha-
nism(s) must be at work that inhibits upwelling. We find that
the onshore velocities associated with the alongshore pressure gra-
dient are in large part responsible for countering the effects of
upwelling. This whole period stands out for persistent and sus-
tained geostrophic onshore flow that wipes out about half of the
expected Ekman transport. The geostrophic onshore flow has an
important side effect that further modifies the Peruvian upwelling.
With the spatial distribution of water masses in early 1998, it tends
to bring and maintain toward the coast roughly the same equato-
rial water mass and strongly stratified conditions brought by CTWs
at earlier times and accumulated off Peru by early 1998 (e.g., q at
50 m depth for January 1998 in Fig. 13d or SLA in Fig. 3). This
means that the coastal, upwelled water is itself anomalously warm
and light.

We now propose an interpretation for the dynamical mecha-
nisms that control the regional evolution of El Niño during the
P2 aftermath, given the occurrence of the basin-scale water-mass
and circulation anomalies. It focuses on the interplay between
eastern Pacific circulation and Rossby wave generation along the
Peruvian coast and subsequent westward propagation.

At and immediately after the time of the P1 arrival (June–July
1997), the extra-equatorial situation is still close to climatological
except near the coast where buoyant equatorial water accompa-
nies the poleward-propagating CTWs (Fig. 13a and b). The water
mass extends down to the cape south of Paracas at 14�S but does
not follow the turn in the coastline (also discussed by Strub and
James (2002)). Note that equatorial water hardly reaches beyond
this point throughout the El Niño event except for minor intrusions
in early 1998. The cape and the portion of coastline south of it are
active eddy-generation sites during the whole period with contin-
ued poleward advection along the coast and release of coastal
water into the interior (cf., Section 7). Near the equator the main
pathway for water approaching the coast is in the Equatorial
Undercurrent and its southern extension which are significantly
6 The alongshore advection is measured in the offshore tube defined in Fig. 11b and
is intended to capture the first baroclinic mode. The alongshore velocity is poleward
but weak in fall 1998. Higher modes may gain importance toward the end of El Niño.
We found indeed that the vertical structure of the March–April 1998 alongshore
velocities corresponds to a second baroclinic mode. However, changing the averaging
method does not change the general conclusion that poleward transport of the
equatorial water-mass off the Peruvian Shelf is strongly reduced after December
1998.



Fig. 13. q at 50 m depth off the west coast of South America in: (a) June 1997, (b) July 1997, (c) December 1997, (d) January 1998, (e) March 1998, and (f) June 1998. Color bar
indicates q � 1000 in [kg m�3], each contour is for 0.2 kg m�3.

150 F. Colas et al. / Progress in Oceanography 79 (2008) 138–155
stronger than their climatological counterparts at 87�W (Fig. 14).
The low-frequency poleward pulse P1 of equatorial waters off
the coast of Peru triggers a Rossby wave that subsequently propa-
gates offshore (this can be inferred from SLA maps such as in
Fig. 3). Off the Peruvian shelf b varies quite rapidly with latitude
and so does the phase speed of Rossby waves. The consequence
is that the front separating equatorial waters brought by the coast-
al wave from offshore waters tilts as it progresses offshore. Using
time–longitude diagrams (not shown) for subsurface q, we esti-
mated the phase speeds at 7�S (c = 0.25 m s�1) and 14�S
(c = 0.12 m s�1). These are in agreement with the observational re-
sults of Chelton and Schlax (1996). Progressive clockwise tilting of



Fig. 14. Vertical sections of model q (colored) and zonal velocity (black contours) at 87�W in: (a) July 1997, (b) climatological July, (c) December 1997, and (d) climatological
December. Dashed black contours are for negative (westward) zonal velocity. Contours are represented every 0.04 m s�1. White contours stand for zero velocity. Color bar
indicates q � 1000 in [kg m�3].
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the pycnocline front and its associated South Equatorial Counter-
current by Rossby waves is in agreement with previous modeling
studies by Hulburt et al. (1976) and McCreary et al. (2002), and
the scattering of eastern-boundary CTWs waves into westward-
propagating Rossby waves is a general process due to b (Milliff
and McWilliams, 1994) that is enhanced during the P2 aftermath
by the alongshore potential vorticity gradient due to the decreas-
ing thickness of the anomalous water mass along the Peruvian
coast.

As the second peak comes in, the front is oriented northwest/
southeast, and a wide coastal edge is now filled with equatorial
water. This provides a shortcut for this water mass to reach the
southern tip of the Peruvian shelf as readily seen in Fig. 15 for
the month of December. The plume of buoyant water that follows
this pathway is visible on the q maps; notice the contours for dark
blue colors in Fig. 13c. Zonal eastward currents are anomalously in-
tense at 87�S (Fig. 14), especially the Countercurrent core centered
around 10�S. By December 1997 an enormous amount of buoyant
equatorial water is sitting in the eastern Pacific (where it will re-
main until May 1998; McPhaden, 1999) and it keeps flowing to-
ward the Peruvian coast along a now almost zonally oriented
front off Central Peru. Nearshore the flow splits into various recir-
culations and the pressure gradient associated with it tends to
spread and weaken when a current encounters a meridional coast
(see Weaver and Middleton, 1989; Peliz et al., 2003 for idealized
studies of a zonal current encountering a meridional coast).7

In fall 1997 this front is the main pathway by which the large
scale equatorial climate signal (i.e., at that time the absence of
recovery in the eastern Pacific, McPhaden, 1999; Picaut et al.,
2002) is being conveyed toward the Peruvian system (Figs. 15c
and 14c). This contrasts with earlier times when the basin-scale
signals are conveyed primarily through the Equatorial Undercur-
rent and coastal trapped waves. The southeastern Pacific primarily
controls the evolution of the front. In particular, the front is seen to
rapidly collapse into a series of recirculations when the basin-scale
7 In our case, some details of the recirculation can be related to the El Niño
sequence; e.g., notice how the relaxation period is recorded along the front by a large
meander (i.e., a Rossby wave) located at 15oS, 82oW in January (Figs. 15c and 13d).
recovery conditions lead to a shut-down of its upstream source
(underway in March 1998; Fig. 15d).

Thus, there are several ways that the regional and coastal
dynamics influences the eastern Pacific connection to the equato-
rial and central Pacific circulations, viz., Rossby wave emission,
the existence of preferential sites of eddy generation, and modu-
lated upwelling dynamics. The water-mass front itself may not
simply be a passive conduit connecting the offshore equatorial
Pacific with the Peru coastal system. Its intrinsic eddy dynamics
and its probable enhancement of the coastal wave scattering
strongly influence the downscaling of El Niño onto the Peru sys-
tem. A schematic diagram is presented in Fig. 16 to summarize
the scenario outlined in this section.

7. Lagrangian dispersal

A biologically important implication of our analysis is the effect
that the geostrophic onshore flow has on enhancing nearshore
material retention on the Peruvian shelf during El Niño, and can
be hypothesized to aid in the biological recovery (Bertrand et al.,
2004). This runs contrary to the increased upwelling-favorable
wind, but the persistent geostrophic onshore flow can be domi-
nant, as we have shown for the 1997–1998 El Niño.

To illustrate this retention we perform a Lagrangian diagnostic
calculation where floats are released on the Peruvian shelf and
tracked during both climatological (1995) and Niño (1997) condi-
tions. More details on the experimental protocol are given in the
Appendix. The particle density patterns 30 days after their release
on December 1 (Fig. 17) further illustrate several aspects discussed
in Section 4.

For 1997 the alongshore extension of the particle distribution
reflects the intense poleward currents present during the active
P2 phase, whereas in 1995 material is mostly advected equator-
ward. In the cross-shore direction both years exhibit some particle
retention (primarily on the inner part of the shelf) and some off-
shore loss. The latter is significantly larger in 1995. Also the path-
ways of offshore loss differ. In 1995 more material is flushed
offshore in the upwelling center near Paita (around 6�S) and a cen-
tral upwelling filament. In 1997 filament-like features drawn by



Fig. 15. Velocity on the 1024 kg m�3 isopycnal surface for: (a) July 1997, (b) December 1997, (c) January 1998, and (d) March 1998. Color bar indicates the isopycnal depth
[m]. Scale for velocity (0.25 m s�1) is indicated in the lower-left corner of each map.
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Fig. 16. Sketch of the different phases of 1997–1998 El Niño for the evolution of the anomalous water mass (light red) off Peru. U indicates the advection from the west of
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Fig. 17. Particle positions 30 days after release off the west coast of South America in: (a) December 1995 and (b) December 1997. Color indicates particle concentration per
model grid cell. Color bars (not shown) are the same for both maps: red is high density, blue is low, and white is none. The black line indicates the area where the 105 drifters
are initially released.
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the particles off the Peruvian shelf are less protuberant. The stron-
gest offshore transport occurs near Paracas (14�S) or farther south,
i.e., away from the region directly affected by the geostrophic on-
shore flow (Sections 5 and 6). The offshore transport involves the
generation of eddies that trap particles and carry them as they
move offshore.

A more comprehensive study will be required to confirm these
results, but it seems that the geostrophic onshore flow can limit
the offshore dispersion of material, e.g., organisms. It would be
consistent with the alongshore integrated view of a geostrophic
onshore flow counteracting the offshore Ekman transport (Section
5). This would mitigate the negative effect exerted by the geo-
strophic onshore flow on the biology through upwelling reduction.

8. Summary

Our regional numerical simulation for the Peru–Chile system
during the most recent strong El Niño event compares favorably
with sea level and surface temperature observations. It further pro-
vides additional information that help understand the dynamical
changes off central Peru during El Niño. The mechanism of Ekman
transport reduction by an equatorward, alongshore sea-level gradi-
ent, suggested by Huyer et al. (1987) for a short period during El
Niño 1983, partly explains the evolution of the upwelling intensity
at different stages of El Niño in 1997–1998. In particular, the
delayed recovery after the second peak (from mid-January to
mid-April 1998) cannot be understood if one considers only the
commonly used El Niño indicators based on wind, SLA, or even
cross-shore gradient of sea level (i.e., a proxy for poleward geo-
strophic currents). On the other hand, cross-shore velocity (or, al-
most equivalently, alongshore sea-level gradient) time series are
consistent with the delayed recovery in early fall 1998. Onshore
velocities are important because they counteract the upwelling
and also because they help maintain anomalously warm water
adjacent to the Peruvian shelf. These effects were proposed to ex-
plain oceanic conditions off Peru in 1983 (Huyer et al., 1987), and
with both model and altimetry data we show that they also apply
in 1998. The anomalous alongshore pressure gradient reflects the
extensive, persistent water-mass anomaly off Peru in 1998 that is
created by eastward advection in the Equatorial Undercurrent and
South Equatorial Countercurrent of the basin-scale warm anomaly.
The development of this regional anomaly involves Rossby wave
emission from coastally-trapped waves. Subsequent Rossby wave
offshore propagation keeps the Peruvian system tightly connected
to the large scale equatorial circulation even when CTW activity
ceases. The connection involves the progressive formation of a
northwest/southeast front, separating equatorial waters from east-
ern subtropical waters, that approaches the Peruvian coast around
Paracas. The coastline bend at 14�S is probably critical in control-
ling the position of the southern extent of the anomalous water
mass. The observed SLA also shows the development of a q front
running between roughly 10�S, 95�W and southern Peru.

Further inquiry is needed to determine how typical the accumu-
lation of an equatorial water mass off central Peru is during the late
stages of El Niño events and its controlling processes. Our results
imply that an indicator of cross-shore velocity should be added
to the other El Niño indicators that are used to estimate the health
of the Peruvian system.
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Appendix A. Lagrangian experimental protocol

Numerical Lagrangian trajectories are computed using the
ROMS-Offline tracking module (Carr et al., 2008). 3D ROMS veloc-
ity fields are interpolated in space and time at drifter locations, and
trajectories are integrated using a fourth-order accurate time-step-
ping scheme. The 3D velocity fields are 2-day-averaged model out-
put. This temporal sampling is sufficient to capture the mesoscale
activity in the model at this horizontal resolution (7.5 km). Com-
parison between online (e.g., using velocity fields varying at every
model time step) and offline tracking of a set of particles (not
shown) shows no significant differences when using 2-day sam-
pling for the model output. In the experiment presented here, we
track 100,000 floats released over the Peruvian shelf between the
coast and the 200 m isobath and between the surface and the bot-
tom (Lett et al., 2007). Initial positions and the particle density evo-
lution are shown in Fig. 17 for releases in December 1995 and in
December 1997. Trajectories are integrated for 60 days, and tem-
perature and salinity are sampled along the trajectories.
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a b s t r a c t

Comprehensive sea surface surveys of the partial pressure of carbon dioxide (pCO2) have been made in
the upwelling system of the coastal (0–200 km from shore) southeastern tropical Pacific since 2004.
The shipboard data have been supplemented by mooring and drifter based observations. Air–sea flux
estimates were made by combining satellite derived wind fields with the direct sea surface pCO2 mea-
surements. While there was considerable spatial heterogeneity, there was a significant flux of CO2 from
the ocean to the atmosphere during all survey periods in the region between 4� and 20� south latitude.
During periods of strong upwelling the average flux out of the ocean exceeded 10 moles of CO2 per square
meter per year. During periods of weaker upwelling and high productivity the CO2 evasion rate was near
2.5 mol/m2/yr. The average annual fluxes exceed 5 mol/m2/yr. These findings are in sharp contrast to
results obtained in mid-latitude upwelling systems along the west coast of North America where the
average air–sea CO2 flux is low and can often be from the atmosphere into the ocean. In the Peruvian
upwelling system there are several likely factors that contribute to sea surface pCO2 levels that are well
above those of the atmosphere in spite of elevated primary productivity: (1) the upwelling source waters
contain little pre-formed nitrate and are affected by denitrification, (2) iron limitation of primary produc-
tion enhanced by offshore upwelling driven by the curl of the wind stress and (3) rapid sea surface warm-
ing. The combined carbon, nutrient and oxygen dynamics of this region make it a candidate site for
studies of global change.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The great majority of published sea surface measurements of
the partial pressure of carbon dioxide (pCO2) have come from open
ocean waters (Takahashi et al., 2002). As a result there is debate
over the role of the coastal ocean as either a source or sink of
CO2 (Cai and Dai, 2004; Thomas et al., 2004; Ver et al., 1999).
The coastal ocean has been postulated to be a carbon sink due to
high sedimentation rates and carbon export to depth at the shelf
edge (Chen, 2004; Walsh, 1991; Wollast, 1998) but a source due
to coastal upwelling and runoff of carbon rich waters of terrestrial
origin (Chavez et al., 2007; Ver et al., 1999). This situation is chang-
ing; for example a compilation of over 2 million measurements
from the coasts of North America has recently been synthesized
(Chavez et al., 2007). This synthesis suggests that high latitude sys-
tems tend to be sinks and low latitude systems tend to be sources
of CO2 to the atmosphere. An analysis of a more limited data set by
Borges et al. (2005) and Cai et al. (2006) came to a similar conclu-
ll rights reserved.
sion. These syntheses however only had limited data for low lati-
tude coastal upwelling systems. Here we present the first
comprehensive study of air–sea CO2 flux from a low latitude, trop-
ical eastern boundary coastal upwelling system. The results are in
sharp disagreement with the conclusions of Hales et al. (2005) who
suggested that eastern boundary coastal upwelling systems in gen-
eral were strong sinks for atmospheric CO2.

The equatorial Pacific upwelling system is known to be a strong
source of CO2 to the atmosphere (Chavez et al., 1999; Feely et al.,
2002). High local air–sea CO2 fluxes might also be expected in
coastal upwelling regions due to the supply of carbon rich waters
from depth combined with rapid surface warming. However, in
contrast to the equatorial Pacific, which has low rates of photosyn-
thesis (Chavez et al., 1999), coastal upwelling systems have high
rates, which rapidly (days) convert inorganic to organic carbon,
and reduces the high air–sea fluxes. Freshly upwelled waters with
high pCO2 and nutrient content can therefore support carbon ex-
port to depth and the atmosphere. The resulting spatial and tempo-
ral variability has made a comprehensive assessment of the net
air–sea exchange of CO2 difficult in these regions. On a time scale
of days to weeks a combination of upwelling, net community
production, subduction, wind and surface temperature changes

mailto:frge@mbari.org
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


1 The wind data are acquired from NOAA’s National Climatic Data Center, via thei
website. <http://www.ncdc.noaa.gov/oa/rsad/blendedseawinds.html>.
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will determine the direction and magnitude of the air–sea CO2 flux
for a coastal upwelling system.

Observations made in mid-latitude upwelling systems (Borges
and Frankignoulle, 2002; Friederich et al., 2002; Hales et al.,
2005) indicate that CO2 sources and sinks may occur in close prox-
imity and biological carbon uptake can frequently produce signifi-
cant CO2 under-saturation with respect to the atmosphere. In some
upwelling systems such as central California these opposing forces
nearly balance each other when appropriate time (one year) and
length scales (150 km) are considered. At somewhat higher lati-
tudes such as Oregon (45�N) and Galicia (43�N), the net result ap-
pears to be a transfer of CO2 into the ocean. Observations in the
monsoon dominated tropical upwelling system of the northern
Arabian Sea indicate a flux of CO2 from the ocean to the atmo-
sphere with a maximum during the strong upwelling associated
with the southwest monsoon (Goyet et al., 1998; Kortzinger
et al., 1997). The tropical coastal upwelling system of the Cariaco
basin has also reported to be a net source to the atmosphere (Astor
et al., 2005).

Observations of sea surface pCO2 along the Peruvian coast have
been too infrequent and spatially isolated to allow a regional esti-
mate of air–sea CO2 exchange. Measurements of pH in the Peruvian
upwelling region near 15�S made by Simpson and Zirino (1980) in
May of 1976 indicate that pCO2 within 40 km of the coast may
have had a range between 150 and 950 ppm. In August of 1986 di-
rect measurements of pCO2 by Copin-Montegut and Raimbault
(1994) gave a range of 450–1000 ppm in the same location. During
the 1986 expedition measurements extended to about 170 km off-
shore where pCO2 was about 500 ppm; considerably above the
atmospheric value of 346 ppm (GLOBAL VIEW-CO2, 2006). Data
collected during latitudinal transects in the past decade indicate
that high sea surface pCO2 extends several hundred kilometers off-
shore (http://www.ldeo.columbia.edu/res/pi/CO2/), thus providing
a relatively large area of potential ocean to atmosphere CO2 trans-
fer. Although the average winds near the Peruvian coast tend to be
modest, the wind velocity usually increases away from the coast
where it may reach maximum monthly velocities in excess of
10 m s�1 during the austral winter. The historical data indicated
that the Peruvian upwelling system was probably a source of CO2

to the atmosphere and in 2004 we began a series of measurements
to examine the seasonal and spatial distribution of the air–sea CO2

exchange between 5� and 15�S along the coast of Peru. These data
were gathered during routine fisheries, plankton and hydrographic
surveys conducted by the Instituto del Mar del Peru (IMARPE).
Additional surveys and mooring deployments extended the cover-
age to 20�S.

2. Methods

2.1. Shipboard measurements

A continuous stream of seawater was obtained from the ship’s
seawater system from a depth of about three meters. At the flow
rates that were utilized, the time delay between the hull intake
and the equilibrator was less than 1 min. A nondispersive infrared
gas analyzer (LI-COR model 6262) was utilized to determine the
mixing ratio of CO2 in the atmosphere and in air equilibrated with
surface seawater. A commercial CO2 in dry air standard was cali-
brated with primary gas standards obtained from the National
Oceanic and Atmospheric Administration Climate Monitoring and
Diagnostics Laboratory. The result from standard comparisons that
were performed with several infrared analyzers over two years
indicate that the pCO2 of the standard that was used in the field
was known to at least ±1 ppm. At pCO2 less than 1000 ppm the
average error due to using a single mid-range calibration of the
analyzer was estimated to be l ppm or less. Logistics did not allow
routine shipboard calibration of the analyzer with compressed
gases. In some cases manual calibrations were performed using
standards in bags that had been shown to be stable at the 1 ppm
level for a month. At other times atmospheric measurements were
utilized to validate the sea surface data. Uncontaminated marine
air in the sampled area has seasonal variability less than 1 ppm
of CO2 (GLOBAL VIEW-CO2, 2006) and can be used to check instru-
ment drift. At sea CO2 free air and atmospheric samples were ana-
lyzed every 2 h and we estimate that errors due to blank drift were
less than 0.1%. Due to the less than ideal calibration scheme, the
measurement uncertainty ranged from 0.5% to 1% depending on
cruise and operation conditions. Continuous seawater equilibrated
measurements were made every two seconds and averaged at
1 min intervals. Two types of seawater equilibrators were used.
Initially a membrane based system (Hales et al., 2004) for seawater
equilibration was utilized, however the high phytoplankton densi-
ties encountered during bloom conditions necessitated frequent
cleaning and caused some data losses. During later cruises a show-
erhead equilibrator with a total volume of 1 l and a water flow of
about 1 l/min was utilized. The gas phase was continuously circu-
lated through the equilibrator and infrared analyzer at a rate of
about 250 ml/min. Water vapor, pressure and temperature were
measured and appropriate dilution and solubility corrections were
applied to estimate in-situ values. The equilibrator temperature
was usually measured within ±0.01 C�. Data were adjusted to in-
situ values using the temperature offsets observed between the
equilibrator and hydrographic station CTD data. The overall system
response time to reach 90% of a final equilibrated seawater pCO2

value was about 1 min. Combining the calibration and measure-
ment uncertainties, the derived sea surface pCO2 data are probably
within ± 1% of the in-situ levels. Values are reported as mixing ra-
tios in dry air at one atmosphere. For part of the analysis the data
from each cruise was averaged in 0.25� squares to minimize spatial
sampling biases and to allow integration with remotely sensed
wind and temperature information.

2.2. Mooring and drifter measurements

In addition to the shipboard measurements, a small mooring
was deployed close to the coast near 21�S off northern Chile in July
of 2005. CO2 measurements on the mooring were made using a
small low power infrared gas analyzer (Licor 820) following princi-
ples similar to those of Friederich et al. (1995). This device mea-
sured atmospheric and sea surface pCO2 every 3 h. Temperature
and salinity data was obtained using a Seabird model 47 CT sensor.
Data transmission occurred via the Orbcom satellite system and
four months of data was collected until the mooring line failed.
The same type of system was also deployed as a drifter in October
of 2005 off southern Peru at 16.28�S and 75.61�W.

We did not utilize the instantaneous shipboard wind data to
estimate air–sea gas exchange since the time scale variability of
sea surface pCO2 distributions is likely to correspond to the
upwelling event scale of days to weeks while the local winds can
have significant variability on much shorter time scales. Blended
interpolated 0.25� satellite wind data was obtained from the
NOAA1 National Climatic Data Center; monthly wind averages were
then combined with the shipboard sea surface pCO2, temperature
and salinity data to estimate air–sea carbon exchange. All flux esti-
mates were made using the Wanninkhof (1992) relationship for
air–sea gas exchange with long term winds. The flux estimates were
made by combining 0.25� spatially averaged shipboard sea surface
pCO2 results with the same resolution satellite wind data. A 30
r
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Fig. 1. Study area showing the cruise tracks from eight surveys between August 2004 and October 2006. Data was collected continuously along these tracks and initially
averaged in 1 min time bins.
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day filter was applied to the wind data and atmospheric pCO2 was
estimated using GLOBAL VIEW-CO2 (2006). Regional sea surface
temperature field was obtained from the NOAA National Climatic
Data Center including the anomalies from the long-term mean
(Smith and Reynolds, 2005).

3. Results

Between August 2004 and October 2006 sea surface pCO2 data
was collected successfully during 9 cruises off the coast of Peru
(Fig. 1). In addition to the shipboard measurements, a coastal
mooring in northern Chile recorded pCO2 for about four months
from August to November of 2005. The cruises were not evenly dis-
tributed in all seasons; they do however cover much of the Peru-
vian coast between 15�S and 5�S and in some cases extend out to
about 350 km from the coast. While there are numerous interest-
ing small scale features contained in the data, the current analysis
is restricted to the general and persistent features of the pCO2 dis-
tribution in the study area.

3.1. Average pCO2 distribution

The most notable characteristic of this upwelling system is that
average sea surface pCO2 is above atmospheric values at all lati-
tudes between the coastline and the offshore extent of our obser-
vations. Only about 5% of the observations contained data that
was undersaturated relative to the atmosphere while 74% ex-
ceeded atmospheric pCO2 by more than 100 ppm and 8% had
pCO2 levels more than twice the atmospheric value at the time
of the observations (378 ppm). The lowest (�150 ppm) and the



Fig. 2. Sea surface pCO2 versus distance from shore off central Peru. Most surveys
occupied this section which is perpendicular to the coast near 12�S. The dashed line
indicates the mean atmospheric pCO2 of 378 ppm at the time of these cruises.
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highest (�1500 ppm) pCO2 were found over the shelf near the
coast. A representative transect of the data collected near 12�S
demonstrates the general cross shelf trends (Fig. 2). Sea surface
pCO2 decreases with distance from shore for the first 100 km and
then stabilizes but remains well above atmospheric value and does
not trend towards equilibrium with the atmosphere over the outer
300 km of this transect (Fig. 2). In the nearshore coastal upwelling
zone the highest pCO2 was associated with local temperature min-
ima. There is a general trend towards higher pCO2 at low temper-
atures but this does not constrain the range of values observed at
low temperatures. The absolute maxima occurred near 16 �C and
the lowest values were observed on the continental shelf near
7�S at a temperature of about 18 �C (Fig. 3).

Latitudinal differences were examined in data collected within
100 km of the coast. While there is a clear decrease in average tem-
perature of about 0.22 �C per degree of latitude towards the south,
no significant trend in pCO2 is evident (Fig. 4). All the very high
pCO2 values south of 15 �C are from a single cruise track.

3.2. Wind patterns

The annual average wind speed derived from 1995 to 2005
monthly climatology is illustrated in Fig. 5. The wind climatology
off the Peruvian coast shows a distinct seasonal and spatial pattern.
The wind direction is from the southeast or approximately parallel
to the coast. There were no wind reversals during our observing
period. The mean winds increase with distance from shore and
the strongest winds are observed between July and September.
This season of strong winds also has an enhanced offshore gradi-
ent. There is also a latitudinal gradient; weak winds occur over
the shelf between 4�S and 12�S while stronger winds are found
to the south. The maximum coastal winds are near 15�S and de-
crease rapidly south of 16�S. We examined the winds within
150 km of the coast where most of our data was collected and com-
pared them to the climatology (Table 1). During most cruises the
monthly mean winds for the coast were near the longer term aver-
age for that month. Even though there were north-south trends in
the wind anomaly during any given month, these anomalies did
not appear to be persistent. One exception was the October 2005
cruises when winds along the entire coast exceeded the climatol-
ogy by an average of about 0.7 m s�1.

The 30 day smoothed record of the mean sea surface tempera-
ture within 150 km of the coast (Fig. 6) indicates that the period of
our observations was slightly colder than the long term average.
Although cruise dates were clustered, periods of cold and warm
anomalies were sampled. It is not clear at this time whether the
low temperatures were the result of enhanced upwelling or if they
were related to another large scale process.

The mooring at 21.35�S 70.12�W was deployed on July 26, 2005
and delivered data until November 16, 2005 (Fig. 7). Sea surface
pCO2 for 97% of this deployment was above atmospheric values.
The range was from a high 950 ppm during a period of enhanced
winds in mid September to a low of 285 ppm in early November
when winds had decreased.

4. Discussion

The spatially averaged sea to air fluxes for each cruise make it
clear that unlike many other highly productive coastal regions,
the Peruvian coastal upwelling system is a source of CO2 to the
atmosphere throughout the year (Table 2). The flux values are high
given the modest wind speeds along the Peru coast. There is sub-
stantial spatial heterogeneity in the fluxes but the highest values
are always found close to the coast. Regions of lowest pCO2 are also
found near the coast, limited evidence suggests that these patches
form during relatively stable low wind periods. Fluxes do not de-
crease as rapidly as pCO2 as we move offshore due to the increasing
average wind. The decrease in pCO2 as we move offshore is driven
primarily by biological uptake, however loss of CO2 to the atmo-
sphere is a noticeable portion of the carbon transfer out of the
upper water column. In the extreme cases the sea to air flux was
equivalent to 1 gm C m�2 d�1. The persistent fluxes out of the
ocean, driven by the elevated surface pCO2, may result from a com-
bination of factors including solar heating, offshore ‘‘Ekman pump-
ing”, nitrate deficits and iron limitation. Below we will use
historical data to examine the possible magnitude of some of these
driving forces.

4.1. Influence of heat flux

The greatest net heat flux into the ocean in the tropical Pacific
occurs along the Peru coast and in the eastern equatorial Pacific
(Weare et al., 1981). The combination of a large positive heat flux
with a shallow mixed layer (Lentz, 1992) that is a characteristic of
this upwelling region facilitates rapid heating of the surface layer.
In the extreme case of a coastal upwelling plume near 15�S the sur-
face heating has been estimated to be 0.8 �C per day (Stevenson
et al., 1981). Longer term measurements of heat gain using
Lagrangian drifters indicate a more moderate sea surface tempera-
ture increase. The results from a drifter released near 16�S in Octo-
ber 2005 (Fig. 8) give an average and nearly linear temperature rise
of 0.11 �C per day during the initial 80 days of northwestward drift.
During the initial weeks of the deployment this drifter measured
sea surface pCO2 at a depth of less than one meter. This drifter
had a more northerly track than the analysis of drifter tracks in this
region by Chaigneau and Pizarro (2005), but most drifters have
been launched at greater distance from shore. The drifter climatol-
ogy derived according to the methods of Lumpkin and Garraffo
(2005) gives the same initial track as the drifter that we deployed
and the tracks of other individual drifters followed similar routes
in the NOAA drifter database. The observed temperature rise is a
combination of the heat flux, deepening of the mixed layer, hori-
zontal mixing and Ekman pumping. In the absence of biological
activity and a constant mixed layer depth of about 10 m, this tem-
perature rise is sufficient to counteract the effect of air–sea ex-
change on the oceanic pCO2 when sea surface pCO2 is below
about 460 ppm, given the mean wind speed of about 6.5 m s�1

along the track of this drifter. This estimate is based on the
assumption that there is no change in alkalinity. At greater wind
speeds the mixed layer depth would be greater and similar results
would be obtained. The actual drifter results shown in Fig. 9 are
much more complex since they include the effects of atmospheric



Fig. 3. The pCO2 versus temperature relationship of all data collected between August 2004 and October 2006. The dashed line indicates the mean atmospheric pCO2 of
378 ppm at the time of these cruises. There are approximately 125,000 observations and only about 5% of these are undersaturated relative to the overlying atmosphere.
About 74% of the values are more than 100 ppm above atmospheric pCO2.

Fig. 4. Latitudinal distribution of temperature and pCO2 within 100 km of the shore. There is a temperature gradient of about 0.22 �C per degree of latitude but average pCO2

is similar at all latitudes. The very high values near 15�S are from a single survey.
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Fig. 5. Annual wind climatology derived from 1995 to 2005 blended satellite derived winds from NOAA’s National Climate Data Center. Values are in meters per second.

Table 1
Wind speed and anomalies between 16�S and 5�S from the coast out to 150 km.

Anomalies (m s�1) Wind speed (m s�1)Date

Anomaly Std. dev. Min Max Mean Min Max

8/15/2004 0.27 0.39 �1.16 0.88 6.02 5.22 7.46
9/15/2004 �0.22 0.32 �1.4 0.44 5.3 4.46 6.83
11/15/2004 0.16 0.37 �0.95 0.98 5.36 4.19 6.64
2/15/2005 0.27 0.5 �0.98 1.35 4.65 3.14 6.34
10/15/2005 0.69 0.26 �0.18 1.53 6.25 5.02 8.05
4/15/2006 �0.37 0.55 �1.76 1.21 4.9 3.48 7.2
8/15/2006 0.15 0.39 �0.72 1.99 5.9 4.28 8.04
10/15/2006 0.10 0.38 �1.2 1.6 5.64 2.4 9.2

The means and anomalies were calculated from the 0.25� resolution blended
satellite derived winds from NOAA’s National Climate Data Center. The climatology
for estimating the anomalies is based on the years 1995–2005.
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exchange, community production, heating and inputs due to mix-
ing or Ekman pumping. During the first nine days of the deploy-
ment the estimate of the integrated CO2 loss from the sea surface
was about 0.18 mol m�2 (�8 mol m�2 y�1) while pCO2 dropped
from about 570 ppm to about 440 ppm. If we again assume a
10 m mixed layer, then the loss to the atmosphere was responsible
for about 35% of the CO2 decrease since the observed change in
pCO2 was approximately equivalent to a total CO2 decrease of
50 lmol kg�1. During the remainder of the deployment, average
pCO2 increased but the sea to air flux was somewhat diminished
due to the lower wind speeds. We can only speculate that the
pCO2 increase during the second half of this deployment was due
to offshore mixing and upwelling events combined with the ob-
served warming. Even though pCO2 climbed during the latter part
of this deployment, the sea to air flux decreased due to diminishing
winds to a rate of about 4 mol m�2 y�1. On an annual basis we can
make a rough approximation of the significance of surface heating
on the sea to air CO2 flux in this region. We estimated the change in
the inorganic carbon budget of a parcel of upwelled water over
time (60 days) due to biological uptake and air–sea exchange over
significant range of initial conditions (pCO2 650–1150) and biolog-
ical uptake rates. The difference between a constant temperature
scenario and a heating rate of 0.1 �C d�1 accounted for an annual
flux of about 2 mol m�2. This estimate varied by about 10% while
the total annual flux in all of scenarios had a range of 2–
12 mol m�2.

4.2. Nutrient availability

Coastal upwelling systems that can be sinks for atmospheric
CO2 such as the Oregon coast (Hales et al., 2005), tend to have high
levels of preformed nitrate and phosphate. Preformed nutrients are
those nutrients present in a water mass during its formation. The
assumptions are that oxygen and carbon are near equilibrium with



Fig. 6. Sea surface temperature anomaly within 150 km of the coast for the study region. A 30 day smoothing has been applied and the gray shaded bands indicate the times
of the ship surveys.

Fig. 7. A mooring deployed close to the coast at 21.35�S on July 26, 2005 produced a record of sea surface and atmospheric pCO2 every 3 h until November 16, 2005.
Temperature and salinity were also measured. The sea to air CO2 flux was derived by combining the mooring data with daily satellite derived winds.

Table 2
Sea to air CO2 fluxes (positive indicate degassing from the ocean to the atmosphere)
estimates for each of the survey cruises given in units of mol m�2 y�1.

Cruise date Sea to air CO2 flux (mol m�2 y�1)

Average Std. dev. Min Max

August 2004 6.79 3.28 1.06 18.81
September 2004 4.12 2.62 �0.30 14.78
November 2004 2.10 1.97 �3.14 10.94
December 2004 3.47 2.26 �1.08 14.91
February 2005 2.34 0.83 0.85 4.54
October 2005 6.35 3.84 �0.33 26.82
April 2006 4.26 3.46 �1.87 12.01
August 2006 6.36 4.15 1.61 20.94
October 2006 10.12 9.19 0.03 51.41

Average 5.10 3.51 �0.35 19.46

The data was spatially normalized by first averaging the results in 0.25� squares.
The flux calculations used the satellite derived winds and the flux versus wind
speed formulation of Wanninkhof (1992).
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the atmosphere during water mass formation and that any subse-
quent respiration has a predictable O2:C:N ratio (Redfield ratio)
(Anderson and Sarmiento, 1994; Li and Peng, 2002; Redfield
et al., 1963). Preformed nitrate can be calculated using the simple
relationship utilizing the apparent oxygen utilization (AOU) and
measured nitrate:

preformed nitrate ¼measured nitrate� ðAOUÞðN=O2Þ

where N/O2 is the Redfield nitrogen to oxygen ratio. When these
waters are returned to the surface during upwelling, the consump-
tion of the nutrient released during respiration should return pCO2

to atmospheric levels and the additional consumption of the pre-
formed nutrients can then produce an additional carbon draw-
down. Due to anthropogenic carbon increases in the atmosphere
even the consumption of the nutrients released during respiration
can produce sea surface pCO2 slightly below current atmospheric
levels. Along the coast of Peru waters with a density of 26.0 rt



Fig. 8. Sea surface temperature and track of the drifter that was deployed on October 10, 2005 off southern Peru (16.278�S, 75.612�W).
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can be considered representative of waters brought to the surface
during moderate upwelling (Friederich and Codispoti, 1981; Minas
et al., 1986); these waters are advected southward in the coastal
undercurrent (Brink et al., 1980) and have a temperature of about
15 �C and a salinity of 35. This water mass was probably formed in
the western Pacific (Reid, 1997) where an examination of surface
water with these temperature and salinity characteristics indicates
that nitrate concentrations during water mass formation was near
zero. We have combined all historical hydrographic data available
from NODC and estimated preformed nitrate on the 26.0 rt surface
within 200 km of the coast between 5�S and 16�S. The results indi-
cate an average preformed nitrate value of 0 to �4 lmol kg�1

depending on the chosen Redfield ratio. This calculation indicates
that the nutrient levels in the upwelled water in this region are
not sufficient to reduce inorganic carbon back to the level that
was present when the water mass formed. Since actual preformed
nitrate values can not be negative, this is an indication that these
source waters have interacted with the underlying denitrification
zone (Codispoti et al., 1986; Minas et al., 1986). This estimate of
the nitrate deficit based on preformed nitrate is conservative be-
cause it is based on oxygen consumption and oxygen is not in-
volved in denitrification. When an estimate of the nitrate deficit
based on phosphate (Gruber and Sarmiento, 1997) is made in
the upper water column, the average nitrate deficit within
200 km of the coast is closer to 8 lmol kg�1; this estimate utilizes
a more abundant data set including the results obtained by IMA-
RPE. When water with a preformed nitrate level of zero is up-
welled and all nitrate is consumed with a Redfield C:N ratio, the
resultant pCO2 should be close to the atmospheric pCO2 at the
time of water mass formation when adjusted for any heating or
cooling. The nitrate deficit in the Peruvian upwelling limits the
carbon consumption and a nitrate deficit estimate of 6 lmol kg�1

based on the average nitrate deficit calculations using a variety
of Redfield ratios results in a pCO2 that is about 85 ppm above
the atmospheric value at the time of water mass formation after
all the upwelled nitrate has been consumed. In the eastern tropical
North Pacific CFC based age estimates are approximately 20–25
years (Mecking et al., 2004) for the 26.0 rt surface. CFC concentra-
tions on this density surface off Peru were similar to those mea-
sured in the eastern tropical North Pacific for the same year
during the WOCE surveys. In the past twenty years atmospheric
pCO2 has increased by about 35 ppm (GLOBAL VIEW-CO2, 2006);
this has reduced the potential average excess pCO2 from 85 ppm
to 45 ppm. Given the average wind field, the nitrate deficit in



Fig. 9. Temperature, estimated sea to air CO2 flux and pCO2 from the initial period of the drifter deployment in October–November 2005. Sea to air CO2 flux was estimated by
combining the satellite derived winds with the drifter pCO2, temperature and salinity data.
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the upwelling waters therefore has the potential of contributing
about 1.5 mol m�2 to the sea to air CO2 flux on an annual basis.

4.3. High pCO2 offshore

The measured levels of pCO2 in the offshore region were higher
than expected and indicate the incomplete utilization of upwelled
macro nutrients. It is difficult to estimate and separate the contri-
butions due to iron limitation and Ekman pumping, especially
since it is likely that these two factors are coupled. Studies of iron
limitation in the Peru upwelling system have noted that the waters
over the shelf are replete with available iron, but iron concentra-
tions in offshore waters tend to be low and can lead to the incom-
plete utilization of macro nutrients (Bruland et al., 2005; Hutchins
et al., 2002). The cyclonic curl of the wind stress along the entire
Peruvian coast can contribute to oceanic upwelling of iron poor
water up to several hundred kilometers from the coast (Bakun
and Nielson, 1991). The cyclonic wind stress and curl reaches its
maximum during the austral winter when mixed layer depth is
also greater and primary productivity is lower. This combination
of effects can force the large sea to air fluxes measured in the off-
shore region.

4.4. Short-term variability

Using the current data set we can not determine the southern
boundary of the region where there are persistent high CO2 fluxes
from the ocean to the atmosphere extending a significant distance
from the coast. Observations made along the Chilean coast near
30�S and 23�S suggest that high sea surface pCO2 may be con-
strained to coastal waters in that region and that biological activity
may easily reduce pCO2 to sub-atmospheric levels (Torres et al.,
2003, 1999). A mooring that we deployed from August until
November of 2005 near 21�S (Fig. 9) provided a record of continu-
ous high pCO2 but we do not know the offshore extent of this fea-
ture. During the four month deployment the average DpCO2 at the
mooring site was close to 200 ppm with a maximum DpCO2 of al-
most 600 ppm and minimum near �100 ppm. It thus appears as if
the crossover from source to sink may occur between 21�S and
27�S. When we combined the mooring data with daily satellite de-
rived winds an average sea to air CO2 flux of 3.5 mol m�2 y�1 was
estimated using the Wanninkhof (1992) formulation. Some of the
periods of high wind coincided with high sea surface pCO2 result-
ing in a skewed temporal distribution of the flux. About 50% of the
cumulative flux occurred during 16% of the sampling interval and
90% of the total flux can be accounted for by 50% of the days that
were sampled. These results indicate that high frequency observa-
tions are valuable when we attempt to estimate sea to air CO2

fluxes in the coastal regime. The major time scales of variability
in this record are daily and the wind driven upwelling event scale.
Major wind driven upwelling event such as the one in mid Septem-
ber are responsible for much of the total flux but the short-term
variability may generate significant modulations. Diurnal heating
and primary productivity are the major cause for the high fre-
quency variability in sea surface pCO2 with an amplitude up to
200 ppm. The average daily heating of the sea surface raised the
water temperature by about 0.85 �C and should have raised pCO2

by an average of about 21 ppm. Rather than rising, pCO2 usually
decreases during the daylight hours when the sea surface temper-
ature is increasing. The average daytime decrease is about
160 ppm and is equivalent to a 50 lmol kg�1 decrease of total
CO2 under prevailing conditions. It is likely that the daytime CO2

decrease is primarily due to phytoplankton carbon uptake at a rate
that is greater than the replenishment from upwelling and respira-
tion. A decrease of mixed layer depth due to surface heating may
restrict CO2 flux to the atmosphere to a smaller volume of water
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and enhance the observed CO2 decrease, but even in extreme sce-
narios this effect can only account for a few percent of the daytime
decline. This is not surprising since the average sea to air flux of
3.5 mol y�1 at this site amounts to about 1 lmol kg�1 d�1 if distrib-
uted over a 10 m mixed layer. During the night the combination of
upwelling and respiration tends to restore the high sea surface
pCO2.
5. Conclusions

The Peruvian upwelling system was found to be a source of CO2

to the atmosphere during all seasons. The spatially normalized an-
nual flux estimate obtained in this study is 5.7 mol m�2 y�1 from
the sea surface to the atmosphere. Table 1 reports the average of
the cruises while this value is calculated in a manner analogous
to Takahashi et al (2002). When applied to an area of 2000 km of
coastline and 400 km from shore this represents a flux of
5.5 � 1013 g or 0.055 Pg C/yr. Feely et al. (2006) estimated a flux
of 0.43 Pg C/yr for the period 1998–2004 for a region from 5�N to
10�S and 165�E to 95�W. Extrapolating the coastal values from
the coast to 95�W and from the equator to 15�S gives a flux of
0.25 Pg C/yr or over half of the equatorial estimate. This value is
certainly too high; when the coastal measurements from this study
are combined with the open ocean measurements of Takahashi
et al. (2002) a flux of 0.11 Pg C/yr, about 25% of the equatorial flux,
is estimated.

The persistent high sea surface pCO2 observed in this region can
be attributed to a combination of the following factors: (1) a nitrate
deficit relative to inorganic carbon in the upwelled water; (2) high
heat fluxes and rapid warming, and (3) iron limitation of biological
uptake of CO2. The maximum fluxes occurred during the austral
winter and spring and the minimum was in summer; this season-
ality is driven by a combination of sea surface pCO2, winds and pri-
mary productivity. The higher winds in winter and spring intensify
upwelling of CO2 enriched water and enhance the sea to air trans-
fer. Somewhat paradoxically, primary productivity is lower during
the time of maximum upwelling (Pennington et al., 2006). It may
be that during the high wind season offshore upwelling, driven
by the curl of the wind stress, brings nutrient and CO2 rich but iron
deficient waters to the surface. A similar process was postulated
for California by Johnson et al. (1999). The upwelled water may
come from greater depths that are lower in oxygen and more defi-
cient in nitrate relative to CO2 further enhancing degassing. The
combination of enhanced upwelling, high winds and iron-limited
primary production leads to very high fluxes from the ocean to
the atmosphere.

The general trend of low latitude coastal regions as sources of
CO2 to the atmosphere and high latitude regions as sinks is well
supported by our observations. Reports from southern South
America indicate a change from source to sink that is similar to
that found in North America (Torres et al., 2003; Torres et al.,
1999). It appears that for South America the crossover from source
to sink may occur between 21�S and 27�S. The low latitude coastal
upwelling regions in the Cariaco Basin and the Arabian Sea are also
reported to be source regions (Astor et al., 2005; Goyet et al., 1998;
Kortzinger et al., 1997). Conditions at low latitudes may forecast
those that might be found at higher latitudes in the future (due
to increased uptake of fossil fuel CO2).
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1. Introduction

The Peruvian upwelling system (the nearshore 250 km of the
Humboldt Current; hereafter PUS) is one of the most intense
upwelling systems in the world ocean. Relatively weak, seasonally
varying, upwelling-favorable winds drive an offshore Ekman trans-
port and an upward flux of cold, nutrient-rich waters along the
coast. The presence of nutrient-rich waters and high insolation at
this low latitude generates a year-long but fluctuating phytoplank-
ton bloom which sustains a very rich ecosystem with high stocks of
pelagic fish (FAO, 1999). The subsurface waters off Peru have very
low oxygen concentrations (Minas et al., 1990), due to low ventila-
tion (Wyrtki, 1962) and to oxygen consumption by the organisms
remineralizing the abundant organic matter sinking from the sur-
face (Paulmier et al., 2006). These processes lead to the formation
of one of the most intense oxygen minimum zones of the world
ocean, whose impact on the surface productivity and on the over-
lying pelagic ecosystem remains an open question.

The PUS is influenced by the variability of equatorial origin at
intraseasonal (Bonhomme et al., 2007) and interannual time scales
(Carr et al., 2002). Equatorial variability can propagate along the
coast as far south as 40�S (Ulloa et al., 2001) in the form of coastally
trapped waves. The upwelling system is also subject to decadal
ll rights reserved.

.fr (V. Echevin).
climate variability as shown by the very long time series of ecosys-
tem indices (Chavez et al., 2003). Although the intense nearshore
biological activity is related to the wind-driven coastal upwelling,
the response of the ecosystem to the wind varies significantly
depending on the time scales. Indeed, the seasonal fluctuations of
surface productivity, as observed by satellite and in situ surface
chlorophyll measurements (Chavez et al., 1995, Thomas et al.,
2001; Pennington et al., 2006, hereafter PEN06) and of wind inten-
sity, are in opposition. Surface chlorophyll decreases in austral
winter, the period during which coastal upwelling and nutrient
supply from the subsurface is supposed to be strongest (Calienes
et al., 1985). The coupled physical-biogeochemical processes gov-
erning this counter-intuitive variability have not been fully inves-
tigated, nor their relative impacts quantified. Calienes et al. (1985)
suggested that the mixed layer depth increase in winter could re-
duce surface chlorophyll through light limitation of phytoplankton
growth. Guillen and Calienes (1981) also invoke the potential role
of low solar insolation in winter. However, other processes may
have an impact, such as the seasonal variations of surface macro
and micro-nutrient concentrations driven by the upwelling vari-
ability, or the surface temperature variations. In the present work,
we investigate these processes using ocean color satellite data,
in situ observations and model simulations. This approach allows
evaluation of the relative role of the processes involved. In the fol-
lowing section (Section 2), the data, model and methodology are
described. The results are presented in Section 3, and are discussed
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in Section 4. Conclusions and perspectives are outlined in Section
5.

2. Materials and methods

Surface chlorophyll concentrations were studied using two dif-
ferent data sets. First, we used in situ chlorophyll observations col-
lected by IMARPE (Instituto del Mar del Peru) during 1992–2004
(Fig. 1a). A complete description of the in situ data processing
and quality control is provided in Appendix A gridded product
was constructed as follows: the data for each month of the
1992–2004 period were first binned in a 0.5� � 0.5� grid. Extreme
values were filtered out (in log scale) by removing values higher
than twice the standard deviation in each spatial bin. The data
were then averaged, and transformed into real, i.e. non-log, values,
for each month. Data collected during the El Nino years in the
1997–1998 period were included.

Second, we used the SeaWiFS chlorophyll product (version 4
chlorophyll algorithm) for October 1997–December 2004
(Fig. 1b). The data (8-day chlorophyll-a composites) were rebinned
from the original 0.0879� � 0.0879� grid in a low resolution
(0.5� � 0.5�) grid to reduce the noise, the effects of clouds, and
the impact of the very high chlorophyll concentrations very close
to the shore, which may be unrealistic. The monthly climatology
was constructed by removing extreme values (higher than twice
the standard deviation in log scale), and averaging log-scale data
for each month and for each pixel.

The third data set consists of in situ nutrient (nitrate, phosphate,
silicate) concentrations collected by IMARPE during 1992–2004. As
with the in situ chlorophyll data, a gridded product was con-
structed by binning and averaging the data in a 0.5� � 0.5� grid,
after filtering out the extreme values (higher than twice the stan-
dard deviation) in each bin. The protocol for processing the nutri-
ent data is also described in the Appendix.

Last, outputs from a numerical model were used to study the
different processes governing surface chlorophyll in the upwelling
system. To this end, the Regional Ocean Modelling System circula-
tion model (ROMS, Shchepetkin and McWilliams, 2005) and the
biogeochemical model (PISCES, Aumont et al., 2003; Aumont and
Bopp, 2006) have been coupled:

- The Regional Ocean Modelling System (ROMS) is a free surface,
sigma coordinate, primitive equation model. In the present
study, the horizontal resolution is 1/6�. ROMS has 30 levels in
Fig. 1. Average surface chlorophyll (in mgChl/m3): (a) IMARPE in situ data (1992–2004)
onto a 0.5� � 0.5� grid).
the vertical, with an increase of resolution near the surface.
Because of the use of sigma coordinates, the resolution in the
vertical varies depending on the water column depth. The sur-
face layer thickness ranges from a minimum of 10 cm in a 50-m
deep nearshore water column, to 6 m in a 4000-m deep water
column. Similarly, the bottom layer thickness ranges from 9 m
to 900 m. The model configuration used here is very similar to
that in Penven et al. (2005), but with a coarser horizontal reso-
lution (1/9� in Penven et al., 2005). For a more complete
description of the dynamical model configuration and numeri-
cal schemes, the reader is referred to Penven et al. (2005) and
to Shchepetkin and McWilliams (2005) respectively.

- PISCES (Pelagic Interaction Scheme for Carbon and Ecosystem
Studies) is a biogeochemical model derived from the Hamburg
Model of Carbon Cycle, version 5 HAMOCC5 (Aumont et al.,
2003). PISCES simulates biological productivity and the biogeo-
chemical cycles of carbon and of the main nutrients (Phosphate,
Nitrate, Ammonium, Silicate and Iron). It assumes that phyto-
plankton growth is directly limited by the external availability
in nutrients, and includes two phytoplankton size classes
(nanophytoplankton and diatoms), two zooplankton size clas-
ses (microzooplankton and mesozooplankton) and two detritus
size classes. Diatoms differ from nanophytoplankton by their
need for Si, by higher requirements for Fe (Sunda and Hunts-
man, 1997), and by higher half-saturation constants because
of their larger size. PISCES has previously been coupled with
the OPA (Madec et al., 1998) ocean general circulation model
at coarse spatial resolution (2� and 1/2�) and used in global
(Aumont et al., 2003; Aumont and Bopp, 2006) and basin-scale
studies (Gorgues et al., 2005).

Here PISCES is coupled to ROMS to address regional and coastal
issues. The technical procedure for coupling the ecosystem and
dynamical model components follows that of Gruber et al.
(2006), who coupled ROMS with a slightly simpler ecological–bio-
geochemical model than PISCES. Readers are referred to the papers
by Aumont et al. (2003) and Aumont and Bopp (2006) for further
details on the PISCES model equations.

A climatological simulation has been performed using monthly
mean values at the model open boundaries. The dynamical
variables (temperature, salinity, velocities) at the boundaries are
specified using climatological values of ORCA 0.5� OGCM during
1992–2000. A time series covering the entire 1992–2005 period
was not available, but the 1992–2000 series appears sufficiently
; (b) SeaWIFs data over the years 1997–2004; (c) ROMS/PISCES model (interpolated



Fig. 2. Cross-shore profile of surface chlorophyll (in mgChl/m3, in log scale) at 9�S
for SeaWiFS (circles) data, IMARPE in situ observations (crosses), and ROMS/PISCES
model. The full line corresponds to the model total chlorophyll, the dashed line to
the chlorophyll content in diatoms, the dotted line to the chlorophyll content in the
nanophytoplankton, respectively.
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long to filter the interannual variability and to represent the large
scale dynamical climatological circulation and water mass charac-
teristics. The biogeochemical variables (nutrients and oxygen) are
specified using nitrate, phosphate, silicate and oxygen monthly
values from the World Ocean Atlas 2001 (Conkright et al., 2002).
As boundary estimates of Fe were not available from data climatol-
ogies, they were extracted from a climatology of the global, inter-
annual, coupled ORCA-PISCES simulation at 2� resolution, as was
performed by Aumont and Bopp (2006).

The surface atmospheric forcing for ROMS consists of a Quikscat
wind stress monthly climatology calculated over 1999–2003 as in
Penven et al. (2005). This time period was chosen instead of 1992–
2000, as the Quikscat product is of better quality than the ERS data
because of its higher spatial resolution near the Peruvian coasts
(Croquette et al., 2007). Heat fluxes, SST and SSS from the COADS
monthly climatology (Da Silva et al., 1994) were also used follow-
ing Penven et al. (2005). The surface forcing for PISCES includes Fe
atmospheric deposition, which was calculated from the model re-
sults of Tegen and Fung (1995), assuming constant values for the
iron content and the solubility.

ROMS/PISCES was run for a period of eight years, and reached a
statistical quasi-equilibrium after a spin-up phase of five years. The
final three years of simulation (years 6–8) are used to construct a
monthly climatology.

3. Results

3.1. Spatial pattern of surface chlorophyll – in situ, satellite and ROMS/
PISCES

The surface chlorophyll maps, averaged over a period of several
years, display spatial patterns typical of coastal upwelling (Fig. 1).
Chlorophyll concentrations are maximum nearshore (5–10 mgChl/
m3) and decrease gradually offshore, reaching �0.5–1.5 mgChl/m3

at 200–300 km from the coast. The richest nearshore areas are be-
tween 6�S and 15�S, with local chlorophyll maxima near 9�S, 12�S
and 14�S in the in situ map (Fig. 1a), and near 12–14�S in the satel-
lite data (Fig. 1b). Along the coast north of 6�S, surface chlorophyll
values are low in both in situ and satellite observations, whereas
south of 15�S, the satellite chlorophyll is lower than the in situ data.
The cross-shore gradient of in situ chlorophyll seems rather inde-
pendent of the latitude, whereas chlorophyll-rich waters observed
by satellite are closer to the coast.

These time-average values of in situ (Fig. 1a) and satellite data
(Fig. 1b) are generally consistent with each other, and in agreement
with previous studies (Chavez, 1995). The highly productive zone
(4–10 mgChl/m3) is narrower in the satellite data when compared
with the in situ observations. However, it is well known that the
SeaWiFS inverse algorithm used to calculate surface chlorophyll
from radiances tends to underestimate the high concentrations in
coastal zones (Hooker and McClain, 2000), which may account
for part of this bias. Moreover, this nearshore underestimate of
chlorophyll by SeaWIFS may be exacerbated by the frequent near-
shore cloud coverage, especially in winter, which could prevent the
sampling of some of the intense surface blooms.

ROMS/PISCES surface chlorophyll values are shown in Fig. 1c,
where the model output has been interpolated onto the same
0.5� by 0.5� horizontal grid as the observations. The modelled chlo-
rophyll concentrations agree reasonably well with the observa-
tions in magnitude. Maximum values of �5–10 mgChl/m3 occur
within 25–50 km of the coast. Maximum nearshore values are
encountered from 5�S to 9�S. The chlorophyll cross-shore gradient
is rather similar in the observations and in the model as shown by
the cross-shore slope of chlorophyll (Fig. 2) The offshore chloro-
phyll values are close in the satellite data and in situ observations.
Modelled large phytoplankton cells (diatoms) are mostly responsi-
ble for the biomass increase towards the coast (Fig. 2). This group is
known to become dominant in nearshore Peruvian waters (Iriartre
and Gonzalez, 2004; DiTullio et al., 2005). Thus the model seems to
represent the shift between the nearshore and offshore plankton
communities. This contrasts with other modelling studies based
on more simple ecosystem models, which are not able to represent
this cross-shore transition (Gruber et al., 2006).

Some model biases appear in Fig. 1c. North of 6�S, the rather
high nearshore chlorophyll (�3–4 mgChl/m3) may be caused by
excessive coastal upwelling in the model. In contrast, south of
10�S, modelled nearshore chlorophyll is slightly lower than the
observations and the productive zone is quite narrow (note the
tight isolines near 14�S in Fig. 1c). The nearshore modelled chloro-
phyll remains rather low as far south as 15�S, despite the strong
upwelling center near Paracas (Strub et al., 1998).

3.2. Seasonal variability of surface chlorophyll

3.2.1. Average seasonal cycle
We first study the surface chlorophyll seasonal cycle by averag-

ing all the available data over a coastal box, which roughly defines
the boundaries of the PCUbiogeochemical province. In a recent pa-
per, PEN06 defined such a province as a coastal zone of 250 km
cross-shore width, ranging from 4�S to 15�S. They computed a
seasonal cycle by averaging all the surface chlorophyll in situ data
available in this box, for each month of the year. The same calcula-
tion was repeated with SeaWiFS data during the September 1997–
May 2005 period. We proceeded identically by averaging the
IMARPE, SeaWiFS and model data over a the same domain. All
the in situ data collected during 1992–2004 were used in order
to compile a sufficient amount of observations. Restricting our data
set to the same period studied by PEN06 would have reduced the
accuracy of the calculated seasonal cycle (see Table 1).

Results from PEN06 and our study are presented in Fig. 3. The
two SeaWiFS time series are very consistent: both display a single
chlorophyll maximum in late austral summer and a minimum in
austral winter. We verified that the seasonality portrayed in
Fig. 3b is not modified when the year 2005 (used in PEN06) is in-
cluded in our SeaWiFS time series (not shown).

The model seasonal cycle is also consistent. data (Fig. 3b). The
modelled chlorophyll is high in austral summer – with a slight de-
crease in February – and low in austral winter. Note that the model
values are significantly higher than the SeaWiFS values, closer to
the IMARPE in situ data.

Let us now examine the differences in seasonal cycle. The two
in situ time series display notable differences. The PEN06 in situ
time series (Fig. 3a) displays two maxima – in early (November)
and late austral summer (April), and a minimum in winter



Table 1
Monthly-mean IMARPE in situ chlorophyll (in mgChl/m3) in a 200 km-wide coastal box between 6�S and 15�S during the 1992–2004 period.

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Chjan 2.0(3) 1.7(1) 4.9(1) 1.8(17) 2.9(4) 1.1(1) 1.0(1) 2.4(14) 3.8(1) 1.9(1) 3.4(7) 3.6(12)
Chlfeb 3.1(66) 6.0(47) 2.2(1) 2.3(13) 1.5(7) 2.2(4) 1.1(1) 1.6(20) 2.2(61) 2.5(1) 6.1(4) 6.3(4) 3.8(28)
Chlmar 3.7(20) 3.9(66) 3.4(61) 1.3(3) 1.3(45) 5.4(11) 3.1(42) 4.9(15)
Chlapr 1.0(2) 3.4(1) 2.1(1) 1.7(3) 7.9(3) 5.0(1) 0.9(13) 2.8(1) 0.66(2) 6.4(3) 3.8(4) 5.8(5) 8.3(4)
Chlmay 1.5(4) 5.6(1) 5.3(1) 1.0(28) 5.4(16) 3.1(1) 0.9(21) 1.4(21) 2.7(18) 4.9(1) 2.1(1) 1.8(15) 2.4(1)
Chljun 1.8(2) 0.5(1) 2.8(1) 0.2(17) 3.6(13) 1.2(11) 1.9(1) 3.5(1) 4.3(3) 7.5(4) 5.0(4) 2.0(6) 2.4(4)
Chljul 1.5(7) 2.6(1) 1.7(1) 0.1(4) 5.9(1) 4.7(14) 1.0(1) 2.4(1) 2.2(1) 0.9(1) 2.4(1) 2.6(4) 1.4(1)
Chlaug 3.1(5) 10.2(1) 2.1(48) 2.3(42) 2.6(44) 1.0(1) 0.9(16) 2.1(1) 3.4(13) 1.4(4) 2.2(77) 2.3(28) 1.6(46)
Chlsep 5.8(1) 3.7(22) 7.8(30) 2.9(49) 1.6(32) 0.8(56) 1.7(21) 3.6(50) 8.6(1) 1.9(23) 3.1(12)
Chloct 7.3(1) 2.3(1) 3.9(4) 1.0(1) 8.3(1) 1.7(16) 1.2(1) 2.9(4) 1.6(3) 1.1(22) 2.3(13) 6.5(11)
Chlnov 1.9(3) 1.3(8) 5.4(32) 1.9(28) 3.2(1) 3.3(25) 5.3(1) 8.7(1) 3.4(3) 2.1(49) 7.0(23)
Chldec 3.5(21) 2.2(16) 6.6(20) 2.8(60) 1.1(1) 4.1(46) 1.1(3) 7.6(4) 3.0(8) 2.8(9) 3.7(47)

The value in brackets indicates the number of 0.5� � 0.5� grid points averaged to compute the monthly mean. When only one grid point is available, the single data point from
the Callao (78 �W, 12�S) time series was used.

Fig. 3. Seasonal cycle of the surface chlorophyll concentration (in mgChl/m3) averaged over a coastal box of 250 km zonal width between 4�S and 15�S: (a) in situ (black
circles) and SeaWIFs (white circles) data during 1997–2005 (courtesy of Pennington et al., 2006); (b) ROMS/PISCES model (white squares), SeaWIFs (white circles), in situ
IMARPE data (black circles), during 1992–2004. Vertical bars correspond to the interannual variability of the in situ data set.
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(Fig. 3a). In contrast, the IMARPE time series (Fig. 3b) displays high
(but lower than PEN06) values in austral summer, and low values
in January, May and in austral winter (July–August). In contrast to
PEN06, the IMARPE surface chlorophyll in austral winter remains
relatively high (Fig. 3b). These differences during austral winter
could be related to differences in data sampling. Indeed, the verti-
cal bars plotted in Fig. 3b indicate the variance of the monthly
mean values in the 1992–2004 period, thus the high interannual
variability in monthly means. Months with poor sampling (i.e. with
less than two observations in the coastal box, see Table 1) were not
taken into account in the statistics. Overall, the in situ time series
are in good agreement with one another, except for the relatively
higher values in austral winter in the IMARPE data set.

The model average seasonal cycle is relatively similar to the ob-
served ones. Even though the model values are overestimated in
January, the surface phytoplanktonic biomass displays the same
seasonal tendency as the observations: chlorophyll is high in aus-
tral summer, and reaches a minimum in austral winter as the
wind-driven upwelling is supposed to strengthen (Bakun and Nel-
son, 1991).

3.2.2. Alongshore variations of the seasonal cycle
Alongshore variations of the surface chlorophyll seasonal cycle

are portrayed in Fig. 4. The SeaWiFS and model chlorophyll values
within a 200 km-wide coastal band were binned for each month
and each latitude. The IMARPE data set was not comprehensive en-
ough to study alongshore variations because of low sampling dur-
ing some months (e.g. April, see Table 1).

Let us first describe the alongshore variability observed by
SeaWiFS (Fig. 4a). Several patterns can be emphasized. First, the
phase of the seasonal cycle depends little on latitude. From 7�S
to 14�S, high values are encountered in late austral spring and early
summer (October–November–December). In austral spring (Octo-
ber), chlorophyll is high (greater than 1.5 mgChlm�3) in three nar-
row latitude bands (6–7�S, 8–9�S and 11–14�S, Fig. 4a), and
decreases near 10–11�S. Two isolated points near 10�S and 12�S
in August (Fig. 4a) suggest that high chlorophyll values may occur
in austral winter as well. However, this signal is not very well sam-
pled because of the higher cloud coverage during this season.

The model alongshore variations of modelled chlorophyll agree
relatively well with the satellite data in the north of Peru (Fig. 4b).
The modelled values are high during austral spring and summer
with a slight decrease in February. Maximum concentrations are
reached during late austral spring near 7�S in the model, and dur-
ing late summer in the observations. The maximum modelled val-
ues (�6–7 mgChl/m3) are higher than the maximum SeaWiFS
values (�4 mgChl/m3). The lowest chlorophyll values are reached
during the winter months (July–August–September). Between
10.5�S and 11�S, the model’s seasonal variability decreases, consis-
tently with SeaWiFS data. South of 13�S, the model is not realistic,
as shown by the low chlorophyll concentration (less than
1.5 mgChl/m3) all year long.

3.3. Seasonal variability of the chlorophyll content in the euphotic
layer

As noted previously, the evolution of surface chlorophyll does
not seem to be controlled by lack of nutrients in the surface layer,
which increases in austral winter due to the more upwelling-favor-
able winds during this season (Fig. 5a). The question we now ad-



Fig. 5. Time–latitude variations: (a) alongshore wind stress (in N m�2) from a 1999–2003 Quikscat climatology; (b) ROMS/PISCES mixed layer depth (in m). Both variables are
averaged in a 200 km-wide coastal band.

Fig. 4. Latitude-time variations of the surface chlorophyll concentration (in mgChl/m3) in a 200 km-wide coastal band: (a) SeaWIFs; (b) ROMS/PISCES model. Contour values
are identical to the color scales.
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dress is the following: what is the impact of vertical mixing due to
the winter trade winds increase? Could this process drive a de-
crease in surface chlorophyll concentrations by distributing phyto-
plankton over a thicker mixed layer? Fig. 5b displays the evolution
in time of the model mixed layer depth (hereafter MLD), defined as
the depth where the local Richardson number reaches the critical
value of 0.3 (Large et al., 1994). MLD values increase significantly
during austral winter and southward, as does alongshore
wind(Fig. 5a). The model MLD values are realistic as very similar
(not shown) to the climatological values (de Boyer Montegut
et al., 2004). To contrast the total chlorophyll content with the sur-
face chlorophyll signal, we averaged chlorophyll vertically over the
euphotic layer depth and horizontally in the 200 km coastal band
and in the 4–15�S latitude range. The variations are portrayed in
Fig. 6a, along with those of surface chlorophyll. The depth-aver-
aged chlorophyll shows a similar variability than the surface chlo-
rophyll, albeit with a lower amplitude. The main difference
between the two is that the depth-averaged chlorophyll level in
early summer (�2.5 mgChl/m3 in January–February) is rather close
to the winter level (�1.5–2 mgChl/m3 in July–August–September),
whereas the summer surface level (�3.5 mgChl/m3 in January–
February) is roughly equal to twice the winter surface level
(�1.5–2 mgChl/m3 in July–August–September). This difference be-
tween the surface values and depth-averaged values illustrates the
impact of vertical mixing on the vertical profile of chlorophyll, as
suggested by Calienes et al. (1985). Note also that the total phyto-
planktonic biomass is not well correlated with the variability of
upwelling-favorable winds. Fig. 6a displays two distinct peaks in
late austral spring (November–December) and late summer
(March), whereas the alongshore wind stress is maximum in April
and September (Fig. 5a).

Thus, the paradox of low chlorophyll during strong upwelling
can be partly explained by the role of vertical mixing. The surface
chlorophyll concentration is higher in early summer partly because
of surface stratification permits blooms to accumulate. In winter,
the upwelling is stronger than in summer (Fig. 6a) but biomass is
distributed vertically over a greater MLD, hence the surface chloro-
phyll concentration is reduced. MLD variations have thus a major
impact on the surface chlorophyll seasonal variability and on the
vertical distribution of chlorophyll.

To further investigate the role of vertical mixing, two sensitivity
experiments were performed with the model. The first experiment



Fig. 6. Time evolution of the ROMS/PISCES surface chlorophyll (squares) and depth-averaged chlorophyll in the euphotic layer (circles) (in mgChl/m3), horizontally averaged
in a 200 km-wide coastal band between 4�S and 15�S: (a) control run; (b) constant insolation run. Note the change of scale between the two figures.
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consists in suppressing the seasonality of vertical mixing by impos-
ing a constant MLD and constant vertical mixing coefficients in the
biogeochemical part of the model. These model parameters were
fixed to annual mean values. In this experiment, the seasonality
of the upward nutrient flux is not modified with respect to the con-
trol run, and only the mixing coefficients and mixed layer depth
used in the biogeochemical tracers equations are kept constant
in time. The results of this experiment confirm our hypothesis:
with a fixed mixing coefficient and MLD, the seasonality of the sur-
face and depth-averaged chlorophyll is almost totally removed
(figure not shown). The signal, averaged over the coastal region de-
fined in Fig. 6, varies between 1.2 and 1.6 mgChl/m3 throughout
the year. This confirms the role of the mixed layer seasonality in
driving the seasonality of surface chlorophyll.

Surface temperature may also influence the surface primary
productivity through the Q10 effect (Eppley, 1972). Nearshore pri-
mary production could reduce in winter because of the surface
temperature decrease associated with atmospheric cooling and to
the strong wintertime upwelling of cold water. To investigate the
impact of this process, we performed an experiment in which the
temperature used in the biogeochemical model was kept constant
throughout the year, fixed to the annual mean value. As in the pre-
vious experiment, the impact of the physics on the ecosystem is
unchanged from the control run, except for the temperature effect.
The results show a negligible effect (figure not shown). The sea-
sonal variability of surface chlorophyll differs by less than 5% from
the control run variability. In conclusion, these two sensitivity
experiments show the overwhelming impact of winter vertical
mixing on the surface chlorophyll variability at seasonal time
scales.
Fig. 7. Time–latitude variations of the surface in situ IMARPE: (a) nitrate; (b) silicate; (
band.
3.4. Nutrient limitation and chlorophyll seasonal variability

Macronutrients such as nitrate, phosphate and silicate were
routinely collected during the IMARPE cruises during the 1992–
2004 period. The time-latitude evolution of in situ and modelled
surface nutrients in the 200 km-wide coastal band is shown in Figs.
7 and 8, respectively. Overall, the seasonal cycle of the surface
nutrients appears to be in phase by the wind-driven upwelling
(Fig. 5a), as high concentrations occur in austral spring and winter.
In austral summer, the model macronutrient surface concentra-
tions agree relatively well with the observations, except at lati-
tudes south of 13�S. In winter, the model surface concentrations
are higher by a factor of �2 for nitrate, �1.5 for silicate and phos-
phate, than the in situ data. This may partly stem from the model
biogeochemical tracer initial conditions. PISCES initial and bound-
ary conditions for the macronutrients concentrations were initial-
ized using data from the World Ocean Atlas 2001 (Conkright et al.,
2002) data product on a 1� by 1� horizontal grid, which were
extrapolated onto the ROMS model 1/6� � 1/6� grid. The model late
austral winter (August–September) high nitrate concentrations
(�18 lmol/l, Fig. 8a) compare well with WOA data (not shown),
but the austral fall and early winter values are much larger than
in WOA. A comparison between WOA and IMARPE vertical sections
of nitrate shows that the WOA nitrate concentration could be over-
estimated near the coasts (figure not shown) due to the lack of
nearshore profiles in the data base. The high values in the WOA
(and hence in the model initial conditions) could be an artefact
caused by the extrapolation of offshore high nitrate values towards
the coastal margin, where denitrification within the Oxygen Mini-
mum Zone could induce low nitrate concentrations (Wooster et al.,
c) phosphate surface concentration (in lmol/l) averaged in a 200 km-wide coastal



Fig. 8. Same as Fig. 7 for model results.
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1965; Ward et al., 1989). On the other hand, the silicate and phos-
phate concentrations compare well with WOA and IMARPE data
(not shown), and the model winter values remain higher than
the observations (Figs. 7b–c and 8b–c). This suggests that the aus-
tral winter upwelling of nutrients may be too strong in the model,
consistent with the higher than observed model surface chloro-
phyll values (Figs. 3 and 4).

Nutrient and light limitation of the primary production can be
quantified by computing explicitly the limitation terms in the pri-
mary production model parameterizations. The model primary
production is proportional to the product of a light limitation term
and a nutrient limitation term. The nutrient limitation term Lnut is
the minimum of a set of (n) Michaelis–Menten nutrients limitation
factors, namely Lnut = mini=1,. . .,n[Ci/(Ki + Ci)] where the index (i) de-
notes a specific nutrient, Ci its concentration and Ki its half-satura-
tion constant. The light limitation term Llight is equal to
[1 � exp( � a (Chl/C) � PAR/(lLnut)] where a is the initial slope of
the PI curve, Chl/C the chlorophyll over carbon ratio, PAR the pho-
tosynthetically available radiation, l the growth rate depending on
temperature. When enough light is available this term saturates to
1, whereas it remains less than 1 when light limits the growth. We
chose to focus on the limitation terms of diatom growth, as they
contribute to more than 70% of the total chlorophyll concentration
in the region.

The cross-shore vertical structure of the limiting nutrient is por-
trayed for different time periods in Fig. 9. In the well-lit, shallow
mixed layer which establishes during austral summer, diatom
growth is limited by nitrate within �100 km from the coast, and
then by silicate further offshore (Fig. 9a–b). Because of the rela-
tively weak upwelling and offshore Ekman transport during sum-
mer, phytoplankton growth is constrained by the upward flux of
macronutrients such as nitrate and silicate, which are consumed
rapidly after they reach the surface. Fe availability limits the
growth in a thin subsurface layer located offshore. The nearshore
Fe concentration is relatively high since it is supplied by the conti-
nental shelf sediments. Due to offshore Ekman transport and shal-
low mixed layer during summertime, Fe is advected offshore and
remains confined near the surface, hence limiting phytoplankton
growth below the mixed layer. Note that light limitation occurs
at very shallow depths (�2–4 m) nearshore and at greater depths
(�10 m) 100 km from the shore (Fig. 9a and 9b) because of the
high chlorophyll concentration in the surface layer near the coast.

During austral winter, the limiting factors change drastically
(Fig. 9c). Silicate is brought to the surface by the strong coastal
upwelling and advected offshore by Ekman currents, thus is no
longer limiting offshore as during summertime. At �100 km from
the shore, nutrient limitation shifts to Fe. Note that because of
the increased wintertime vertical mixing, Fe is diluted vertically.
Its concentration decreases and remains sufficiently high to avoid
Fe limitation only within �100 km from the coast. In the vertical,
light availability is the dominant limiting factor over most of the
mixed layer.

To further investigate the impact of Fe limitation on phyto-
plankton growth, it was artificially turned off in the PISCES model
in order to evaluate its impact on the ecosystem. This induced a
surface chlorophyll increase by �20–40% north of 9�S during most
of the year (Fig. 10). The increase reached �40–50% in austral
spring between 9�S and 11�S. The impact was strongest near
14�S, where the productivity resulted in a two-fold biomass in-
crease, reaching realistic levels of �1.5–2 mgChl/m3. However,
the late spring–summer model bias was not significantly reduced,
suggesting that Fe limitation may not be the only issue near 14�S.
In conclusion, this sensitivity experiment confirms that Fe is the
main limiting nutrient off the shelf in winter in our model, and that
the productivity can be increased when Fe limitation is relaxed. In
contrast, nutrient limitation shifts to macronutrients such as ni-
trate and phosphate during summer. Fe limitation of diatom
blooms off the Peruvian shelf has been observed during the late
austral winter of 2000 (Hutchins et al., 2002; Bruland et al.,
2004; Hare et al., 2005) and these observations support our
hypothesis. However, note that the modelled biomass increase
due to the relaxation of Fe limitation near 8�S remains moderate
(�20–40%, Fig. 10). This suggests that light limitation due to the
winter MLD increase or to the lower winter insolation, is the main
factor controlling the winter productivity. This will be investigated
in more detail in the next section. Moreover, Fe and light condi-
tions are closely related as Fe limitation may be enhanced by the
higher Fe requirement of phytoplankton cells when light condi-
tions are less favourable (e.g., Sunda and Huntsman, 1997).

3.5. Light limitation and the seasonal variability of chlorophyll

Insolation displays significant seasonal variations over the Peru
area. On average, the COADS climatological nearshore solar flux is
maximum in austral summer (between 240 and 280 W/m2) and
minimum in austral winter (between 120 and 160 W/m2). The
amplitude of the insolation cycle is maximum near 15�S (figure
not shown). We now investigate the impact of these variations
on surface chlorophyll. In a sensitivity experiment, the seasonal
variations of insolation were suppressed in the biological model.



Fig. 10. Time–latitude evolution of the surface chlorophyll increase (in%) when Fe
limitation is relaxed in the ROMS/PISCES model.

Fig. 9. Diatoms colimitations at 8�S: (a) early summer (January); (b) late summer (March); (c) winter (July). Colors and labels indicate the limiting nutrient (purple: nitrate
(N), yellow: iron (Fe), green: phosphate (P), red: silicate (Si)). The dashed white line indicates the depth at which the limitation shifts from nutrients (above the line) to light
(below the line). Labeled black contours indicate the value of the light limiting coefficient (L). The full white line indicates the mixed layer depth.
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The heat fluxes (including the heating effect of the short wave solar
radiations) vary seasonally in ROMS physical and thermodynami-
cal components, in order to keep the MLD, vertical mixing and
thermal stratification unchanged with respect to the control run.
In contrast, the solar radiation available for phytoplankton growth
is kept constant with time and latitude throughout the simulation.
It is fixed to 190 W/m2, which corresponds to the year-averaged
value over a 200-km-wide band of coastal ocean band between
6�S and 15�S.

The average chlorophyll seasonal cycle is represented in Fig. 6b.
First, note that the mean level of surface chlorophyll (�4–5 mgCh/
m3) is greater than in the control run (�2.5–3 mgCh/m3, Fig. 6a).
This rather surprising result can be explained by the significant
light limitation of winter productivity in the control run. A 25% in-
crease in solar radiation during winter (190 W/m2 instead of
150 W/m2) in the ‘‘light-pertubed” simulation generates a two-fold
increase in depth-averaged biomass during winter (Fig. 6). This
accumulated biomass produces a significant pool of ammonium
in the subsurface layers (figure not shown), which is consumed
during the spring and fall bloom. This effect is substantial as bio-
mass doubles during summer in the ‘‘light-perturbed” simulation
in spite of a light level lower (by �30%) than in the control run.
The important result of this experiment is that the characteristics
of the surface chlorophyll seasonal variations are unchanged
(Fig. 6b) with respect to the control run (Fig. 6a). The seasonality
remains both in the surface and depth-averaged chlorophyll sig-
nals. This indicates that the total phytoplankton biomass varies
regardless of the insolation cycle, because of spring restratification
and fall destratification induced by vertical mixing, as in open-
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ocean oligotrophic regions. The effect of vertical mixing can be
estimated by comparing the summer and winter depth-averaged
biomass in Fig. 6b. They are relatively close (�3.5 and
�2.5 mgCh/m3, respectively) during the two periods, whereas the
surface values differ by �2–2.5 mgChl/m3. The sudden rise in
depth-averaged biomass of about 1.5 mgChl/m3 between February
and March results from an MLD increase which entrains regener-
ated nutrients (NH4) into the shallow, well-lit surface layer, and
generates a fall bloom.

To conclude, the model experiments show that the insolation
seasonal variations have a weak impact on the seasonal cycle of
surface chlorophyll, and that vertical mixing acts in two different
ways. Firstly, phytoplankton is distributed over a greater depth
in winter than in summer. Hence, the winter surface chlorophyll
concentration decrease is caused by a purely physical vertical dilu-
tion and by a primary production decrease due to light limitation.
Light limitation is mainly caused by the MLD increase, and not by
the reduced insolation during winter. The decrease in vertical mix-
ing in late winter-spring induces a restratification phase, during
which light limitation is relaxed, allowing phytoplankton to grow
until the surface regenerated nutrients are consumed. Secondly,
in austral fall, the mixed layer depth increases and entrains new
nutrients into the mixed layer, which generates the March bloom.

4. Discussion

Satellite data, in situ observations and model results display a
surface chlorophyll seasonal variability near the Peruvain coasts
which is in phase opposition with the dynamical forcing of the
coastal upwelling. The observed variability has been well repro-
duced with the ROMS/PISCES coupled model, especially off north-
ern Peru (6–10�S). Further south, the simulated amplitude of the
seasonal cycle is reduced compared to observations.

Several hypotheses may explain the model’s lack of realism
south of 10�S. The first one is the morphology of the continental
shelf in the model, which could have an impact on the input of
Fe from the sediments. A wider continental shelf implies a larger
Fe supply from the sediments. As a consequence, the upwelled
waters north of 10�S contain more Fe because the shelf is widest
there (Bruland et al., 2004). In the ROMS model, bottom topogra-
phy has been smoothed in order to reduce the slope near the shelf
break and verify numerical criteria which limit error on the hori-
zontal pressure gradient (Mellor et al., 1998). Because of this
smoothing procedure, the shelf off Peru is narrower in the model
than in reality, especially south of 11�S. Since Fe appears to be
the limiting nutrient during winter, this model artifact could limit
excessively the development of phytoplanktonic biomass south of
10�S.

The absence of intraseasonal variability in the physical forcing
of the model (the atmospheric forcing and the model’s open
boundary conditions (hereafter OBCs)) may also impact chloro-
phyll variability. Indeed, the OBCs of the model are seasonal and
cyclic. In the Equatorial Pacific, the intraseasonal eastward propa-
gating equatorial Kelvin waves, which trigger poleward propagat-
ing coastally trapped waves when reaching the American coast,
have been filtered from the OBC. These coastal waves may shoal
or depress the nutricline along the coast, and generate west-
ward-propagating Rossby waves which advect surface chlorophyll
offshore (Bonhomme et al., 2007).

Coastal waves may impact nearshore biological productivity,
whereas Rossby waves may extend the biologically productive
coastal zone further offshore. To investigate the potential impact
of this variability on the seasonal cycle, model experiments
should be performed with the full spectrum of variability at the
OBCs. Let us now focus on the nutrients issue. On the one hand,
the surface and subsurface (not shown) macronutrient (nitrate,
silicate and phosphate) concentrations are higher in the model
simulation than in the IMARPE in situ data (Figs. 7 and 8). On
the other hand, the model outputs are consistent with the very
high values of NO3 from the WOA data base, which were used
to initialize the model. To explain these differences between the
WOA data base and the IMARPE measurements, a dedicated study
of the WOA and IMARPE nitrate profiles should be conducted in
the future. Furthermore, the physical model may be partly
responsible for the nutrient bias. Indeed, the seasonal cycle of
the polewards-flowing Peru/Chile Undercurrent, which transports
most of the water mass upwelled near the coast, is not well
known and may not be very well represented in the model. A ver-
tical section of WOA density in July near 8�S (not shown) shows
that the subsurface isopycnals and nitrate isolines tend to deepen
toward the coast. This suggests an increase in the PCUC transport
which is not reproduced by the model. The question of the impact
of the circulation on macronutrient supply remains open and
should be addressed in future work.
5. Conclusions

The seasonal variability of the surface chlorophyll concentra-
tion in the Peru upwelling system were studied using in situ
observations, satellite data and results from a three dimensional
regional model coupling ocean dynamics (ROMS) and biogeo-
chemical cycles (PISCES). The SeaWiFS satellite data and IMARPE
in situ observations display a strong seasonality with low values
in austral winter and high values in austral spring and summer,
in phase opposition to upwelling intensity (Bakun and Nelson,
1991). The modelled surface chlorophyll seasonal cycle is similar
in pattern and values are in general between the IMARPE and
SeaWIFS data.

The mechanisms controlling the chlorophyll seasonality were
investigated using model experiments. The deepening of the mixed
layer was shown to be mainly responsible for the decrease of sur-
face chlorophyll in austral winter, confirming previous observa-
tional studies (Calienes et al., 1985). The phytoplanktonic
biomass increased significantly in austral spring and fall following
periods of restratification and destratification, respectively. The
PCU system is almost as productive in austral winter as in early
summer, and the decrease in surface biomass in winter results
from a dilution and light limitation effect, and that the reduced
insolation during winter does not affect the amplitude and phase
of the surface chlorophyll signal.

Nutrient limitations of phytoplankton growth were studied in
the model. Fe appears to be the limiting nutrient off northern Peru
during winter in the model, which is consistent with several recent
studies based on in situ Fe measurements (Hutchins et al., 2002;
Bruland et al., 2004). In summer, the upwelling is weaker and
the model limitation shifts to macronutrients such as nitrate and
silicate. Future studies will investigate the impact of dynamical
processes at higher resolution and of an improved atmospheric
forcing on the surface productivity, and will address the intrasea-
sonal and interannual variability in the Peru upwelling.
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Appendix A

A.1. IMARPE chlorophyll-a measurements

The chlorophyll measurements are made using the standard fluo-
rometric procedure of Holm-Hansen et al. (1965). Chlorophyll-a pig-
ments are retained by micro-filters (Whatman GF/F 0.75 lm). The
100 ml sea water samples are then freezed for further analysis. The
pigments are extracted in acetone for periods of 3 h. Chlorophyll is
then calculated from results obtained with a Turner Design (AU-10
Model) previously calibrated with commercial Chl-a from (Sigma
Chemical Co.) This method is adapted for a range of measurements
between 0.01 and 200.00 mg/m3, with a precision of ±0.20 mg/m3.
Quality control consisted in computing a climatology in 0.5� � 0.5�
bins, comparing each of the chlorophyll values to the climatology,
and filtering the extreme values.

A.2. IMARPE nutrient measurements

The water samples were collected and freezed on board for later
measurements. Nutrients were measured following the spectro-
photometric method described in Strickland and Parson (1972)
using a Perkin–Elmer Lambda 40 double-beam UV/Vis spectro-
photometer.
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The interplay between the oxygen minimum zone and remotely-forced oxygenation episodes determines
the fate of the benthic subsystem off the Central Peruvian coast. We analyzed a 12 year monthly time-
series of oceanographic and benthic parameters at 94 m depth off Callao, Central Peru (12�S), to analyze:
(i) near-bottom oxygen level on the continental shelf in relation to dynamic height on the equator
(095�W); and (ii) benthic ecosystem responses to oxygen change (macrobiotic infauna, meiofauna, and
sulphide-oxidizing bacteria, Thioploca spp.). Shelf oxygenation episodes occurred after equatorial
dynamic height increases one month before, consistent with the propagation of coastal trapped waves.
Several but not all of these episodes occurred during El Niños. The benthic biota responded to oxygena-
tion episodes by undergoing succession through three major ecological states. Under strong oxygen defi-
ciency or anoxia, the sediments were nearly defaunated of macro-invertebrates and Thioploca was scarce,
such that nematode biomass dominated the macro- and meiobiotas. When frequency of oxygenation
events reduced the periods of anoxia, but the prevailing oxygen range was 10–20 lmol L�1, mats of Thi-
oploca formed and dominated the biomass. Finally, with frequent and intense (>40 lmol L�1) oxygena-
tion, the sediments were colonized by macrofauna, which then dominated biomass. The Thioploca state
evolved during the 2002–2003 weak EN, while the macrofauna state was developed during the onset
of the strong1997–1998 EN. Repeated episodes of strong oxygen deficiency during the summer of
2004, in parallel with the occurrence of red tides in surface waters, resulted in the collapse of Thioploca
mats and development of the Nematode state. Ecological interactions may affect persistence or the
transition between benthic ecosystem states.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The upwelling zone off the Central Peruvian coast (8�S–14�S) is
characterized by a higher biological production and a thicker and
more intense oxygen minimum zone (OMZ) than other latitudinal
coastal areas off Peru. In this zone, the main sources of the subsur-
face dissolved oxygen are the Peru–Chile undercurrent (PUC),
which is formed off northern Peru from a southern branch of the
Equatorial Undercurrent, and the turbulent diffusion from surface
waters; while the main sink is oxygen consumption by the high
respiratory demand of the settling and sedimentary organic mat-
ter, especially near the coast (Rowe and Howarth, 1985; Codispoti
et al., 1989; Fossing, 1990; Strub et al., 1998; Pennington et al.,
2006). The combination of these processes causes intense oxygen
depletion over the continental shelf (Gutiérrez et al., 2006a). The
oxygen regime though is subjected to significant temporal variabil-
ity, especially by the poleward propagation of coastal trapped
ll rights reserved.

Gutiérrez), dim.gutierrez@
waves (CTWs) with periods between 30 and 50 days. These waves
have their origin in the Equatorial region and occur more fre-
quently during warm El Niño Southern Oscillation (ENSO) phase
periods (Brink, 1982; Strub et al., 1998; Pizarro et al., 2001; Ca-
mayo and Campos, 2006). The CTWs can be generated upon Kelvin
waves (KW) travelling the equatorial line reach the western coast
of South America, but also from the propagation of free Tropical
Waves, or even by anomalous activity of the northerly Panama
wind jet, crossing the equatorial line (Brink, 1982; Hormazabal,
2001; Camayo and Campos, 2006; Mosquera, 2006). The passage
of the CTWs is associated with deepening of the nutricline, oxy-
cline and the OMZ off the Peru–Chile coast (Brink et al., 1981; Mor-
ales et al., 1999; Ulloa et al., 2001). The deepened nutricline
reduces rates of primary production at the surface and oxygen con-
sumption in subsurface waters. Passage of equatorial waves thus
increases oxygen levels on the continental shelves.

Under neutral or cold ENSO phases, oxygen deficiency (<20 lM)
occurs over the continental shelf bottoms while surface sediments
tend to be anoxic, e.g. with no oxygen and with free hydrogen sul-
phide (Tyson and Pearson, 1991). Under these conditions benthic
macrofauna do not inhabit shelf sediments; such populations only
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develop if sustained oxygenation occurs, allowing successful
recruitment and growth (Tarazona et al., 1988a,b, 2001). Mats of
the large sulphide-oxidizing/nitrate-reducing bacteria Thioploca
spp. develop under some conditions (Tarazona and Arntz, 1986;
Zafra et al., 1988; Tarazona, 1990; Gutiérrez et al., 2006a). These
bacteria glide up and down in their sheaths, obtaining energy by
oxidizing hydrogen sulfide from below the sediment surface with
nitrate from the water column. The mats can develop associated
to suboxic conditions in the surface sediments and in the overlying
water, e.g. very low-oxygen levels but no hydrogen sulphide (Ty-
son and Pearson, 1991; Bruland, 2006). Thus, oxic conditions or an-
oxia in the sediment surface are detrimental for Thioploca growth
(Gallardo, 1977; Jørgensen and Gallardo, 1999; Schulz et al.,
1996, 2000). On the other hand, though information on continental
shelf meiofauna are scarce, recent work has found dense upper-
slope meiofaunal populations within the OMZ off Central Peru,
mostly composed of nematodes (Levin et al., 2002; Neira et al.,
2001b).

Tarazona et al. (1988a,b, 2001) have described, for coastal
embayments of Central Peru, the positive responses of macrofaunal
communities to periods of oxygenation associated with El Niño’s
(EN’s). Multi-year observations in the bays of Ancon (11�450S)
and Independencia (14�200S) indicate that, following oxygenation,
a recurrent pattern of colonization by benthic macrofauna occurs –
observable as increases in diversity, abundance and biomass – and
extending well beyond the termination of the EN (Tarazona et al.,
1988a,b, 2001; Arntz et al., 2006). Nevertheless, local processes
such as upwelling, phytoplankton blooms followed by sinking,
and sediment resuspension due to wave action or erosion may
additionally be important in the benthic ecosystem responses to
EN or oxygenation episodes (Gutiérrez et al., 2006b). The response
of deeper, continental shelf communities to EN off central Peru is
less well known (Salzwedel et al., 1988; Arntz et al., 1991;
Gutiérrez et al., 2002, 2006a,b). Off Callao (12�S) at 94 m depth, in-
creases of macrofaunal species richness, biomass and bioturbation
potential occurred during the 1997–98 EN and lasted a year after
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Fig. 1. Map showing the oceanographic station at 94 m depth off Callao (12�02.80S, 77�17
tropical Eastern Pacific Ocean (Source: http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.N
EN; near-zero Thioploca spp. biomass was recorded during this per-
iod (Gutiérrez et al., 2002),

The purpose of the present study is to document the oxygen re-
gime and the benthic ecosystem response on the continental shelf
off Central Peru. Since oxygenation events control the benthic eco-
system, we analyze (i) the time variability of the coastal subsurface
oxygen content off central Peru in relation to equatorial oceano-
graphic anomalies and (ii) the coupling, sign and duration of bio-
mass and diversity changes of the macrobiota (infauna and
Thioploca spp., since sizes of colonial trichomes and sheaths corre-
spond to macrobenthos size range) and meiobiota (particularly
nematodes) associated with changes in the oxygen regime. We
postulate that: (i) Equatorial remote forcing governs the oxygen re-
gime for the benthic ecosystem off Central Peru on monthly to
interannual time-scales; and (ii) Frequency and duration of oxy-
genation episodes trigger succession among major components of
the benthic biota (macrofauna, meiofauna and Thioploca spp.).

2. Material and methods

We analyzed monthly time-series data from a station 94 m
deep, and 10 nautical miles off Callao, central Peru (12�02.80S,
077�17.10W; Fig. 1) from October 1992 to December 2005. Temper-
ature, salinity and dissolved oxygen (as determined from the Win-
kler method; Carrit and Carpenter, 1966) were determined at
standard depths. Bottom water dissolved oxygen (BWDO), temper-
ature and density were measured at 90 m water depth. Combined
subsampling and titration errors resulted in a precision of ca.
±5 lmol L�1. Therefore an overestimation of dissolved oxygen val-
ues was possible, especially at contents 610 lmol L�1, and affected
our ability to detect events of anoxia.

Monthly monitoring of benthic parameters did not begin until
August 1993. Macrobenthos (>0.5 mm) was sampled using a
0.04 m2 Van Veen grab in three replicates. Macrofaunal species
were identified, counted and weighed, Species richness (S) was cal-
culated and is reported as number of species per 0.04 m2. Biomass
ma
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of Thioploca spp. was quantified as wet weight of sheaths contain-
ing cell trichomes. Percent of sheaths with trichomes was also
determined for each sample. Macrofaunal biomass and abundance,
and Thioploca spp. biomass is reported as grams per m2.

Meiofauna was sampled from October 2002 to December 2005,
every second month, using a short gravity corer. Three cores were
collected by survey and each core was subsampled with a tube of
3.6 cm�2 internal diameter, corresponding to a surface area of
10 cm2; only the top one centimeter was analyzed. Major meiofaun-
al taxa (excluding foraminifera) were sorted, identified and counted,
and the densities were expressed as number of individuals per
10 cm2 (Neira et al., 2001b). The Simpson dominance index (Simp-
son, 1949) was calculated on the abundances per major groups.

To further compare biotic components, wet weights of macrofa-
unal invertebrates were converted to ash-free dry weights (AFDW)
using taxon-specific conversions (Brey et al., 1988, and references
therein) and then to organic carbon using a factor of 0.518 (Salonen
et al., 1976). Biomass of Thioploca spp. sheaths + trichomes were
converted to carbon by assuming dry weight is 9% of wet weight
(Huettel et al., 1996), and carbon is 12.5% of dry weight (Thamdrup
and Canfield, 1996). Finally, nematode wet weight was first esti-
mated from biovolume measurements with microscope following
Andrassy, 1956), then converted to carbon (12.4%, following Wie-
ser, 1960). Carbon is expressed as g Cm�2.

We used linear interpolation computed from monthly survey
profiles to estimate the depth of (1) the 45 lmol L�1 oxygen level,
taken as the upper boundary of the oxycline (�1 mL L�1), (2) the
22 lmol L�1oxygen level, taken as the upper boundary of the
OMZ (�0.5 mL L�1), thereafter ‘vertical position of the OMZ’, and
(3) the isopycnals rt = 26 kg m�3 and rt = 26.5 kg m�3. Since these
oxygen levels are well above 610 lmol L�1, methodological diffi-
culties associated with low-oxygen estimation using Winkler titra-
tion minimally affected oxycline and OMZ depth determination.

The daily, 5-day averaged and monthly time-series of the Equa-
torial dynamic height at 95�W (TAO project buoy, http://
www.pmel.noaa.gov/tao) were employed to track the propagation
of sea level anomalies (associated with equatorial Kelvin waves,
KW) and their impact on the local water column conditions (as
coastal trapped waves). Callao sea surface height was obtained dai-
ly from Callao (Dirección de Hidrografía Naval del Perú, DHN).
Monthly average wind speed from Callao (Chucuito) was also pro-
vided by the DHN. These time-series were filtered with five day
averages and interpolated linearly to fill gaps. Anomaly values
were computed as standard units, in order to compare variances
of the time-series, and also were analyzed with discrete wavelets
(Torrence and Compo, 1998) to represent temporal changes in
spectra. Pearson cross correlations were calculated to investigate
connections between the local and remote time-series with 0, +1
or >1 month lags (Emery and Thomson, 1998).
3. Results

3.1. Oceanographic variability, oxygen and remote forcing

3.1.1. Kelvin waves and the water column
The oceanographic time-series off Callao (sea surface height,

temperature, density and oxygen) off Callao record (Fig. 2) the
influence of KWs (Table 1), which are more frequent and strong
during EN. At least seven episodes during which the Callao thermo-
cline and pycnocline were deepened while sea level in Callao rose
can be identified after an increase in the Equatorial dynamic height
(arrows over Fig. 2). Five of these episodes occurred during ENs
(February–March and June–July 1993; April–May and December
1997; and April 2002). The other two episodes occurred in non-
EN years (December 1994 and July 2000). Since 2003, at least
two deepening episodes occurred and the relationship with the
equatorial dynamic height is clear (Fig. 2). Table 1 links the Callao
episodes with equatorial conditions, by comparing the equatorial
in situ observations with Kelvin wave signals reported in the bibli-
ography (Cravatte et al., 2003; Kessler and McPhaden, 1995a,b;
Kessler and Kleeman, 2000; Dewitte et al., in press).

3.1.2. Oxygen and remote forcing
In comparison with the record of temperature and density, the

time-series of dissolved oxygen exhibited more pronounced varia-
tions (Fig. 2c). The position of the OMZ oscillated from 10 to more
than 90 m depth, and its overall mean depth (±one standard devi-
ation) was 52.3 m (±33.2 m). Seasonal differences in the vertical
position of the OMZ are not obvious due to the high interannual
variability. All seven pycnocline depressions (above) were also re-
corded as water column oxygenation episodes, as the OMZ was
pushed downwards more than one standard deviation, typically
reaching the bottom at the study site. However the oxygen time-
series reveal at least four more oxygenation episodes with similar
amplitude as the above mentioned events (April 1994, April 1995,
December 1995/January 1996 and September 2003). These corre-
spond to moderate increases in dynamic height on the equator
and sea surface heights at Callao, with weak changes of the local
thermal structure. In addition, several minor oxygenation episodes
also occurred, in which the OMZ was depressed to 60–90 m, so that
BWDO was 10–20 lmol L�1. These minor oxygenation episodes oc-
curred during the weak 2002–2003 EN. In contrast, from August
1998 to April 2000 (e.g., during the 1998–99 La Niña; LN), there
were no oxygenation episodes, nor were there disturbance of
Equatorial dynamic height or deepening event within the water
column.

3.1.3. Equatorial dynamic height and Callao sea surface height
Cross-correlations yielded significant relationships between the

Equatorial dynamic height and the vertical position of the OMZ,
and between the Equatorial dynamic height and the 26 kg m�3 iso-
pycnal depth with a one month lag (P < 0.05; Fig. 3a and b). Similar
results were obtained with subsurface (P50 m) temperature, den-
sity and dissolved oxygen with a one-month lag (Table 2). The
wavelet analysis on the difference between the standardized
anomalies of the Callao sea surface height and the Equatorial dy-
namic height revealed two signals, one of them at 30–50 days, in
rough agreement with the one-month lag explained above, and
the other one at 5–15 days, which was more active during 2002–
2003 (Fig. 3c). The linear relationships between Callao oceano-
graphic variables and the Equatorial dynamic height had higher
residual variances on subsurface dissolved oxygen (52% and 56%
respectively, Table 2) than did density or temperature (28% and
34%, respectively, also Table 2). Similarly, the portion of unex-
plained variance was higher (�57%) for the iso-oxygen depths than
for the isotherm or isopycnal depths (�40%). The portion of vari-
ance not explained is higher when only the time-series from the
2003–2005 period is analyzed, reaching more than 60% for the sub-
surface temperature and density, as well as for the isotherm and
isopycnal depths, and about 80% for dissolved oxygen and the
iso-oxygen depths (data not shown).

3.1.4. Bottom water dissolved oxygen
The missing values of BWDO from some surveys could be

extrapolated from its relationship with the OMZ depth, since about
88% of the variance of the BWDO was explained by the OMZ depth
via the equation: BWDO = e(0.22 � Z�OMZ) (n = 104). The time-series
of BWDO is shown in Fig. 4a. Values above 20 lmol L�1 were char-
acteristic of the mature 1997–98 EN, and also occurred between
January and July 1993. Other peaks in BWDO were associated with
the oxygenation episodes described above. Values 610 lmol L�1

http://www.pmel.noaa.gov/tao
http://www.pmel.noaa.gov/tao


Fig. 2. Time-series of equatorial DH and oceanographic variables off Callao (12�S): (a) 5-day averaged equatorial dynamic height at 95�W (GAL DYNH) (black, scale reversed)
and Callao SSH (blue, scale reversed); (b) Temporal variability of temperature (�C, coloured) and density – rt (kg m�3; contour lines); (c) Temporal variability of dissolved
oxygen (lmol L�1); the thick isoline correspond to the vertical position of the OMZ (oxygen content = 22 lmol L�1). Arrows depict the impact of coastal trapped waves off
Callao (see Table 3). Oxygenation episodes uncorrelated with depressions of the thermocline or pycnocline are marked with black circles below the time axis.
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dominated during the 1998–1999 LN, and were more frequent
than on average during late 1993, in 1996–1997 and since early
Table 1
Vertical structure and oxygenation episodes off Callao related with increases of dynamic he
column indicates the date of the episodes. The second column indicates the warm (W) or n
Oceanic El Niño Index ONI (NOAA, 2003); the May 97–April 1998 warm episode correspon
remote forcing wave and its reference, respectively. KW = Equatorial Kelvin wave (Niño
periods from power spectra.

In situ event ONI episode Remote fo

February–March 1993 March–July 1993, W December
CTW (10–

June–July 1993 March–July 1993, W December
(60 d)

December 1994–February 1995 April 1994–March 1995, W December

April–May 1997 May 1997–April 1998, W March 199
CTW (50–

December 1997 May 1997–April 1998, W December
July 2000 July–September 2000, N May 2000
April 2002 May 2002–March 2003, W February 2
2004. Values within the range 10–20 lmol L�1 dominated the
time-series between 2002 and 2004.
ight at 95�W, Equator (Galapagos), from in situ data (arrows in Figs. 2 and 4). The first
eutral (N) conditions in the Niño 3 + 4 region in the Equatorial Pacific, according to the

ds to the 1997–98 EN. The third and fourth columns indicate the date of the closest
3 + 4 region), CTW = coastal trapped wave; in brackets, significant theoretical wave

rcing Reference

1992, KW (60 d) January 1993,
50 d)

Kessler and McPhaden, (1995a) and
Camayo and Campos (2006)

1992–September 1993, KW Kessler and McPhaden (1995b)

1994, KW (70–120 d) Cravatte et al. (2003) and Dewitte et al.
(in press)

7, KW(70–120 d) May 1997,
180 d)

Cravatte et al. (2003) and Kessler and
Kleeman (2000)

1997, KW (70 d) Cravatte et al. (2003)
, KW (120 d) Dewitte et al. (in press)
002, KW (120 d) Dewitte et al. (in press)
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Fig. 3. (a) Cross correlation function between the 95�W equatorial DH and the OMZ depth (22 lmol L�1 iso-oxygen) off Callao; (b) Cross correlation function between the the
95�W equatorial DH and the 26 kg m�3 isopycnal depth; (c) Wavelet analysis of the difference between the standardized anomalies of the daily Callao SSH and the daily 95�W
equatorial DH, showing significant signals at periods of 5–15 days and 30–50 days; the power of spectral density (/) was calculated with Morlet wavelet and is represented in
colors, the significant values are enveloped by a black line and the period is represented in days (Torrence and Compo, 1998). Dotted lines in (a) and (b) indicate critical values
at significance level a = 0.05.
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3.2. Benthic ecosystem

Surface sediments at this station are composed of diatomaceous
and organic-rich (>4% TOC) mud, with high water content in the
top layer (>90%). Over time the sediments release free H2S or Thi-
oploca spp. mats develop on. Water content decreases exponen-
tially below the sediment surface and compact sediments (water
content <60%) are present at about 10–15 cm deep.

3.2.1. Macrofauna
Means and standard deviations of species richness (S), total

abundance (N) and total biomass (B) were 3 ± 2 spp. per
0.04 m�2, 442 ± 1092 ind. m�2 and 4.3 ± 10.3 g m�2, respectively.
Fig. 4b shows the temporal variabilities of S and B. Species richness
rose from August to October 1993, following the seven-month per-
iod of oxygenation. The community was dominated by the amphi-
pod Ampelisca araucana and the spionid polychaete Paraprionospio
pinnata; other species that colonized the bottom were the poly-
chaetes Nephtys ferruginea and Sigambra bassi, and the bivalve mol-
lusk Pitar sp. The switch to strong oxygen deficiency was followed
by a rapid decline down to zero values of the community parame-
ters in February 1994. Thereafter S and B oscillated at low levels
until the end of 1995, but with transient increases in April 1994
and February 1995, associated with oxygenation events. Near def-
aunation was observed in late 1996 until February 1997, during
strong oxygen deficiency. A rapid and early response of benthic
macrofauna to EN-associated oxygenation occurred from April to
May 1997, consisting in increases of S, N and B up to 3–10 times
their long-term means. This early colonization was dominated by
P. pinnata and A. araucana. From the oxygenated period September
1997 to June 1998, S. bassi became dominant, and enteropneusts,
nemerteans, several bivalves (e.g., Pitar sp.) and small decapods



Table 2
Pearson product-moment correlation coefficients of monthly Equatorial Dynamic
Height (1 month lag) at 95�W (DYNH-1), and monthly wind velocity at Callao (CA
WINDVEL) with oceanographic parameters during the monthly field surveys off
Callao: sea surface height (CASSH), oxygen concentration at 50 m depth (OX50),
oxygen concentration at 90 m depth, near the bottom (BWDO), temperature at 50 m
depth (TEMP50), temperature near the bottom (TEMP90), sigma-t at 50 m depth
(SIGMAT50), sigma-t near the bottom (SIGMAT90), OMZ 22 lmol L�1 upper boundary
depth (Z-OMZ), 45 lmol L�1 iso-oxygen depth (Z-OXYC), 15 �C isotherm depth (Z-
15ISOT), 14 �C isotherm depth (Z-14ISOT), 26 kg m�3 isopycnal depth (Z-26ISOP), and
26.5 kg m�3 isopycnal depth (Z-26.5ISOP). All the coefficients are significant
(p < 0.001). Number of observations (n) is in brackets.

DYNH (�1) CAWINDVEL

CASSH 0.660 0.489
(n = 146) (n = 112)

OX50 0.666 0.422
(n = 122) (n = 87)

BWDO 0.654 0.384
(n = 102) (n = 65)

TEMP50 0.849 0.460
(n = 110) (n = 76)

TEMP90 0.849 0.449
(n = 99) (n = 65)

SIGMAT50 �0.811 �0.507
(n = 105) (n = 7)

SIGMAT90 �0.806 �0.503
(n = 94) (n = 60)

Z-OMZ 0.656 0.418
(n = 119) (n = 86)

Z-OXYC 0.643 0.402
(n = 120) (n = 87)

Z-15ISOT 0.809 0.448
(n = 109) (n = 7)

Z-14ISOT 0.657 0.334
(n = 109) (n = 76)

Z-26ISOP 0.789 0.488
(n = 108) (n = 75)

Z-26.5ISOP 0.752 0.426
(n = 107) (n = 74)
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colonized the sediments. S, N and B ranged 4–9 spp. per 0.04 m�2,
336–1348 ind. m�2 and 4.2–74.5 g m�2, respectively. Larger organ-
isms, mostly enteropneusts and nemerteans, accounted for the in-
creases in biomass. In spite of the development of strong oxygen
deficiency and even anoxia during the 1998–1999 LN, higher-
than-mean values of the community parameters persisted for
about a year after the onset of the low-oxygen 1998–99 LN condi-
tions. During late1999, community parameters decreased rapidly
to near-defaunation from September 2001 to November 2002. Only
juvenile specimens of P. pinnata or A. araucana were found during
this period in the sediments. After December 2002, the community
parameters have fluctuated from near-zero values to small peaks
within the long-term means (e.g., early 2003, early 2004 and late
2005 for biomass).

3.2.2. Thioploca
Following Schulz et al. (1996), a ‘mat’ of Thioploca is defined as

the condition wherein a network of interwoven trichomes and
sheaths at sediment:water interface is dense enough to stabilize
the sediment. From parallel observations of cores and grab sam-
ples, this mat condition occurs when Thioploca biomass in grab
samples is J 30 g m�2. Thioploca fluctuated from zero to
131.9 g m�2. The percent of sheaths with trichomes was positively
correlated with the wet weight of sheath material (r = 0.62,
n = 128, p < 0.001). Zero or nearly zero Thioploca biomasses were
recorded during 1993. From early 1994 to July 1994, biomass in-
creased slightly as did percent of sheaths with trichromes
(Fig. 4c). Over the following year, both biomass and sheaths with
trichomes increased but with large fluctuations, and from February
1996 to February 1997, both parameters fell to near-zero. During
the 1997–98 EN and the 1998–99 LN, Thioploca trichomes almost
disappeared, but empty sheaths were found during the EN. Thiop-
loca was then absent until September 2000, followed by a gradual
increase of biomass occurred from October 2000 to December
2001, when most of the Thioploca sheaths contained trichomes.
The highest biomasses (>100 g m�2) were found in 2002, and mats
with sheaths containing trichomes remained dominant (70–90%)
until January 2004. Over the next six months, both parameters de-
creased with large fluctuations. Since then, from July 2004 to July
2005, reduced levels of both parameters have occurred (30–70%
and 0–10.7 g m�2, for percent sheaths with trichomes and biomass,
respectively), followed by higher but fluctuating biomass values in
the last portion of 2005.

3.2.3. Meiofauna
Because the meiofauna consists mainly of nematodes, Simp-

son’s dominance index is correlated with nematodes abundance
(r = 0.78, n = 20, p < 0.001). From September 2002 until April
2003, low nematode and total meiofaunal abundances occurred
(<100 ind. 10 cm�2), and as a consequence of the low nematode
numbers, diversity was relatively high (3–7 taxa 10 cm�2; not
shown). In addition to nematodes (65–90% of abundance), the mei-
obiota also consisted of nemerteans, rotifers, ciliates and harpacti-
coid copepods. Diversity fell suddenly in July 2003, when only
nematodes and rotifers were found. From early 2004 to April
2005, nematodes abundance increased to 2052 ± 404 10 cm�2. In
parallel the nematode dominance reached 90–100%. Finally, in
the second half of 2005, only nematodes were found and those at
reduced abundances (5–293 ind. 10 cm�2).

3.3. Correlations with environmental variables and among biological
parameters

Among the macrofaunal and meiofaunal community parame-
ters, the macrofaunal biomass and species richness, and the meio-
faunal phyletic Simpson Index exhibited significant correlations
with the BWDO and the one-month lagged Equatorial dynamic
height (Table 3). In contrast, no significant correlation was found
between the Thioploca’s biomass or percent sheaths with tric-
homes and these abiotic factors. On the other hand, significant neg-
ative correlations were observed between the macrofaunal
biomass and species richness with Thioploca’s biomass and percent
sheaths with trichomes, and between the meiofaunal phyletic
Simpson Index and those Thioploca parameters. However, meiofa-
unal and macrofaunal community parameters were not signifi-
cantly correlated (Table 3).
4. Discussion

4.1. Remote forcing and subsurface dissolved oxygen

The average 50 m depth of the OMZ upper boundary at our Cal-
lao station is in agreement with previous estimates for this latitude
(Wooster and Gilmartin, 1961; Zuta and Guillén, 1970). However,
the temporal variability of OMZ depth is very high, even during
non-EN years (Fig. 2). OMZ depth is essentially non-seasonal, as
is thermocline depth, SST and other oceanographic parameters
off the low-latitude Peruvian coast (Bohle-Carbonell, 1989; Tarazo-
na, 1990). On the other hand, the significant correlation of the OMZ
position with the one-month lagged Equatorial dynamic height is
almost certainly due to poleward propagation of CTWs from the
equator (Brink, 1982; Chavez et al., 1984; Hormazabal et al.,
2001). As mentioned above, CTWs can develop from diverse
sources, so that a variety of atmospheric/oceanic processes in the
Equatorial region can trigger the propagation of the anomalies in
the oceanographic conditions along the Peruvian coast.
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Fig. 4. Time-series of benthic community parameters related to subsurface and bottom dissolved oxygen variability: (a) bottom water dissolved oxygen content (black
circles) and Z-OMZ (dotted line); the short – dash lines correspond to the 10 and 20 lmol L�1 content levels near the bottom; (b) macrofaunal biomass (black circles) and
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The variance not explained by the relationship between the
subsurface dissolved oxygen or the oxycline/OMZ depth with the
Equatorial dynamic height is higher than those from the subsurface
temperature and density. Some oxygenation episodes were not
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accompanied by similar changes of the thermocline and pycno-
cline, while some periods of strong oxygen deficiency (mostly after
2002) occurred in spite of depressed thermocline and pycnocline.
These differences might be explained by the complex and non-lin-
ear interactions between coastal upwelling, wind mixing, and red
tide formation (Codispoti et al., 1989; Smayda, 2000; Graco et al.,
2001). For example, moderate warming of the water column may
result in decreased surface primary production followed by lower
subsurface oxygen consumption and higher BWDO values.

On the other hand, from 2003 onwards Equatorial dynamic
height fluctuations have been weaker and less correlated with
the Callao oceanographic parameters, and coherence between the
Callao parameters themselves have been non-significant (oxycline,
thermocline and pycnocline depths). Since the monthly Callao
coastal wind speed exhibits a positive trend since 1992, especially
for March–April (F(1,26) = 12.68; p < 0.01, R2 = 0.33; slope t-
test = 3.56; p < 0.01), it is likely that coastal upwelling and turbu-
lent mixing have been intensified in late summer and early fall,
interfering with any equatorial modulation of oxygen supply. The
summer/fall approach of warm, stratified subtropical waters to-
wards the coast (Zuta and Guillén, 1970; Morón, 2006) causes for-
mation of a steep upwelling front during wind events. When winds
relax, the front and thermal stratification migrate towards the
coast, favoring the development of red tides (Sánchez and Delgado,
1996; Smayda, 2000). In fact, a positive trend in summer/fall
SeaWifs chlorophyll-a off Callao from 1997 to 2005, and a higher
frequency and longer permanency of red tides related with mas-
sive algal blooms off the Central Peruvian coast since 2002, have
been detected (F. Chávez and S. Sánchez, personal communication).
During field surveys we frequently observed red tides during sum-
mer and fall in 2004 and 2005. Red tide blooms end in massive
phytodetrital sedimentation and decay (Smayda, 2000), which
can produce local anoxia on the shelves. Such strong local events
decouple the remotely-driven oxygen temperature and density
relations in the water column, and likely explain at least some of
the variability between the oxycline/OMZ and the thermocline or
pycnocline observed since 2002.

4.2. Benthic ecosystem succession and oxygenation

Changes in benthic ecosystems off Peru and Chile have previ-
ously been related to ENSO (Arntz et al., 2006; Tarazona et al.,
1988a,b, 2001; Gutiérrez et al., 2002, 2006a,b; Sellanes et al.,
2007). In the Bay of Ancón, during non-EN years, shallow bottoms
(34 m) are dominated by characteristic species that are tolerant to
oxygen deficiency, such as the polychaetes Magelona phyllisae and
Chaetozone sp, Thioploca, or nematodes. During the EN, short pulses
of opportunistic species occur, some developing early (as the poly-
chaete P. pinnata and the ophiurid Ophiactis kroyeri) and others
persisting for at least a year after EN termination (Tarazona et al.,
1988a,b, 2001). Off Concepcion (36�S, central Chile), the extreme
1997–1998 EN altered the seasonal regime of oxygen deficiency
and carbon flux with a >1 year period of bottom oxygenation and
reduced carbon flux. Consequently the macrofaunal assemblage
switched from tube-dwelling, interface feeders (P. pinnata and A.
araucana) to burrowing, deposit feeders (the polychaetes Medioma-
stus branchiferus or Cossura chilensis; Gutiérrez et al., 2002; Sellanes
et al., 2007).

The biomass of the large sulphur-oxidizing bacteria Thioploca is
strongly reduced during EN. Off Peru, large decreases of biomass
have been associated with abundant empty sheaths in the surface
sediments (Zafra et al., 1988; Arntz et al., 1991, 2006; Gutiérrez
et al., 2002). Off central Chile, Gallardo (1985) found that Thioploca
mats dominated the macrobenthic biomass in 1975, a non-EN year,
but almost disappeared during the 1982–1983 EN. Afterwards in
the same location, Schulz et al. (2000) found a reduction in



Table 4
Properties of the oxygen regime and major community descriptors for the different benthic ecosystem states (Macrof = macrofaunal-dominated; Thiop = Thioploca-dominated;
and Nemat = Nematoda-dominated) in the continental shelf sediments off Callao (see text). For BWDO, it is indicated the frequency distribution (number of cases and percent),
according to range in concentrations, for each of the states. For the rest of cases, mean values ± 1 S.D., number of observations (in brackets), and range of values are given. No
data = ‘n.d.’.

Properties and descriptors Benthic states

Macrof Thiop Nemat

Period February 1996–February 1997
August 1997–June 1999 August 2001–January 2004 August 1999–September 2000

August 2004–July 2005
BWDO 6 10 nmolL�1:n(%) 10(42%) 5(23%) 18(56%)
BWDO 10–20 nmol L�1:n(%) 6(25%) 15(68%) 12(38%)
BWDO > 20 nmol L�1:n(%) 8(33%) 2(9%) 2(6%)
Z-OMZ 71 ± 47 (24) 58 ± 22 (22) 36 ± 27 (32)

10–159 24–108 9–110
BWDO concentration (nmoL L�1) 34 ± 43 (24) 13 ± 5 (22) 10 ± 6 (32)

0–143 4–26 0–30
Macrofaunal biomass (g m�2) 18.9 ± 17.4 (21) 0.4 ± 0.7 (19) 0.4 ± 0.8 (30)

1.0–74.5 0.0–2.4 0.0–3.4
Macrofaunal biomass (g C m�2) 1.148 ± 1.163 (21) 0.029 ± 0.052(19) 0.021 ± 0.038 (30)

0.069–5.264 0.000–0.197 0.000–0.158
Macrofaunal abundance (N m�2) 657 ± 506 (21) 266 ± 746 (19) 124 ± 178 (30)

160–2300 0–3313 0–833
Macrofaunal species richness (No. spp. 0.04 m�2) 6 ± 2(21) 1 ± 1 (19) 1 ± 1 (30)

4–9 0–2 0–4
Thioploca biomass (g m�2) 0.0 ± 0.0 (21) 65.6 ± 35.5 (19) 2.1 ± 2.8 (30)

0.0–0.1 22.0–131.9 0.0– 10.7
Thioploca biomass (g C m�2) 0.000 ± 0.000 (21) 0.738 ± 0.400 (19) 0.023 ± 0.031 (30)

0.000–0.001 0.248– 1.484 0.000–0.120
Thioploca sheats with trichomes (%) 0.9 ± 2.5 (21) 88.6 ± 4.8 (19) 23.2 ± 22.9 (30)

0–10 70–90 0–70
Meiofaunal abundance, top 1-cm (N 10 cm�2) n.d. 91 ± 75 (8) 613 ± 732 (6)

35–265 111–2052
Nematoda biomass, top 1-cm (g C m�2) n.d. 0.016 ± 0.011 (8) 0.152 ± 0.212 (6)

0.005–0.033 0.005–0.546
Meiofaunal phyletic richness (No. taxa 10 cm�2) n.d. 5 ± 1 (8) 3 ± 2 (6)

2–7 1–5
Meiofaunal phyletic groups Simpson Index n.d. 0.58 ± 0.21 (8) 0.92 ± 0.09 (6)

0.34–0.94 0.76–1.00

Table 5
Differences between Thioploca (Thiop), macrofauna (Macrof) and Nematoda (Nemat)
carbon biomasses at each of the benthic ecosystem states, according to the non-
parametric Kruskal–Wallis test. Homogenous groups were estimated from the Mann–
Whitney U test (underlined). Nematoda biomass data only correspond to the top one
centimeter (see text).

State Kruskal–Wallis ANOVA p-value Homogenous groups (oc = 0.05)

Macrof H(1,42) = 33.39 <0.001 Thiop Macrof
Thiop H(2,46) = 33.27 <0.001 Macrof Nemat Thiop
Nemat H(1,68) = 6.47 0.039 Thiop Macrof Nemat
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Thioploca biomass during the 1997–1998 EN as normally occurs
during winter when normally upwelling is less frequent and the
OMZ is deeper. For meiofauna, off Central Chile, Sellanes and Neira
(2006) have reported an overall increase in abundance during the
1997–1998 EN, though this increase varied along a benthic tran-
sect between the Bay of Concepcion and the outer shelf (28–
120 m). Harpacticoid copepod abundance increased while nema-
todes decreased (Neira et al., 2001b; Sellanes and Neira, 2006).

Off Callao the benthic ecosystem was also affected by ENSO–
driven oxygen changes. The system varied among three different
states, with biomass dominance by: (i) macrofauna; (ii) Thioploca;
or (iii) Nematoda (Table 4). The total ecosystem biomass differed
significantly between these states (Kruskal–Wallis ANOVA and
Mann–Whitney tests; see Table 5 and below). The temporal fre-
quency distributions of BWDO also differed (Fig. 5). In the ‘macro-
fauna state’, the frequency distribution was bimodal, with the first
mode at 610 lmol L�1, and the second mode at >40 lmol L�1

(occurring on 42% and 25% of station occupations, respectively).
In none of the other states did the >40 lmol L�1 class occur. In
the ‘Thioploca state’, the 10–20 lmol L�1 was most common
(68%). Finally, in the ‘Nematoda state’, the 610 lmol L�1 occurred
during 56% of station occupations. After collapsing the frequency
distribution into three classes (610 lmol L�1, 10–20 lmol L�1,
and >20 lmol L�1), there was a significant association between
ecosystem state and oxygen concentration (chi-square tests,
p < 0.05).

The macrofauna state evolved after the first coastal trapped
wave reached Callao early during the 1997–98 EN, when O2 values
reached 143 lmol L�1 near the bottom). Surprisingly, the macrofa-
una state persisted after EN terminated and into 1999 under the
extreme oxygen deficiency or even anoxia that characterized the
1998–2000 LN (Fig. 5). This prolonged survival of macrofauna
may be explained by the colonization of bioturbating species
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(mostly enteropneust and nemertean worms) that continued to
ventilate surface sediment even with very low-oxygen concentra-
tions in the overlying waters (Gutiérrez et al., 2002). The switch
to extreme oxygen deficiency associated to LN also resulted in
the depletion of nitrate (that is used for oxidize hydrogen sulphide
by Thioploca), likely due to enhanced denitrification in the water
column (Graco et al., 2006). It was just in late 2000, after a CTW
reached Callao depressing moderately the OMZ and increasing
subsurface nitrate (Graco et al., 2006), whereby Thioploca could
colonize the seafloor. Then a Thioploca state characterized 2002–
2003, during a weak EN. These years were characterized by a mod-
erately deep oxycline and high near-bottom nitrate, but the pre-
vailing oxygen range near the bottom was not enough for
macrofaunal colonization (10–20 lmol L�1; Table 4; Fig. 5). By
early 2004 under sustained oxygen deficiency (Figs. 2 and 4), the
mats were mostly gone, despite a deepening of the thermocline.
During this year the macrofauna was also depauperate, while mei-
ofaunal nematodes increased. Our data only assess meiofaunal in
the top centimeter of sediment, but other observations indicate
that this centimeter contains about 60% of the total meiofauna
(<10 cm; E. Enríquez, personal communication). Since nematodes
comprise over 90% of the metazoan meiofauna, nematode biomass
in the top centimeter represent about 50% of the total meiofaunal
biomass. These conditions define the Nematoda state, which was
established from 2004 to 2005 (Fig. 4). Similar absence of both
macrobenthic animals and Thioploca mats occurred during the ex-
treme oxygen-deficient 1999–2000 period (see above). Probably
the Nematode state characterized the benthic ecosystem here as
well, since Nematoda populations multiply in anoxic settings with
high loads of organic matter (Neira et al., 2001a; Levin et al., 2002;
Levin, 2003). The Nematoda state may also have developed during
1996–1997, when similar, though less extreme, conditions and
reductions of macrobiota were observed (Fig. 4, Table 4).

Other periods exhibited mixed characters. In 2001–2002 and
early 2004, the biota was apparently in transition between the Thi-
oploca and Nematoda states. Before 1996, macrofauna and Thioplo-
ca biomasses oscillated, and a general decreasing trend of
macrofaunal diversity was observed. Since an extended but moder-
ate EN persisted from 1991 to 1993, it is possible that the variabil-
ity reflects a late evolution of the macrofauna state associated to
the EN (Arntz et al., 2006). Frequent alternation of near-bottom
oxygenation and depletion probably precluded development of
Thioploca mats during these years.

4.3. Response times of the macrobiota

The macrofauna responded to oxygenation episodes with rapid
increases in biomass or species richness. Such increases occurred
following passage of the mid-1993, early 1995, March 1997 and
mid 2000 CTWs. However, the colonizations were short-lived and
did not result in a macrofaunal state, as the oxygenated conditions
rapidly dissipated, with the exception of the extreme 1997–1998
EN. Direct observation of the macrobiota during these transient
oxygenation episodes reveals that most are new juvenile recruits
inhabiting the top centimeter of sediments, suggesting that most
colonization is via larval settlement rather than immigration of
juveniles and adults (Tarazona, 1990).

Thioploca also showed rapid colonization. During the early
phase of the Thioploca state the population doubling time averaged
34 ± 19 days with a minimum doubling time of 8 days, faster than
laboratory growth rates under simulated optimal conditions (26–
52 days; Otte et al., 1999) or on Concepcion shelf sediments (22–
35 days; Schulz et al., 2000). Given optimal environmental condi-
tions and starting from biomass values �1 g m�2, it apparently
takes <2 months for the establishment of 100 g m�2 mats. On aver-
age however, mats appear to take about eight months to form. This
calculation is in agreement with the nine-month observed dura-
tion of the transition to the Thioploca state (Fig. 4, Table 4). The pro-
nounced �monthly fluctuations of Thioploca abundance suggest
that favorable growth conditions are often not sustained. For in-
stance, the rapid collapse of the mats in early 2004 was associated
with the appearance of fluffy, sulphidic layers in the surface sedi-
ments. These layers most likely result from massive sedimentation
of organic matter, presumably due to senescence and sinking of the
red tides mentioned above. Degradation and respiration of this or-
ganic matter probably switched redox conditions to anoxic. Exper-
imental and field observations have shown that when the bottom
water is oxygen and nitrate-depleted and hydrogen sulphide builds
to high concentrations in the sediment-water interface, the Thiop-
loca filaments emerge from the sediment and may be entrained in
bottom flows, dispersing from their previous habitat (Gallardo,
1985; Huettel et al., 1996).

4.4. A conceptual model of the benthic succession triggered by ENSO-
driven oceanographic regimes

Here we frame a conceptual model to explain the variability of
the benthic assemblages under contrasting oceanographic regimes,
as were recorded in the 1993–2005 period off Callao (Fig. 6). The
switch from anoxic (e.g., sulphidic) to suboxic and oxic conditions
depends on the frequency and intensity of oxygenation events. The
ecological effects of changes in the frequency and in the duration of
oxygenation periods are related. For example, it has been described
that characteristic infaunal species inhabiting the shelf sediments,
such as P. pinnata, have respiratory anaerobic pathways (González
and Quiñones, 2000) that permit them to survive in the transition
between oxygen deficiency and anoxic conditions. Thioploca moves
up in surface sediments to avoid sulphidic conditions, preferring
low-oxygen concentrations in the overlying water (see below;
Huettel et al., 1996). In addition, the nitrate storage capacity in
its vacuoles should enable Thioploca to survive short periods when
the bottom waters are anoxic and nitrate-depleted (Huettel et al.,
1996). Free sulphide also reduces the ability of benthic animals
to survive absence of oxygen (Diaz and Rosenberg, 1995; Gamenick
et al., 1996). Therefore, the characteristic shelf macrobiotic species
seem to exhibit metabolic and behavioral adaptations to cope with
short periods of anoxia and their ability to survive depends on oxy-
genation episodes. The duration of these episodes is constrained by
the characteristic periods of the coastal trapped waves (Table 1)
and their frequency is normally increased during the EN phase of
ENSO (Strub et al., 1998; Pizarro et al., 2001). During periods of
negative Equatorial dynamic height anomalies (e.g., LN conditions),
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the OMZ shoals and continental shelf oxygen levels are reduced.
Carbon fluxes are also likely higher due to a shallower nutricline
and enhanced near-surface productivity. Consequently the shelf
sediments are loaded with decaying organic matter, become anoxic
and become dominated by nematode populations. This Nematoda
state is also characteristic of sediments permanently located in
the core of the OMZ, where some nematodes contain symbionts
which permit sulphide oxidation (Levin, 2003; Neira et al., 2001b).

As long as the benthic environment is subjected to oxygenation
events, nitrate is replenished in the bottom water, free sulphide
and other reduced compounds are chemically removed and a sub-
oxic layer is established, favoring the colonization by Thioploca
trichomes, which are easily resuspended and redistributed (Gal-
lardo, 1985). However, the formation of mats will occur only if sub-
oxic conditions persist. A positive feedback may be established
when Thioploca become abundant enough to significantly reduce
sulphide levels by J 30%, pushing anoxic conditions deeper into
the sediment (Ferdelman et al., 1997; Fossing et al., 1995; Otte
et al., 1999).

More frequent as well as more intense oxygenation (>20
lmol L�1) permits development of the macrofaunal state that can
reach higher biomasses under oxic conditions, as it occurred dur-
ing the 1997–1998 EN. The reduction and disappearance of Thiop-
loca in oxygenated conditions is consistent with previous reports
for the Peru–Chile coast (Zafra et al., 1988; Schulz et al., 2000),
but causes are elusive. Though nitrate is the major electron accep-
tor in Thioploca metabolism (Otte et al., 1999), recent experiments
have demonstrated that Thioploca spp. can also respire aerobically
(N.P. Revsbech, personal communication). Others have shown that
trichomes retreat into the sediment when oxygen reached 15 lM
and nitrate was low (<5 lM), but there was not an avoidance of
oxygen under nitrate-rich (>20 lM) conditions (Huettel et al.,
1996). Hence, the collapse of Thioploca populations seems to be
only indirectly controlled by oxygenation. Oxygen can influence ni-
trate cycling (nitrification or denitrification) and sulphide oxida-
tion. It seems that bottom water was not nitrate-depleted during
the oxygenated 1997–1998 EN, varying from 8.8 to 19.8 lM
(M. Graco, personal communication). Inspection of the sediments
revealed abundant burrows and galleries and no sulphide smell
at all, in contrast to conditions in non-EN periods. Possibly a reduc-
tion of carbon fluxes during EN and a subsequent decrease of the
reactivity of the stored organic matter by aerobic microbial respi-
ration resulted in decreased sulphate reduction rates. In addition,
flushing of oxygen into the sediments by benthic fauna could have
pushed sulphate reduction deep into the compact sediment layer,
hampering Thioploca survival. Part of the negative correlation be-
tween Thioploca and macrofauna biomasses (Table 3) can be inter-
preted by a differential tolerance to oxygen deficiency. This is
supported by the spatial trends of Thioploca and macrofauna along
the Northern and Central Peruvian shelf, showing that Thioploca
tends to replace macrofauna at increasing latitude with stronger
bottom water oxygen deficiencies (Gutiérrez et al., 2006a).

The negative correlation or the lack of correlation between Thi-
oploca, and macrofauna or meiofauna (Table 3) questions the effec-
tiveness of the ‘sulphide detoxification’ performed by Thioploca,
particularly for the metazoan communities (Jørgensen and Gal-
lardo, 1999; Neira et al., 2001b; Arntz et al., 2006). The tendency
for higher diversity of meiofaunal major taxa to occur under the
Thioploca-dominated state can also be attributed to similar re-
duced tolerances to anoxia by Thioploca and minor meiofaunal
groups, as harpacticoid copepods, rotifers, and others (Neira
et al., 2001b; Levin, 2003).

At shallower sites off Callao, absence of macrofauna and Thioplo-
ca spp., and presence of nematode populations co-occur with
sheathless filamentous bacterial mats, probably Beggiatoa spp.
(D.G. pers. obs.). Sheathless, nitrate-vacuolated, sulphur-oxidizing
mats are common in the semi-enclosed and shallow Concepcion
Bay (Gallardo, 1979; Schulz et al., 2000; Graco et al., 2001). The
sheathless condition may be an adaptation to increase exchange be-
tween the bacteria and nitrate-rich and the sulphidic layers (Graco
et al., 2001). Under the fluctuating environment off central Peru, this
condition is more likely to occur in shallow areas with very high or-
ganic load, as coastal embayments, permitting the transient co-exis-
tence of sulphide buildup in the sediment surface with oxygenation
and nitrate availability in the bottom water. There, the ‘Nematoda
state’ may coexist with mats of sheathless filamentous bacteria.

5. Conclusions

Remote forcing controls the oxygen regime on the continental
shelf off Callao at monthly to interannual time-scales, taking into
account the characteristic periods associated with the passage of
coastal trapped waves. When such forcing is weak (lower fre-
quency and/or energy of coastal trapped waves, e.g. the period
2003–2005), local physical, biological and biogeochemical pro-
cesses (as those related to the development and fate of red tides)
appear to control the level of near-bottom oxygenation.

Both intensity and frequency of oxygenation episodes and an-
oxia control development of the benthic ecosystems of the Peru-
vian shelf sediments. Permanent anoxia (e.g., sulphidic)
conditions are unfavorable for the macrobiota, including Thioploca
populations, but nematode populations can attain their highest
biomasses under anoxia. Increasing frequency of oxygenation epi-
sodes favors the development of Thioploca mats as the most char-
acteristic benthic ecosystem ‘state’. More intense oxygenation
permits recruitment of macrofauna that finally replace the mats
as the main component of the macrobiota. Ecological interactions,
mediated by the biological activity, as enhanced bioturbation and
bio-irrigation, can additionally affect the persistence or transition
between these three characteristic ecosystem states.
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Sedimentological studies including X-ray digital analyses, mineralogy, inorganic contents, and organic
geochemistry on cores of laminated sediments accumulated in the oxygen minimum zone of the central
Peruvian margin reveal variable oceanographic and climate conditions during the last 500 yr. Coherent
upcore variations in sedimentological and geochemical markers in box cores taken off Pisco (B0405-6)
and Callao (B0405-13) indicate that variability in the climate proxies examined has regional significance.
Most noteworthy is a large shift in proxies at �1820 AD, as determined by 210Pb and 14C radiometric dat-
ing. This shift is characterized by an increase in total organic carbon (TOC) in parallel with an abrupt
increase in the enrichment factor for molybdenum Mo indicating a regional intensification of redox con-
ditions, at least at the sediment water interface. In addition there was lower terrestrial input of quartz,
feldspar and clays to the margin. Based on these results, we interpret that during several centuries prior
to 1820, which corresponds to the little ice age (LIA), the northern Humboldt current region was less pro-
ductive and experienced higher terrestrial input related to more humid conditions on the continent.
These conditions were probably caused by a southward displacement of the inter-tropical convergence
zone and the subtropical high pressure cell during the LIA. Since 1870, increases in TOC and terrigenous
mineral fluxes suggest an increase of wind-driven upwelling and higher productivity. These conditions
continued to intensify during the late 20th century, as shown by instrumental records of wind forcing.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The nearshore 200 km of Humboldt current system is strongly
influenced by coastal upwelling and is one of the most productive
marine ecosystems in the world (Pennington et al., 2006; Zuta and
Guillén, 1970). Due to its large latitudinal extension, the upwelling
varies in intensity and persistency during the year (Thomas et al.,
1994). Off the Peruvian coast, near-continuous upwelling supports
high rates of primary production and one of the world’s largest
fisheries. On the interannual time scale, oceanic circulation and
upwelling is modulated by the El Niño-Southern Oscillation (ENSO)
cycle, manifested as changes in near surface biological production
ll rights reserved.

e).
(Arntz and Fahrbach, 1996) subsurface oxygenation, and terrestrial
runoff to the nearshore ocean. Variability on decadal time-scales is
observed in instrumental records (Chavez et al., 2003), but under-
standing the nature of longer-term change is hindered by the ab-
sence of long high-resolution records.

Paleoceanographic and paleoclimatic changes can be recon-
structed from sedimentological variables, depending on preserva-
tion conditions during sedimentation and afterwards. Such
variables are used as paleoenvironmental ‘proxies’, or indicators
of past climate and ocean conditions. Preservation of paleoceano-
graphic records is enhanced along portions of the Peruvian margin
by occurrence of a strong subsurface oxygen minimum zone (OMZ;
Helly and Levin, 2004) which inhibits biological ‘reworking’ of
sediments. This OMZ extends from the southeast to the equatorial
Pacific, and its formation and maintenance is supported by basin-

mailto:abdel.sifeddine@ird.fr
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


Table 1
Geochemical and mineralogical measurements and their significance in paleoenvi-
ronmental reconstructions.

Proxies Environmental significance

Mineral fraction (quartz, feldspar, clays) Detrital input
Total organic carbon (TOC) Productivity
Molybdenum (Mo) Sediments redox conditions
Oxygen index (OI) Degradation (aerobic oxidation)

A. Sifeddine et al. / Progress in Oceanography 79 (2008) 190–197 191
scale circulation processes (Lukas, 1986) and high Humboldt cur-
rent system (HCS) surface productivity and organic carbon fluxes
from the surface into the OMZ, which amplify oxygen consumption
in subsurface waters of the Peruvian coastal upwelling (PCU)
system.

Paleoceanography of the continental shelves off South America
has received little attention and climate over the last 1000 yr re-
mains little studied (see McCaffrey et al., 1990; Rein et al., 2005;
Gutiérrez et al., 2006). Changes in temperature, salinity, and paleo-
productivity have been examined however at glacial and intergla-
cial time-scales (Suess et al., 1990; Fink et al., 2006; Rein, 2007).
Several sedimentary accumulation zones along the central Peru-
vian continental margin have favorable conditions to preserve past
environmental events with high temporal resolution: bottom-
water dysoxia, high sedimentation rates, and stable topographical
settings (Suess et al., 1990; Reinhardt et al., 2002; Gutiérrez et al.,
2006). Gutiérrez et al. (2006) constructed detailed paleoceano-
graphic records of the past several centuries from laminated sedi-
ments from the central Peruvian margin. The combination of high
productivity and near-anoxic conditions over the Peruvian margin
results in the preservation of annual to decade-scale variations in
climate and upwelling in organic and inorganic geochemical prox-
ies (Krissek and Scheidegger, 1983; Suess et al., 1990; Böning et al.,
2004; McManus et al., 2006).

Here we use mineral content and organic and inorganic markers
in sediment cores to examine, at different time-scales, past
changes in productivity, sediment redox conditions and terrige-
nous input (Table 1). We use total organic carbon (TOC) to infer
productivity, and an oxygen index (OI) to infer degree of aerobic
oxidation of TOC. Redox-sensitive metals (e.g. molybdenum) can
be used to indicate redox conditions in the sedimentary environ-
ment at the time of deposition. This particular behavior has per-
mitted reconstruction of past bottom-water oxygenation based
on molybdenum (Mo) concentration profiles in sediment cores
(McManus et al., 2006; Tribovillard et al., 2006, 2008). Finally,
the mineralogical composition of sediment cores can provide infor-
mation on past conditions by recording terrigenous input as re-
lated to erosion, aeolian transport, runoff, and deposition onto
continental shelf (Vargas et al., 2004; Rein, 2007).

2. Oceanographic setting

Coastal upwelling occurs along the eastern margins of major
oceanic basins when predominantly along-shore winds and Corio-
lis force drive surface waters offshore and these are replaced by
deeper, cooler and nutrient-rich waters. The enhanced biological
productivity supported by upwelling increases the flux of organic
material to the coastal ocean floor. This flux intensifies the OMZ
and results a high rate of TOC deposition on the continental
shelves, both of which limit organic matter degradation and favor
preservation. As a consequence the organic carbon content of sed-
iments beneath upwelling systems may reach 10% (Libes, 1992;
Hedges and Keil, 1995), whereas organic carbon in sediments be-
neath oligotrophic oceans typically varies from 0.2% to 0.4% (Mul-
ler and Suess, 1979; Duan, 2000).
Upwelling-favorable along-shore winds are present along the
Peruvian coast all year long and maximal between 14�S and 16�S,
weakening in the north, near Punta Falsa (6�S; Echevin et al.,
2004). Wind strength however varies and ‘upwelling events’ last
from a few days to a week and are stronger and more frequent in
winter due to offshore winds associated with a strengthened sub-
tropical high pressure cell. The wind-driven surface circulation
consists in a shallow, equatorward, coastal jet (Strub et al., 1998),
with maximum intensity in winter, known as the Peruvian coastal
current. This current can be identified by the shoaling of isopycnals
in the nearshore surface layers. Offshore, the circulation is domi-
nated by poleward flows, identified as the Peru–Chile counter cur-
rent which advects warm and saline waters from tropical origin
(Lukas, 1986). Below the surface coastal current, the subsurface,
coastally trapped, Peru–Chile undercurrent advects saline (35.0–
35.1 PSU) tropical waters poleward. Its signature is characterized
by the deepening of isopycnals towards the coast at 50–200 m
depth (Echevin et al., 2004).

Off the central Peruvian coast (9–15�S), the upper margin sedi-
ments are organic-rich. Excess 210Pb-derived sedimentation rates
vary from 0.04 to 0.15 cm yr�1 (Reimers and Suess, 1983; Levin
et al., 2003). Based on exploratory surveys and literature, the Callao
(�12�S) and Pisco (�14�S) areas were selected as sample sites. Two
Soutar-box cores were collected in May 2004 by the R/V Olaya
(Instituto del Mar del Peru, IMARPE): The first one from the conti-
nental shelf off Callao (B0405-13, 12�000S, 72�420S, 184 m water-
depth); and the second one from the upper continental slope off
Pisco (B0405-06, 14�070S, 76�300S, 299 m water-depth; Gutiérrez
et al., 2006; Fig. 1).
3. Analytical procedures

Sedimentary structures were documented by X-radiography
(SCOPIX, Migeon et al., 1999). Chronological models for the last
130 yr were developed by using the downcore distributions of nat-
ural excess 210Pb and 230Th and of the bomb-derived 241Am. The
chronology beyond the last 130 yr was inferred from radiocarbon
ages, calibrated with local reservoir effects by Gutiérrez et al.
(2008).

Mineralogical composition was obtained by X-ray diffraction
(XRD) and by Fourier transformed infrared spectrometry (FTIR)
respectively. For FTIR analyses, samples were placed in a KBr disc,
which ensures that Lambert–Beer’s law is valid. A quantitative
determination of the mineral content from various blends was per-
formed by making a multi-component analysis of the experimental
spectrum using the spectra of each component in the mixture
(Bertaux et al., 1998). Mean relative standard deviation was 0.8%
for the mineral quantification.

Organic matter characterization and quantification were done
using Rock-Eval 6 programmed pyrolysis (Lafargue et al., 1998).
Total organic carbon (TOC %) reflects the quantity of organic matter
(OM) present in the sediment. Normalized to TOC the hydrogen in-
dex is the amount of hydrocarbon (HC) released during pyrolysis
(HI, mg HC/g TOC), and the oxygen index similarly gives the oxy-
gen content calculated from the amounts of CO and CO2 released
during pyrolysis (OI, OIRe6, mg O2/g TOC).

Molybdenum (Mo) and Aluminium (Al) concentrations were
analysed by ICP-MS (Ultramass Varian) and ICP-AES, respectively,
after hot-plate acid digestion (combination of acids: HF, HN03,
HClO4) which eliminated organic matter and removed silicates
(Zwolsman and Van Eck, 1999; Cho et al., 1999). Measurement pre-
cision for Al and Mo was determined by comparing duplicate anal-
yses (usually ±0.04% and ±0.03% respectively).

Mo is a trace metal used to asses past redox conditions (Tribo-
villard et al., 2006, 2008; McManus et al., 2006). As a redox-sensi-



Fig. 1. Location and X-ray images of Pisco core (B0405-06, 14�07.90 S, 76�30.10W, 299 m depth) and Callao Core (B0405-13, 12�000S, 72�420S, 184 m depth) off the central-
south Peruvian coast. Slumps are considered as instantaneous deposits, and are not considered in chronological development of downcore analyses. Light laminae are
‘‘dense”, dark laminae are ‘‘less dense”. The photograph shows the thin section of Callao core observed in polarized light. Q: quartz. F: feldspar, OCM: organic clay matrix.
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tive metal, Mo is commonly removed from the ocean and trans-
ferred to the sediments via different pathways (McManus et al.,
2006; Poulson et al., 2006; Tribovillard et al., 2006, 2008). In oxic
sediments, where aerobic respiration decomposes organics, Mo is
scavenged from the water column with an association of metal oxi-
des. Under reducing conditions however, where anaerobic pro-
cesses dominate, Mo is removed from the water column with
sulfidized organic material or via sequestration by Fe–S phases.
Sediments contain variable amounts of biogenic materials that di-
lute the trace-elements, most commonly calcium carbonate and
opal. Thus, to compare trace-element proportions in samples that
contain varying carbonate and opal contents, it is customary to
normalize trace-element (here Mo) concentrations to Al content
(Tribovillard et al., 2006). Al is a constituent of the aluminosilicate
fraction of the sediments and is essentially inert during diagenesis.
Moreover, according to Valdés et al. (2005), Al normalization en-
ables regional comparison and the evaluation of terrestrial input
of trace metals. The method is also applied to determine Enrich-
ment Factors (EFs) according the equation described by Tribovil-
lard et al. (2006): EF = (Mo/Al)sample/(Mo/Al)average shale). We used
values for average shales from different sources (Turekian and
Wedepohl, 1961; McManus et al., 2006). If Mo EF is greater than
1, then Mo is enriched relative to average shales and, if Mo EF is
less than 1, it is depleted.

The particulate fluxes for each sediment constituent (TOC,
quartz, feldspar and clays) are calculated by multiplying the con-
centration of each constituent by the overall sediment accumula-
tion rate. In general terms, this relation can be expressed as:
sediment flux (mg cm�2 yr�1) = element concentration
(mg g�1) � sediment accumulation rate (g cm�2 yr�1). The flux
estimation for each element has the advantage of providing infor-
mation on the inputs of the different constituents independently of
their relative dilution in the matrix.

Thin sections were constructed from resin-impregnated 10 cm
longitudinal segments of the Callao core (B0405-13). Water was re-
placed by acetone prior to impregnation with resin following
Bénard (1996) and Zaragosi et al. (2006). After impregnation with
resin, the bonded blocks were cut to approximately 100 lm using a
precision saw (ESCIL LT-260) and thereafter hand polished to a
thickness of 30 lm using the rotating lapidary unit. Finally, cover
slips were fixed on the thin sections using the collage resin mix-
ture. The structure of the laminations was analysed using a polar-
ised light microscope, with a magnification of 20.

In order to estimate the shared variability of the environmental
proxies and their relationships with one another, we applied a
principal component analysis (PCA).

4. Results

4.1. Lithology and chronology

The observation of the core X-ray images reveals the existence
of bands and laminations (<5 mm thickness), formed by the suc-
cession of light (dense) and dark (less dense) layers, which appear
to have been deposited with negligible bioturbation under nearly
anoxic conditions (Fig. 1). Three stratigraphic units are observed
in the Pisco Core. The basal unit (unit I) (74–62 cm) is formed by
the succession of several primarily banded sediments. The unit II,
which starts at 62 cm and extends to 34 cm, presents a slump at
the base (55–52 cm). This unit, which is characterized by an overall
greater density (lightly colored in the X-radiograph; Fig. 1), con-
tains pairs or ‘couplets’ of dark and light laminae that range from
2 to 5 mm in thickness. The upper unit (unit III) (34–0 cm), with
average lower density (darker in Fig. 1), is marked by a series of
thick light and dark band (ca. 1 cm). In the Callao core, the X-ray
image also reveals three units that are similar to those of the Pisco
core in density and depth. Unit I (84–66 cm) also contains band
structures. Unit II (66–34 cm) is denser (lighter color), as in the Pis-
co core, but is formed by thick bands (�1 cm) rather than fine lam-
inations as observed in the Pisco core and is interrupted by several
slumps in the middle part of the unit. Unit III (34–0 cm) is marked
by a low density and is formed by the succession of both millime-
ter-thick laminae and broader bands.

Average sedimentation rates are �2.2 mm yr�1 for the Pisco
core and �2.1 mm yr�1 for the Callao core for the lapse 1870 AD
to present. The centuries prior to the late 19th century have
average sedimentation rates of 1 and 0.6 mm yr�1, respectively
(Gutiérrez et al., 2008). At these rates the banding patterns in
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Fig. 1 do not resolve interannual or even decadal-scale variability
(and can be affected by water content and compaction from burial;
Gutiérrez et al., 2008). The results are presented as concentrations
(%) and fluxes of sediment constituents.

4.2. Mineral fraction

X-ray diffraction (XRD) shows that the terrigenous mineral frac-
tion of both cores is quartz, feldspar, kaolinite, illite and vermicu-
lite. The upcore variations in these fractions are similar in both
cores (Fig. 2) and identify three sections which correspond to the
units identified through the XRD lithological description of Fig. 1.
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Unit I (prior to 1400 AD) is characterized by low quartz, feldspar
and clays content (respective mean abundances of 6%, 10% and
10%). Unit II (�1400–1820 AD) begins with an increase of quartz
(5–15%), feldspar (10–20%) and clays (10–28%). Concentrations re-
main relatively stable until the top of the unit. Unit III (1820–2004
AD) starts with a decrease in concentrations of quartz, feldspar and
clays that reach minimum values and then increase to the top of
this unit reaching values around 10%, 15% and 20%, respectively.

In both cores the variations in upcore fluxes (Fig. 3) are similar
to the variations in percent composition (Fig. 2), and again corre-
spond to the three different stratigraphic units. Before 1400 AD
fluxes of quartz, feldspar and clays were low around 2, 2 and
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4 mg cm�2 yr�1, respectively. Between 1400 and 1820 AD fluxes of
quartz, feldspar and clays were high around 4, 3 and
6 mg cm�2 yr�1, respectively. Over 1820–1870, fluxes of quartz
(4–0.5 mg cm�2 yr�1), feldspar (3–1 mg cm�2 yr�1) and clays (6–
1 mg cm�2 yr�1) decreased abruptly. Finally over 1870–2004 AD,
fluxes of quartz, feldspar and clays steadily increased, beginning
around 1870 AD and intensifying around 1950 AD with values
around 6, 7 and 8 mg cm�2 yr�1, respectively, in the superficial
sediments.
Fig. 4. Projection of the proxy variables on the factor-plane PC1 (quartz, feldspar
and clays vs. TOC and Mo) in Callao (black dots) and Pisco (open circles) cores.
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4.3. Inorganic fraction

Upcore variations in Al are similar to the variability in clays de-
scribed above (Fig. 2). Al values are somewhat low (3%) during the
first unit and then increase, reaching 5% in unit II. In unit III, Al ini-
tially decreases to �1% around 1870 (1%), and then steadily in-
creases to 6% towards the top of unit III.

Variations in Mo (mg kg�1) are similar to the minerals above
only into unit III (Fig. 2). Mo fluctuates around 75 (mg kg�1) before
1400 AD (Unit I) and later decreases and stabilizes around
25 mg kg�1 through unit II. In the unit III (1820–2004 AD), Mo in-
creases steadily to 75 mg kg�1.

The Mo enrichment factor in both cores is >1 suggesting a non-
terrigenous origin for this metal. The upcore variation in EF for Mo
is similar to the variability in mineral fractions only for unit III
(Fig. 3). In unit I Mo EF is around 120; and in unit II, it decreases
to �50. Mo EF increases in both cores in unit III, although Callao
has a much higher maximum EF than the Pisco core (500 vs.
300). In general, Mo EF values are moderate in the Callao core from
1870 to 2004 AD and in the Pisco core from 1820 to 2004 AD.

4.4. Organic fraction

Upcore variations in TOC correspond to the sedimentological
and mineralogical records into Unit III of both cores (Fig. 2). TOCs
are near 5% in units I and II of both cores and the OI varies between
120 and 80 for the Pisco and Callao cores, respectively. There is a
large increase in TOC within unit III, with higher values in the Cal-
lao core (16%) than in the Pisco core (12%). This trend in TOC is
accompanied by a progressive decrease in OI towards the core tops,
reaching values around 80 in the Pisco core and 70 in the Callao
core. TOC fluxes exhibit low values in unit I in both cores
(�1.2 mg cm�2 yr�1). A transient increase in TOC flux occurs
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around 1820 AD, associated with decreases in quartz and other
minerals fluxes. A positive trend in TOC flux starts at �1870 AD,
reaching �4 and �6 mg cm�2 yr�1, at Pisco and Callao, respec-
tively, in the 2000s.

4.5. Principal component analysis

A principal component analysis was run on the upcore constit-
uents from each core. Concentrations were used rather than fluxes
since uncertainties in chronology can affect estimated flux rates. In
particular, if the change in sedimentation rates reported at 1870 is
associated with changes in TOC, then the period 1820–1850 AD
may have much higher sedimentation rates and consequently,
higher fluxes of TOC and other constituents than calculated. At
each site, more that 85% of variance is explained by two principal
components (Fig. 4). Here, we present only the first component
(PC1), which is a negative correlation between the terrigenous
fraction (quartz, feldspar, clays and aluminum) and TOC and
Molybdenum (Fig. 4).
Fig. 6. Comparison between (a) PC1 upcore variation of Callao (black line) and Pisco
(grey line), (SRC: sediment redox conditions; DI: detrital input. (b) Ti content of
sediments from ODP Hole 1002C (record from Peterson and Haug, 2006), (c) TOC
upcore variation of Callao (black line) and Pisco (grey line), (d) instrumental wind
stress data from 1925 to 1995 (Jahncke et al., 2004).
5. Discussion

The parallel upcore variations of PC1 (Fig. 5) in the Pisco and
Callao sites indicate that the environmental proxies exhibit the
same pattern in both cores and thus have at least regional signifi-
cance. The shift at �1820 AD in both the stratigraphic observations
and sedimentological constituents is much stronger than the
change at the base of the cores (division between units I and II),
which is not apparent in all proxies. A large climatic change appar-
ently occurred at �1820 AD, which was of greater magnitude than
other climate fluctuations throughout the last several centuries.
Nevertheless, noteworthy sedimentological fluctuations occur
within unit III.

5.1. Little ice age period

High mineral fluxes characterize the 1400–1820 AD period
which corresponds to the little ice age (LIA), or rather its South-
American counterpart. Examination of thin sections from the Callao
core prior to 1820 AD shows that most terrigenous particles (quartz
and feldspar; 50–80 lm) present angular to sub-angular aspects,
suggesting a fluvial source (Fig. 1) rather than aeolian transport.
Similarly, Pisco core particle morphology prior to 1820 suggests riv-
er discharge. The similar patterns of flux at both sites are inter-
preted as resulting from substantial terrestrial input followed by
dispersion and transport by the coastal circulation in unit II.

The negative values of PC1 (Fig. 5) during the little ice age (Unit
II) reflect both the high mineral content and low Mo content
(Fig. 3). Sediments rich in Mo characterize the upper Peruvian mar-
gin (<300 m) with high sulphate reduction rates (Böning et al.,
2004) under anoxic conditions (see Valdés et al., 2005; McManus
et al., 2006; Tribovillard et al., 2006, 2008). Low Mo content during
the LIA is probably due to reduced organic loading and suboxic
conditions in the surficial sediments.

The LIA period thus appears marked by a low productivity, sub-
oxic sediments and higher terrestrial input of minerals related to
rainfall and runoff from the continent. In the Cariaco basin (Vene-
zuela) (Haug et al., 2001; Peterson and Haug, 2006), drier condi-
tions are suggested for the LIA by decreased Ti content in cores
linked to decreased detritus from local rivers. Hence, our results
are consistent with a global southward migration of the inter-trop-
ical convergence zone (ITCZ), as postulated also by Graham et al.
(2007) and Newton et al. (2006).

At seasonal and interannual time-scales, an ITCZ southward
shift is associated with the southward projection of surface nutri-
ent poor Equatorial and Tropical water masses. An additional con-
sequence of a southward shift in the ITCZ would be a reduced
strength of the subtropical high pressure system that produces
upwelling favorable winds. In turn these modifications may cause
reductions in coastal upwelling, primary production, and flux of or-
ganic material to the continental slope, as observed in the Callao
and Pisco cores (Gutiérrez et al., 2008). Note that the variability
of efficiency factor (EF) for Mo is inversely related with terrestrial
fluxes, suggesting sediment redox conditions changes, which are
associated to the organic matter flux changes. This regional re-
sponse is likely a result of the establishment of new ocean–atmo-
sphere connections that control the position of the ITCZ.

5.2. The modern period

The simultaneous decrease of terrigenous fluxes after 1820 in
both cores probably marks a change from rainy to drier conditions.
The increase of Mo enrichment factor, in the same period, suggests
an enhancement of sediment redox conditions linked to the estab-
lishment of a new ocean–atmosphere connection pattern. A tran-
sient decrease of TOC flux and an increase of OI are recorded
during the lapse 1845–1865 AD. After these two decades, carbon
flux exhibits a positive trend while OI decreases, thus suggesting
less oxidation of the settling organic matter. This trend coincides
with an increase of the dominance of anoxia-tolerant taxa in the
benthic foraminiferal assemblage at Pisco, as reported by Morales
et al. (2006). Increases in TOC flux are also recorded during the
same period in sediments from the continental slope 15�S (McCaf-
frey et al., 1990) and from Mejillones Bay at 23�S (Valdés et al.,
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2004; Vargas et al., 2004, 2007). These results indicate a regional
centennial enhancement of productivity and organic particles ex-
port to the sediment. An intensification of this trend is observed
since mid-twentieth century, which is likely caused by enhanced
upwelling, as recorded instrumentally during the same period (Jah-
ncke et al., 2004; Fig. 6).

6. Conclusion

Laminated sediments from the central Peru continental slope,
accumulated under intense upwelling, dysoxia and high sedimen-
tation rates, preserve and record different oceanographic and cli-
matic changes during the last 500 yr. The measurement of
different organic, mineral and inorganic variables in cores provides
environmental proxies linked to (1) upwelling and productivity, (2)
strength of the sediment redox conditions, and (3) terrigenous in-
put to sediments. Changes in the terrigenous input likely corre-
spond to changes in continental rainfall, which affects mineral-
laden runoff that is subsequently deposited offshore. A comparison
with Cariaco Basin core records of regional precipitation and runoff
supports our interpretation that during the little ice age before
1820, the inter-tropical convergence zone (ITCZ) likely occupied
a more southerly position and that more humid conditions pre-
vailed in Peru. A more southerly ITCZ would also correspond to a
reduced subtropical high pressure system with weaker along-
shore winds, and lower primary productivity. Conversely, since
the late nineteenth century, increasing TOC fluxes and sediment
anoxia are interpreted as caused by the intensification of coastal
upwelling, productivity and organic particles delivery to the
bottom.
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a b s t r a c t

Marine oxygen-deficient environments with high sedimentation rates and high primary productivity can
provide relevant information regarding variations of ocean–climatic conditions in the past. In the Hum-
boldt current ecosystem, which now hosts huge populations of pelagic fishes (mainly anchovy and sar-
dine), fish scale abundance in the sedimentary record may be useful indicators of environmental
change. Here we assess such a proxy record in a 42 cm-long sedimentary core collected from 80 m in Mej-
illones Bay (23�S, northern Chile). We also analyse fish remains in surface sediment sampled along a
bathymetric transect (from 10 to 110 m water depth) in the same bay. In the core-top record, the fluctu-
ations of sardine and anchovy scale deposition rates (SDR) agreed with those of industrial catches for
these two species in northern Chile, tending to validate the SDR as a proxy of local fish biomass when
bottom anoxic conditions prevail. However, apparent SDR for records prior to 1820 have probably been
influenced by dissolution processes linked to the oxygenation of the bottom environment of Mejillones
Bay, as suggested by other proxy records. After 1820, the fluctuations in the relative abundance of sardine
and anchovy scales point to alternating warm and cold conditions during about 30 years and then a pro-
gressively cooler period. Since ca. 1870, marked fluctuations of SDR of both species are observed, prob-
ably as a consequence of the onset of a different oceanographic regime characterized by intensified
upwelling, stronger subsurface oxygen deficiency, higher primary productivity, and enhanced ‘‘ENSO-
like” interdecadal variability. While anchovy SDR fluctuated in periods of 25–40 years, only two peak
periods of sardine SDR occurred (late 19th century and late 20th century), suggesting that sardine abun-
dance depends on other ocean–climatic factors.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Pelagic fish catches have exhibited large global fluctuations in
the course of the last few decades. These fluctuations have been
interpreted variously as depending upon fishing activity or upon
natural variations in fish populations as a response to the environ-
mental changes which operate at different time and space scales
(Lluch-Belda et al., 1992; Yañez et al., 2001; Chavez et al., 2003;
Gutierrez et al., 2007). Historical fluctuations in sardine and ancho-
vy stocks in the Northern Hemisphere, for instance, were princi-
pally attributed to climatic changes at a large geographical scale
(Lluch-Belda et al., 1989; Baumgartner et al., 1992). A similar situ-
ation occurs in the Southern Hemisphere in the Humboldt current
ll rights reserved.

56 55 637804.
ecosystem where the ENSO mode of climatic variability seems to
strongly influence the fish stocks (Cañón, 1978, 1985; Cury,
1988; Yañez, 1989; Csirke et al., 1996; Yañez et al., 1998;
Schwartzlose et al., 1999; Chavez et al., 2003; Bertrand et al.,
2004; Escribano et al., 2004; Ñiquen and Bouchon, 2004).

Past fluctuations of pelagic fish populations and oceanographic
conditions can be deduced from analyses of laminated marine sed-
iment sequences when particular physico-chemical conditions are
met, particularly in low-oxygen environments (Fitch, 1969; Soutar
and Isaacs, 1969; DeVries, 1979; Schwartzlose et al., 1999;
O’Connell and Tunnicliffe, 2001). In such environments, which
are much less affected by bioturbation and other post-depositional
processes, fish remains and particularly their scales are often
well-preserved and can provide a record of former fish populations
(Gallardo, 1963; Milessi et al., 2005). Relationships between fish
remains in sediments and past fluctuations of pelagic populations

mailto:jvaldes@uantof.cl
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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have mainly been studied in the California Current ecosystem (e.g.
Soutar, 1967; Fitch, 1969; Soutar and Isaacs, 1969; Baumgartner
et al., 1992; Holmgren-Urba and Baumgartner, 1993; Tunnicliffe
et al., 2001; Wright et al., 2005). In the Humboldt current ecosys-
tem of northern Chile and Peru, few studies have examined fish
scales as paleoenvironmental and paleoceanographic indicators
(DeVries and Pearcy, 1982). Schwartzlose et al. (1999) stressed
the need for more detailed studies on fish remains in sediments
of the Humboldt current ecosystem to better understand the links
between oceanic/climatic phenomena and fish fluctuations.

In northern Chile, a series of previous studies (Ortlieb et al.,
2000; Valdés et al., 2000, 2004; Valdés and Ortlieb, 2001; Valdés,
2004; Vargas et al., 2004, 2007) pinpointed the high paleoceano-
graphic potential of sediments accumulated in Mejillones Bay
(23�S; Fig. 1). This bay is characterized by a coastal upwelling cen-
tered at nearby Punta Angamos, hydrodynamic stability behind a
thermal front, high sedimentation rates, and occurrence of the oxy-
gen minimum zone below 40–60 m depth depending on the season
(Fig. 1; Zúñiga et al., 1983; Rodríguez et al., 1991; Marín et al.,
1993; Valdés et al., 2003). These conditions, which prevail during
non-El Niño years, favour the accumulation of abundant biogenic
remains and the preservation of primary structure of bottom sed-
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iment. In this study we evaluate the quality of the sedimentary re-
cord of pelagic fish abundance in Mejillones Bay, with emphasis on
the state of preservation of the fish remains, their taxonomic iden-
tification, and their potential significance for the reconstruction of
former variations of pelagic fish populations.

2. Materials and methods

A 42 cm long sedimentary core (F98-1A) was recovered with a
boxcore (‘‘Fuchsia” type) from 80 m of water depth at the center
of the Mejillones Bay (Fig. 1). This core was cut transversely every
0.5 cm immediately after sampling, and the samples were disag-
gregated and sieved through a 250 lm mesh, under a constant flow
of water. Fish scales were identified and counted using a micro-
scope. Additionally, superficial modern sediment samples were ta-
ken along a bathymetric transect between 14 and 120 m of water
depth in the central zone of the bay (Fig. 1) using a small box corer
with a 225 cm2 section. Surface sediment (0.5 cm thick) was taken
from each sample and kept at low temperatures during transport
and storage.

The identification of the fish scales was restricted to the so-
called ‘‘typical scales” characteristic of each species; such scales
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Fig. 2. Sardine (A) and anchovy scales (B). Modern (left) and fossil scales (right) found in the sedimentary core. Principal structures used for the taxonomic identification are
indicated (see text).
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are those more easily released from the fish body and are found in
greater abundance in bottom sediments (Soutar, 1967; Soutar and
Isaacs, 1974; DeVries and Pearcy, 1982; Shackleton, 1987; O’Con-
nell and Tunnicliffe, 2001). Typical scales were defined by refer-
ence to a preliminary collection of the most important fishes
present in the study area, and are characterized by shape, position
and shape of scale focus, appearance of the anterior and posterior
fields, and radii (Fig. 2).

The most typical scales of both species used in this study pres-
ent the following characteristics:

– Order: Clupeiformes; Family: Clupeidae; Specie: Sardinops sagax
(Jenyns, 1842) – sardine.
Scale type: cycloid (Fig. 2).
Shape: square, with relatively round edges.
Focus: diffused aspect, located in the middle part of the
scale, close to the posterior field.
Radii: regular, well-defined and parallel grooves or channels
present between the insertion zone and the focal point.

– Order: Clupeiformes; Family: Engraulidae; Specie: Engraulis rin-
gens (Jenyns, 1842) – anchovy.
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Fig. 3. Dissolved oxygen (in mL L�1) distribution in the water column of Mejillones
Bay, in October 2004, along the studied transect (see Fig. 1).
Scale type: cycloid (Fig. 2).
Shape: rectangular with oval borders in a shield-like form,
and with prominent convex lateral borders around the
stuffed area.
Focus: diffused aspect, located close to the posterior field.
Radii: longitudinal and external (outer border) position
which converge towards the focus, and ornamented with
numerous circuli.

The sediment core scales were compared with modern scales
from each of the species present in the study area. For the quanti-
fication of fish scale abundance in the sediment samples, the fol-
lowing rules were applied: (i) a scale was counted whenever the
nucleus and more than one half of the scale were preserved; (ii)
counts of 0.5 units were applied for incomplete half-scales which
did not show the scale nucleus, provided that no other incomplete
scale of the same species was found in the same sample; (iii) the
smallest scale fragments were not counted.
The chronological framework of the sediment core was deter-
mined through the combination of downcore excess 210Pb activi-
ties and 14C ages, as detailed in Vargas (2002) and Vargas et al.
(2007). The sedimentation rate was estimated to be
0.131 ± 0.07 cm y�1, which is equivalent to a 2–4 year resolution
for 0.5 cm slices obtained from this core. The accumulation of
scales down the sediment core is expressed as a scale deposition
rate (SDR), according the following formula: SDR = (N * T)/A, in
which N represents the number of scales in each sample, T the time
interval of such sample, and A is the cross sectional area of the core
(cm2).

3. Results and discussion

3.1. Preservation of fish remains and distribution of sardine and
anchovy scales

In this paper we focus on sardine and anchovy scale records
because fishery catch and ecological data are available for these
two taxa in terms of geographic distribution, importance as fishing
resources, and significance for teleconnection studies related
to ocean–climatic interactions (Baumgartner et al., 1992;
Schwartzlose et al., 1999; Yañez et al., 2001; Chavez et al., 2003;
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Ñiquen and Bouchon, 2004; Miller et al., 2006). Off northern
Chile, anchovy reaches a maximum length of 19 cm, has a short
life span (4 years), and is distributed principally within the first
60 nm offshore, and most often the first 25 nm. The sardine is
larger (to 40 cm long) and lives longer (25 years), and has a more
offshore distribution (0–200 nm) (Gutierrez et al., 2007). Both
species commonly live above the thermocline (Yañez et al., 2001).
In the study area, the Punta Angamos upwelling center (Fig. 1)
adjacent to the bay produces a high biological productivity which
favours anchovy and sardine, particularly during their reproductive
periods (Barbieri et al., 1995).
Bottom
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The fish remains present in surface sediment and box-core sam-
ples correspond to scales, vertebrae, dental pieces, opercula and
bones from the scapular zone and otoliths which generally exhibit
a low degree of degradation by physical and/or chemical processes.
The scales were the most abundant fish debris found in the sedi-
ments. Even though they present different degrees of fragmenta-
tion, their principal characteristics (shape, anterior and posterior
field, head shapes, radii) are well-preserved and allow identifica-
tion of anchovy, sardine, and mackerel (Trachurus murphyi). How-
ever, preservation of the fish debris is imperfect and depends on
many factors, e.g. their chemical composition and surrounding
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sediments, mechanical abrasion, and the rate of bacterial degrada-
tion (O’Connell and Tunnicliffe, 2001). Fish bones are compounds
of collagen that eventually harden with salts, while the scales are
a mixture of microcrystalline apatite within a collagen matrix
(Wright et al., 2005) and have greater susceptibility to degradation
(Tunnicliffe et al., 2001). Schenau and De Lange (2000) indicate
that in aerobic bottom sediments, the acidity generated during or-
ganic matter degradation can provoke the dissolution of biogenic
apatite, a situation that is strongly reduced in anaerobic environ-
ments. The cited authors conclude that the presence of an intense
oxygen minimum zone (OMZ) may account for the enhanced pres-
ervation of fish debris in sedimentary deposits of the continental
margins. Therefore, in Mejillones Bay, the presence of an OMZ
diminishes the potential chemical degradation of fish debris. More-
over, the quite limited mechanical abrasion observed in this mate-
rial coincides with the general lack of benthic organism activity
and of bacterial action. The preserved state of fish scales in the sed-
iment of Mejillones Bay is comparable with others sedimentary re-
cords of northern Chile (Gallardo, 1963; Milessi et al., 2005); the
continental margin of Peru (DeVries, 1979; DeVries and Pearcy,
1982); and the California current ecosystem (Soutar and Isaacs,
1974; Baumgartner et al., 1992; Wright et al., 2005).
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To examine the effect of bottom water oxygen concentration on
the preservation of fish debris (O’Connell and Tunnicliffe, 2001;
Tunnicliffe et al., 2001), we assessed the abundance, composition
and preservation state of scales as a function of the oxygenation
of the depositional environment within Mejillones Bay. The distri-
bution of dissolved oxygen across a south–north section of the
water column in October 2004 is showed in Fig. 3. Based on the
oxygenation scale of Bernhard and Sen Gupta (1999) (oxic,
>1 mL L�1; disoxic, 0.1–1 mL L�1; microxic, <0.1 mL L�1), most sed-
iments of this bay appear to have been deposited under microxic
conditions while, at shallow depth, the environment was more
oxygenated.

A total of 2753 scales were counted in the modern core-top sed-
iment samples obtained along the transect (Figs. 1 and 3), with 94%
identified as anchovy and sardine. A greater abundance of sardine
scales were found between 40 and 60 m, while anchovy scales
were most abundant between 50 and 100 m (Fig. 4). One explana-
tion could involve the selective degradation of scales of both spe-
cies. If this were the case, the anchovy scales would be better
preserved under oxygen-deficient conditions (less oxygen, more
scales), while the preservation of sardine scales would be less
influenced by oxygen (Figs. 3 and 4). Another possibility is that
ear

1875 1900 1925 1950 1975 2000
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C

(C) organic carbon flux, in the F98-1A sedimentary record of Mejillones Bay (Vargas
d d15N is used as an indicator of denitrification and oxygen deficiency, according to
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these patterns of scales distribution result from the circulation of
water inside the bay, and from the differences in size and form
of the scales of each species, which probably influence their verti-
cal transit through the water column. At present, our interpreta-
tion is that the observed distribution of scales of the two species
along the bathymetric transect does not reflect the relative abun-
dance of the two fish populations within the embayment, due to
the mobility of the populations and the small dimensions of the
bay.

In conclusion, this study of the present-day distribution of fish
scales suggests that dissolution processes of fish scales are reduced
below 50 m water depth and especially at maximal depths (in the
center of the bay), characterized by oxygen-deficient conditions.
Therefore if it can be assumed that the physical–chemical condi-
tions observed nowadays were similar in a recent past, the down-
core records of abundance of fish scales in the center of the bay
may reflect fluctuations of fish scale fluxes and related environ-
mental variations.

3.2. Downcore trends of fish scales and preservation issues

The chronology of the core (F98-1A) suggests that the base of
the sedimentary sequence has an age of about 250 years, i.e. was
deposited around 1740 AD. No indication of interruption of the
sedimentation (or of post-depositional erosion) has been observed
(more details concerning sedimentological characteristics of this
core in Vargas et al. (2007)). The top of the core is assigned the date
of extraction, 1998. Assuming a constant sedimentation rate
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(Vargas, 2002; Vargas et al., 2007), the 0.5 cm slices would yield
a succession of time windows of 3 years each.

Sardine and anchovy SDR exhibited low values and variability
from 1740 to 1820, when a slight increase in anchovy abundance
is observed (Fig. 5). The anchovy SDR exhibited somewhat larger
fluctuations from 1820 to 1860, and after 1870, the anchovy SDR
increased. The sardine SDR also increased from ca. 1860 AD until
1900 relative to the former period.

Fish debris are susceptible to dissolution in the water column
and in the upper part of the sediment column (Schenau and De
Lange, 2000). For this reason eventual loss of fish remains due to
dissolution is a factor which must be considered in the potential
use of scales and bones in sedimentary records. O’Connell and
Tunnicliffe, 2001 suggested that scales present in sediments old-
er than 500 years are more susceptible to dissolution, while
Wright et al. (2005) indicated that anchovy scales are more
heavily mineralized than other species, and thus more resistant
to dissolution. On the other hand, it is generally accepted that
dissolution processes are much less efficient in depleted oxygen
environments (Schenau and De Lange, 2000; O’Connell and Tun-
nicliffe, 2001; Tunnicliffe et al., 2001; Wright et al., 2005), as ob-
served in the deepest part of Mejillones Bay at present (Fig. 4).
However, the profile of d15N from the same core (Fig. 6) suggests
that bottom waters of this bay were more oxygenated prior to
1820. If so, the preservation potential of the fish scale record
after deposition may have been reduced, affecting the reliability
of the scale deposition rates, as an estimator of true vertical
fluxes to the seafloor.
Sardine
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In order to identify changes in SDR which deviate from the
mean, we calculated the SDR anomalies (Fig. 6) by subtracting
the record mean from each SDR value and normalized the differ-
ences by the standard deviation. Fig. 6 also shows the anomalies
of organic carbon flux and d15N, as reported by Vargas et al.
(2007) for the same core, which are interpreted to reflect, respec-
tively, fluctuations in biological productivity and intensity of oxy-
gen deficiency in the water column. Negative anomalies, such as
those observed between ca. 1744 and ca. 1825 (Corg), or ca. 1744
and 1844 (d15N), are interpreted to indicate lower surface produc-
tivity and lower denitrification in the water column (and hence
less intense subsurface oxygen deficiency), respectively. Both an-
chovy and sardine SDR exhibit significant correlations with organic
carbon flux and with d15N (anchovy: r = 0.551; p < 0.01; and
r = 0.536; p < 0.01, respectively; sardine: r = 0.350; p < 0.01;
r = 0.340; p < 0.01, respectively). However, when anchovy SDR are
compared with both parameters before 1825 and after 1870, which
mark two oxygenation regimes, as inferred by d15N values, no sig-
nificant correlation was found. Within the transition period (1825–
1870), anchovy SDR was significantly correlated with carbon flux
(r = 0.609; p < 0.05) but not with d15N. For sardine SDR, no correla-
tion was found with d15N for any period, and only with organic car-
bon flux after 1870 (r = 0.395; p < 0.01). All together these
comparisons strongly suggest reduced preservation with higher
oxygenation in the bay, as in the regime before 1825, but also indi-
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Fig. 8. SDR (A) and catch of anchovy in the Antofagasta Region (B) and in Chile
cate that within each regime, oxygenation is not a significant factor
explaining SDR downcore variability.

3.3. Interdecadal variability of SDR in relation to climate and
oceanographic changes

Geochemical, micropaleontological and mineralogical analyses
of the core F98-1A (Vargas et al., 2007) suggest a high biological
productivity, probably due to an intensification of the upwelling
at Punta Angamos (Fig. 1) since 1820. After 1820 the anchovy
SDR exhibited larger fluctuations, and after ca. 1870 a general in-
crease is observed. These findings are consistent with the Vargas
(2002) study, which depicts two regimes of organic carbon
(Fig. 6) and minerals fluxes within the same core, with a transition
period between 1820 and 1878. Prior to 1820 a limited biological
productivity would have been linked to relatively low-intensity
southwest winds, contrasting with an intensification of winds
favourable to the upwelling. Time-series of d15N (Fig. 6), D14C,
and alkenones-derived sea surface temperature in the same F98-
1A core indicate a secular trend in coastal upwelling intensity since
AD 1878, characterized by an enhanced influence of the nutrient-
rich Equatorial Subsurface Water and a decrease of 2 �C in SST in
the zone, as well as enhanced ENSO-like interdecadal variability
(Vargas et al., 2007). These oceanographic characteristics corre-
spond to modern upwelling conditions in Mejillones Bay (Strub
Year

70 1975 1980 1985 1990 1995 2000

(C), between 1950 and 1998. The dashed bar corresponds to El Niño events.
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et al., 1998; Marín et al., 2003). Thus the downcore studies on dif-
ferent proxies point to an interpretation of relatively stable ocean–
climate conditions in northern Chile before 1820 unfavourable for
anchovy and sardine populations and/or for preservation of fish
debris in bottom sediments, either or both resulting in low SDRs,
and a higher interdecadal variability overimposed with secular
higher productivity since the second half of the 19th century.

Anchovy is generally considered a cool-water fish and sardine a
warmer water fish (Chavez et al., 2003; Wright et al., 2005). It is
the thermal dependence during the spawning period which may
account for these classifications, the anchovy preferring tempera-
tures of 16–18 �C, while sardines prefer temperatures of 19–21 �C
(Chong et al., 1991). During strong El Niño events, which are char-
acterized by warming, anchovies tend to disappear while sardine
populations increase off Chile and Peru (Zuzunaga, 1985; Csirke
et al., 1996; Chavez et al., 2003; Ñiquen and Bouchon, 2004).
Bertrand et al. (2004) proposed that climatic variations lead to
changes in the range of anchovy and sardine habitat, causing
apparent shifts of dominance between anchovy and sardine
populations.

The SDR measured in the Mejillones sediment record thus sug-
gests alternating warm and cold periods since 1820 (Figs. 5 and 6).
Sardine SDR increased during the second half of the 1800s until ca.
1900, dominating the scale record between ca. 1860 and 1880. Be-
tween 1875 and 1905 high values of SDR are recorded for anchovy
and sardine and point to a similarity of oceanic regimes with those
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of 1980s decade (Fig. 7). In both cases, but at slightly different
time-scales, high values of sardine SDR preceded peaks of anchovy
SDR; for the latter period the SDR pattern followed that of landings
(Fig. 7). If this comparison is correct, the lapse comprised between
1860 and 1880 (higher contribution of sardine SDR relative to an-
chovy SDR) would have been characterized by relatively warm
water conditions, and would have been followed by cooler condi-
tions until ca. 1900 as inferred from the replacement of sardine
by anchovy. Afterwards an abrupt decline of both species SDR took
place in less than a decade.

During the 1900s, the SDR (Figs. 6 and 7) shows variability asso-
ciated with large-scale changes in the Pacific Ocean. Chavez et al.
(2003) proposed an Ecosystem Index for the Southeastern Pacific
based on sardine and anchovy landing and seabird abundance for
the period 1940–2000. The authors postulated the occurrence of
two oceanographic regimes, with a cool phase (‘‘anchovy regime”)
from 1950 to 1975, followed by a warm phase (‘‘sardine regime”)
from 1975 to the mid-1990s. Our results for the past 50 years agree
with this pattern (Fig. 6). During the 1975–1990s period, an in-
crease of sardine SDR (Fig. 5) and a predominance of sardine land-
ings by the Chilean fishery (Fig. 7) between 1982 and 1988, might
be interpreted as secondary effects of the 1982–83 El Niño event.
The positive anomaly of anchovy SDR observed at the top of the re-
cord (1998, Fig. 6) might possibly be related to the shift to an ‘‘an-
chovy regime”, during the 1990s as suggested by Chavez et al.
(2003), even though sardines remained abundant.
Year

1988 1990 1992 1994 1996 1998

etween 1978 and 1998. Dashed zone corresponds to El Niño 1982–1983 event.
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On the other hand, based on a mineralogical study of the
same core, Vargas et al (2007) determined an interdecadal cli-
mate variability that roughly follows the Pacific Decadal Oscilla-
tion (PDO). The authors deduced that warm interdecadal ‘El
Niño-like’ conditions predominated 1925–1942, and 1976 on-
ward. They propose that during interdecadal warm conditions
an increased land–sea thermal contrast along the arid coast of
northern Chile and Peru intensifies the equatorward wind stress
due to reduced mean low-cloud cover, resulting in enhanced
upwelling and primary and export production. According to the
thermal preferences of sardine and anchovy, sardine would be
better adapted to cope with ‘El Niño-like’ conditions (Chavez
et al., 2003), while anchovies might also benefit from the pres-
ence of cold upwelled waters near the coast. Our downcore re-
cord shows a positive anomaly of anchovy SDR during the
1925–1942 El Niño-like period, but a positive anomaly of the
sardine SDR during the 1976 – El Niño-like period. This apparent
contradiction could result from differences between warm peri-
ods: the first one less intense than the second one and hence
the coastal upwelling response being dominant over the oceanic
warming signals.

3.4. SDR and population changes of anchovy and sardine in Northern
Chile

The historical data of landing of sardine and anchovy show
some correspondence with the respective SDR measured in the
sedimentary column (Figs. 8 and 9). This is more evident for ancho-
vy than sardine, probably because there is a longer anchovy land-
ing time series. The strong increase of anchovy SDR in the 1960s
coincides with an increase of anchovy catches (Fig. 8). After the fall
of anchovy catches between 1975 and 80, the anchovy population
recovered as shown by increases both in catches and SDR (Fig. 8).
The parallel sequences of both time series are striking even if the
magnitude of these fluctuations is different. The sedimentary re-
cord indicates that in Mejillones Bay there were more anchovy in
the 1960s than in the 1990s, however catches were much greater
in the 1990s (Fig. 8) probably due to greater numbers and capacity
of fishing ships. The sediment core of this bay can be used to show
the higher potential of sedimentary records with respect to landing
statistics for an evaluation of pelagic fish populations, even for the
last decades.

Anchovy and sardine scales in sediment from the Santa Barbara
Basin, California current system, showed changes over the past two
millennia (Soutar and Isaacs, 1969; Baumgartner et al., 1992). At
time-scales less than 150 years, anchovy SDR appear to fluctuate
with periodicities around 60, 70 and 100 years, while sardine
SDR fluctuate in periods around 60 and 75 years (Baumgartner
et al., 1992). The Mejillones record shows fluctuations in the an-
chovy SDR of the order of 25–40 years, while the only two ob-
served peaks of sardine SDR were separated about one century
one from another, differing to the Santa Barbara Basin records for
both species. On the other hand, a positive correlation exists be-
tween both species SDR for the whole record (r = 0.470, p < 0.01),
also in the transition period (r = 0.602, p < 0.05), despite the lag be-
tween both, and after 1870 (r = 0.450, p < 0.01), suggesting that the
alternation observed in the late 20th century may not be typical.
Baumgartner et al. (1992) noticed that the positive correlation be-
tween the California sardine and anchovy SDR is mostly explained
by the low-frequency variance (>150 years), and that it vanished at
higher frequencies. The sedimentary record of Mejillones Bay,
though shorter and limited by preservation issues, suggests differ-
ent mechanisms governing the population dynamics of the ancho-
vies and sardines off northern Chile than those in California at
decadal or longer time-scales, and also different ocean–climatic
factors for each species.
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The Humboldt Current System, like all upwelling systems, has dramatic quantities of plankton-feeding
fish, which suggested that their population dynamics may ‘drive’ or ‘control’ ecosystem dynamics. With
this in mind we analysed the relationship between forage fish populations and their main prey, zooplank-
ton populations. Our study combined a zooplankton sampling program (1961–2005) with simultaneous
acoustic observations on fish from 40 pelagic surveys (1983–2005) conducted by the Peruvian Marine
Research Institute (IMARPE) and landing statistics for anchoveta (Engraulis ringens) and sardine (Sardin-
ops sagax) along the Peruvian coast from 1961 to 2005. The multi-year trend of anchoveta population
abundance varied consistently with zooplankton biovolume trend, suggesting bottom-up control on
anchovy at the population scale (since oceanographic conditions and phytoplankton production support
the changes in zooplankton abundance). For a finer-scale analysis (km) we statistically modelled zoo-
plankton biovolume as a function of geographical (latitude and distance from the 200-m isobath), envi-
ronmental (sea surface temperature), temporal (year, month and time-of-day) and biological (acoustic
anchovy and sardine biomass within 5 km of each zooplankton sample) covariates over all survey using
both classification and regression trees (CART) and generalized additive models (GAM). CART showed
local anchoveta density to have the strongest effect on zooplankton biovolume, with significantly
reduced levels of biovolume for higher neighbourhood anchoveta biomass. Additionally, zooplankton bio-
volume was higher offshore than on the shelf. GAM results corroborated the CART findings, also showing
a clear diel effect on zooplankton biovolume, probably due to diel migration or daytime net avoidance.
Apparently, the observed multi-year population scale bottom-up control is not inconsistent with local
depletion of zooplankton when anchoveta are locally abundant, since the latter effect was observed over
a wide range of overall anchoveta abundance.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding ecosystem functioning requires identifying the
main determinants of species abundance and distribution. Preda-
tor–prey relationships are one of these major driving functional
processes in marine ecosystem dynamics. The Peruvian coastal
upwelling ecosystem is characterized by the presence of two
highly abundant, but also highly variable, forage fish species;
the Peruvian anchovy or anchoveta (Engraulis ringens) and sardine
(Sardinops sagax). The large fluctuations in abundance of ancho-
veta and sardine have been the subject of a large number of
studies (Csirke et al., 1996; Bakun and Broad, 2003; Chavez et al.,
2003; Alheit and Niquen, 2004; Bertrand et al., 2004b; Gutiérrez
et al., 2007; Swartzman et al., 2008). These studies show that,
ll rights reserved.

: +1 206 543 6785.
artzman).
.1, Ventanilla, Callao, Peru.
at the population and multi-year scale, anchoveta population
dynamics appears to depend on the overall productivity of the
ecosystem and that they are more abundant when upwelling is
enhanced and phytoplankton and zooplankton are abundant. Such
bottom-up forcing is a long-term process that can only be
observed in smooth trends from long time series (multi-decadal).
Indeed the small time scale variability (e.g. seasonal) and the large
measurement variance intrinsic to the data that we used (e.g. net
plankton sampling, acoustic estimates, landings and associate
changes in CPUE) blur these patterns in shorter time series. Such
apparent evidence of bottom-up forcing detected at decadal time
scales seems confirmed by studies at a centennial scale by Sifed-
dine et al. (2008) and Valdés et al. (2008) who used laminated
sediment cores to show that a large shift in productivity occurred
by �1815. Prior to 1815, during the little ice age, the northern
Humboldt Current region was marked by low ecosystem produc-
tivity and low anchoveta scale deposition rate. Afterwards, an
increase of wind-driven upwelling resulted in higher productivity
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and increased anchoveta scale deposit. These productive condi-
tions (plankton and fish) intensified during the 20th century.
While bottom-up control seems to occur at the population scale,
little is known about the potential depletion effect that these
vast quantities of pelagic fish may have at a smaller spatiotem-
poral scale (local scale, 10–100 kms – weeks) on lower trophic
levels, particularly on zooplankton, which comprises the bulk of
their diet (van der Lingen et al., 2006, in press; Espinoza and
Bertrand, 2008). While predator–prey relationships clearly occur
at a local scale, an important question is whether fish foraging
impacts locally zooplankton biomass and/or if potential local
depletion effects are spatially pervasive enough to be detected
at the population scale, through, for instance, a top-down control
of zooplankton by forage fish as proposed by the wasp-waist
hypothesis (Cury et al., 2000, 2003).

To check for bottom-up control on anchoveta we used a long
time series available for zooplankton biovolume, i.e. 1961–2005
(extended from Ayón et al., 2004) and commercial pelagic fish
landings for the corresponding period. These data allowed us to
look at changes in population abundance on large spatial and tem-
poral scales. Concomitantly we examined local-scale questions of
distribution and trophic interactions from scientific surveys data
over the shorter, but still substantial, time period over which these
are available (1983–2005). On this scale we studied the potential
depletion effect of pelagic fish on zooplankton. To this end we
examined the relative effect on zooplankton biovolume of SST, lat-
itude, bottom depth, diel period, time (year–month) and the abun-
dance of anchoveta and sardine within a neighbourhood of the
zooplankton. This small-scale analysis used long term (1983–
2005) and fairly high-resolution (1–2 nautical miles) acoustic data
from surveys transecting almost the entire Peruvian coastal marine
ecosystem, accompanied by an intensive zooplankton sampling
program. This time period encompassed large fluctuations in sar-
dine and anchoveta population abundance: the decline of the sar-
dine population and the increase of the anchoveta up to a ‘full
anchovy era’ (Gutiérrez et al., 2007) since the end of the 1990s.
These data allowed us to look at changes in population abundance
at a fine spatial scale over a large spatial region and long time per-
iod, permitting examination of local-scale questions of distribution
and trophic interactions.
2. Data and methods

2.1. Landing data

Yearly landing data for anchoveta and sardine in Peru between
1961 and 2005 are from the official statistics of the Instituto del
Mar del Peru (www.imarpe.gob.pe).

2.2. Acoustic survey data

Acoustic data were collected from 1983 to 2005 by the Instituto
del Mar del Perú (IMARPE) on a variety of vessels, most commonly
the R/V Humboldt (76 m long), the R/V Olaya (41 m long) and the
R/V SNP-1 (36 m long). Surveys consisted of parallel transects aver-
aging 90 nautical miles (167 km) with an inter-transect distance
between 14 and 16 nautical miles (26–30 km) depending on the
cruise.

The entire observable range of anchoveta distribution was cov-
ered (transects shown in Fig. 1 are typical of almost all surveys).
Extensive midwater trawl sampling accompanied the acoustic sur-
veys for species identification. The seasonal and temporal distribu-
tions of scientific acoustic surveys are: spring (1983, 1996–2005),
summer (1990–96, 1999–2005), autumn (1985, 2 surveys in
1998), and winter (1984, 1987–89, 1991, 1998–2003 with 2 winter
surveys in 1999, 2000 and 2001). The acoustic surveys deployed
Simrad (Kongsberg Simrad AS, Kongsberg, Norway) scientific echo-
sounders EK, EKS, EK400, EY500, EK500 and EK60 (2001–2003 in
one vessel). Calibration of the echosounders was done before all
surveys. Calibration up until 1992 was done using hydrophones
and after 1992 sphere calibration followed a standard procedure
(Foote et al., 1987). The acoustic nautical area scattering coefficient
(sA or NASC; see MacLennan et al., 2002 for acoustic definitions), an
indicator of fish biomass, was recorded for each geo-referenced
elementary sampling distance unit (ESDU) of 1 n. mi. (1994–
2003) or 2 n. mi. (1983–1993). Acoustic echo identification was
performed using fishing trawl results and echotrace characteristics
(see Gutiérrez et al., 2007 for more information on the acoustic
protocol). Biomass estimation based on both the trawls and acous-
tic backscatter for each species was carried out by IMARPE for each
survey. Surface temperature and salinity were measured and aver-
aged per ESDU for almost all surveys (exceptions are missing sam-
ples in summer of 1990 for both temperature and salinity and
additionally summer 1994 and spring 2000 for salinity).

2.3. Zooplankton data

Zooplankton samples were taken with Hensen nets of 0.33 m2

mouth area with a 300 lm mesh, in vertical hauls between 0 and
50 m. Samples were fixed with 2% formaldehyde buffered with
borax. Zooplankton biovolume (mL/sample) was determined at
the time of collection using the displacement method (Kramer
et al., 1972). Ichthyoplankton and large coelenterates were re-
moved before determining the biovolume. This sampling protocol
has been followed consistently for the entire period covered by this
study (1961–2005). The hour of sampling was available for most of
the data since 1971, for all data since 1983, but for few zooplank-
ton surveys before 1971.

2.4. Zooplankton and forage fish dynamics, population scale

To examine the large-scale relationship between zooplankton
biovolume and pelagic fish abundance we used time series on
anchoveta and sardine landings and on zooplankton biovolume
from 1961 to 2005. Changes in zooplankton biovolume over time
were averaged by month (Fig. 2a) and smoothed by fitting a non-
parametric spline model to the data in order to reduce the variance
and look at rather low frequency patterns (Fig. 2b). Euphausiids,
which are an essential part of anchoveta diets (Espinoza and
Bertrand, 2008) are not sampled efficiently by Hensen net tows,
and this introduced a bias into the data used to estimate fish prey
abundance. To reduce this bias we compared the time series using
the complete set of zooplankton data with a subset composed of
the night-time data (19 h–05 h, local time since 1971). Clearly,
euphausiids and other large zooplankton are better sampled at
night because of a reduced net avoidance and a shallower distribu-
tion (for organisms performing diel migration). The nocturnal data
are probably more representative of the anchovy prey community
than the entire data set.

2.5. Environmental and fish effects on zooplankton, local scale

To examine the potential effect of anchoveta foraging on zoo-
plankton communities we computed, for each zooplankton net
haul, total sardine and anchoveta sA within 5 km. This threshold
was chosen as representative of an ‘accessible’ neighbourhood for
fish to zooplankton prey. Since the shape of predator-prey relation-
ships is known to depend on the spatial scale of observation (e.g.,
Rose and Leggett, 1990; Swartzman et al., 2002; Bertrand et al.,
2004a), the analysis was later checked for range of robustness by
using neighbourhood ranges between 3 and 30 km. Because results

http://www.imarpe.gob.pe
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Fig. 1. Graphs of the survey transects along the Peruvian coast in (a) 1986 during a ‘warm’ period; (b) 1990, later in the ‘warm’ period; (c) 1997, during the El Nino; and (d)
2001 during a ‘cold’ period. The sardine and anchovy sA per ESDU are shown with red and blue filled circles respectively proportional in area to sA (for that survey).
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were not significantly different over this range (i.e. they were ro-
bust) we only present results for the 5 km neighbourhood.

Since the shelf break location varies markedly along the Peru-
vian coastline (Fig. 1), we computed the distance in km of each
sample location from the 200-m isobath (distance to the closest
point at the same latitude). Negative values can be considered to
be on-shelf and positive values off-shelf or on the continental
slope. Thus, this variable separates the shelf from the abyssal area.
Additional covariates associated with each sample location were
sea surface temperature (SST), latitude (degrees S), and time of
the day, also represented by a categorical day–night variable, and
year and month of the sample.

We used classification and regression trees (CART, Brieman
et al., 1984) to distinguish the relative importance of environmen-
tal and fish (anchoveta and sardine) effects on local zooplankton
abundance. We modelled the logarithm of zooplankton biovolume
using a regression tree with year, month, latitude, anchoveta and
(separately) sardine in the 5 km neighbourhood, distance in km
from the 200 m isobath, sea surface temperature (SST) and a
day–night categorical covariate. In CART the dependent variable
is modelled as a function of covariates. CART divides the data set
through a sequence (tree) of binary splits on the values of one of
the covariates at a time such that the overall variance in the depen-
dent variable is minimized at each split. The CART tree is usually
pruned to fewer nodes for clarity of explanation. For pruning the
tree and validating the robustness of the CART results we used
the recursive partitioning method (rpart; De’ath and Fabricius,
2000). This method divides the data set into a number of sub-
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groups (we used 10 groups following De’ath and Fabricius, 2000)
and then repeats the CART analysis sequentially, removing one
subgroup each time. This replication gives a measure of robustness
in the node splits in CART. Using a graph of the relative perfor-
mance (i.e., the total model variance plus the number of nodes
multiplied by a weighting factor, against the weighting factor)
we chose a weighting factor such that the relative performance
did not improve markedly with the addition of more nodes. To fur-
ther examine the overall relationship between mean biovolume
and the local covariates used in the CART model we used a Gener-
alized Additive Model (GAM, Hastie and Tibshirani, 1990) regres-
sion. We chose the Poisson distribution, which is often used for
counts of animals, because the ‘link function’ for the Poisson distri-
bution requires a logarithmic transformation of the dependent var-
iable, making it similar to the log transformation used in the CART
model. The independent variables in the GAM regression were the
same as those used for the CART model except instead of day–night
we used actual time of day.

3. Results

3.1. Zooplankton and forage fish dynamics, population scale

Time series on pelagic fish landings and zooplankton biovo-
lumes are presented in Fig. 2. Anchoveta and sardine landings
according to time (Fig. 2b) have already been presented by several
authors (e.g. Chavez et al., 2003; Alheit and Niquen, 2004). Ancho-
vy landings were high during two periods: the 1960s and early
1970s, and the period since the mid-1990s. Sardine captures were
highest from the mid 1970s to the mid-1990s. Zooplankton biovo-
lume (Fig. 2a and b) was very high until the early 1970s, then dras-
tically decreased. Biovolume remained low until later in the 1980s
and then increased, but without reaching the levels observed dur-
ing the 1960s. Zooplankton biovolume and anchoveta landings are
globally in phase (out of phase with sardine), in particular when
considering nocturnal biovolume (Fig. 2b).

3.2. Local effects: CART models

Based on the recursive partitioning method in CART we chose a
penalty value cp = 0.0059, which resulted in nine nodes, these
being the number of nodes having minimum relative error (total
error with a penalty for additional nodes). Neither sardine local
abundance (sA) nor latitude (both included in the CART model)
had a major effect on zooplankton biovolume (Table 1), while
anchoveta abundance had the strongest effect (i.e. it was the first
split in the CART; Table 1). The lowest overall biovolume occurred
with high levels of anchoveta (sA > 543 m2 nmi�2), particularly on
the shelf during winter and summer months. This is an indication
of local depletion of zooplankton by anchoveta. Since 1992.5 (mid-
1992), the biovolume of zooplankton was lower on the shelf than
farther offshore (for anchoveta sA < 543 m2 nmi�2). Interestingly,
the night-time samples offshore had medium (not low) levels of
zooplankton associated with higher levels of anchoveta (Table 1).
The low on-shelf zooplankton biovolume associated with high
anchoveta abundance may reflect the targeting of zooplankton



Table 1
CART results for logarithm of zooplankton biovolume with year, month, latitude, distance from the 200 m isobath (dist200; in km), sea surface temperature, anchovy and sardine
sA within 5 km of the zooplankton samples, and whether the sample was taken during the daytime or at night. Numbers of observations at each node are in parentheses. Number
of splits from the top of the CART tree is shown with bold symbols.

Anchovy sA(m2 nmi�2) Year Dist200 Month SST Day–night Log (vol)

P543 spring, autumn 1.38 (364) 2
‘‘ ‘‘ <�26.9 (shelf) summer, winter 0.04 (307) 3
‘‘ ‘‘ P�26.9 (shelf-break, offshore) ‘‘ ‘‘ Day 0.53 (269) 4
‘‘ ‘‘ ‘‘ ‘‘ Night 1.27 (277) 4
<543 before 1992.5 1.27 (1281) 2
‘‘ ‘‘ since 1992.5 <13.15 (shelf, shelf-break) June, July, January, March, November <21.2 0.94 (400) 5
‘‘ ‘‘ ‘‘ ‘‘ P13.15 (offshore) ‘‘ ‘‘ ‘‘ ‘‘ 1.51 (542) 5
‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ P21.2 1.85 (649) 4
‘‘ ‘‘ ‘‘ ‘‘ February, April–May, August–September, December 1.95 (1827) 3
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found near shore by the high abundance anchoveta aggregations.
In the off-shelf region the zooplankton abundances near high
anchoveta aggregations were greater than on-shelf. There was a
notable day–night difference.

3.3. Local effects: GAM models

GAM results (Fig. 3) illustrated the ‘classic’ overall day–night ef-
fect as a significant time-of-day change in zooplankton biovolume.
The observation in CART of higher biovolume in the spring and au-
tumn near high anchoveta sA and in selected months under lower
anchoveta sA and different environmental conditions (Table 1) is
different than the GAM model which shows a more ‘classic’ winter
low, spring and summer high effect on biovolume. These results
are not necessary contradictory, since the CART seasonal pattern
also depends on local anchoveta abundance, while the GAM pat-
tern does not. The CART observation that off-shelf biovolume was
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often higher than shelf biovolume was shown in the GAM relation-
ship of the mean biovolume to distance from the 200 m isobath,
with peak biovolume occurring at around 150 km offshore of the
200 m isobath, but with not much change between 50 and
200 km offshore of that isobath. The year effect showed an increase
in biovolume between the end of the 1980s and 1998, a small dip
in 1998–2000 and a further stabilization thereafter. The latitude ef-
fect showed a general increase in biovolume north to south. The
sea surface temperature effect had two peaks, with a slight dip at
about 20 �C. The second peak was significantly higher, which
agrees with the CART result, which suggested a temperature effect,
with a split around 21� and higher biovolume above this split. Fi-
nally, although both neighbourhood (within 5 km) anchoveta and
sardine acoustic biomass (sA) effects on zooplankton biovolume
were significant in the GAM, the anchoveta effect was stronger
(p < 10�7 for anchoveta and p = 6.0 � 10�4 for sardine based on
v2-values for non-parametric effects). The anchoveta effect sug-
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gested a decline in local zooplankton biovolume with increasing
fish biomass (Fig. 3). The small significance level appears to depend
on an extremely large sample size including zooplankton samples
for all acoustic surveys (15133 samples).
4. Discussion

4.1. Population abundance: bottom-up control

Our results show that the multi-year trend of both zooplankton
biovolume and anchoveta landings are globally in phase (Fig. 2),
which provides further evidence for bottom-up control by zoo-
plankton on the anchoveta population, as previously suggested
by Alheit and Niquen, 2004. In particular, they indicated that the
decrease of the anchoveta population in the early 1970s was
caused partially by a decrease of its food source, but they stated
that there was no clear indication whether the early phase of the
anchoveta recovery during the 1980s was based on an increase
of zooplankton. The time series on zooplankton data they relied
on was not long enough to show the increasing trend in zooplank-
ton biovolume from the 1980s to nowadays. This was presented by
Ayón et al. (2004) and for a somewhat longer time period here
(Fig. 2), although absolute values of recent zooplankton biovolume
are far below the ones observed during the 1960s. It is difficult to
understand these differences (Ayón et al., 2004). Obviously pat-
terns and processes are not simple and ecosystem functioning can-
not be reduced to ‘simple’ trophic controls even if the bottom-up
forcing seems dominant. Taylor et al., 2008 also concluded there
was bottom-up control for anchoveta using a modelling approach.
Others (Alheit and Niquen, 2004; Bertrand et al., 2004b; Swartz-
man et al., 2008) suggested how water masses, and their intrinsic
characteristics in terms of hydrology, and primary and secondary
production, drive the abundance and distribution of forage fish
species. For instance, the latest anchoveta ‘dominance’ period we
are experiencing since 1992, but particularly since the 1997–
1998 El Niño event (Gutiérrez et al., 2007), corresponds to overall
colder conditions (Francisco Chavez pers. com.) along the Peruvian
coast that led to an extension of cold coastal upwelling waters
(Swartzman et al., 2008), high levels of primary production (Fran-
cisco Chavez pers. com. and Fig. 5 in Alheit and Niquen, 2004) and
high zooplankton abundance (Fig. 2). The typical bottom-up con-
trol in the northern HCS does not support the wasp-waist control
hypothesis (Cury et al., 2000, 2003), which considers forage fish
species to be the driving force in upwelling ecosystems for both
higher and lower trophic levels.

4.2. Distribution patterns: local depletion effect

Predation effects of fish on zooplankton are difficult to observe,
because predation is a local phenomenon requiring simultaneity in
space and time of both predator and prey and the scale of sampling
can hardly replicate this simultaneity. On the other hand, the perva-
sive abundance of anchoveta in some regions may provide an
opportunity for observing reduction of zooplankton in regions of
high predation. The main uncertainty in such relationships is sepa-
rating the effect of predation from the effect of production, since
some samples may show low abundance due to poor growing con-
ditions rather than higher predation. Our study relies on a large
sample which provides an opportunity to find an effect of predation
if it exists, and to distinguish it from the noise commonly found in
such labile ecosystems due to variability in local conditions, recent
history, sampling variability and the mixing of many sizes and spe-
cies of zooplankton into a single sample number; the biovolume.

Our results strongly suggest local reduction in zooplankton bio-
volume by anchoveta predation in neighbourhoods where ancho-
veta abundance is high. This is supported by several pieces of
evidence. The CART analysis suggested that when anchoveta abun-
dance within 5 km of the zooplankton samples was high (sA above
543 m2 nmi�2) average zooplankton abundance was significantly
lower than zooplankton abundance in areas having lower density
of anchoveta in the region. The anchoveta effect was the most
important effect found by CART, as shown by the highest level split
in the data being on anchoveta abundance (Table 1). This suggests
that anchoveta abundance has more influence on local zooplank-
ton biovolume than any other covariate, including year, latitude,
SST, distance onshore or offshore of the shelf break (200 m iso-
bath), sardine abundance, time of day and month. Furthermore,
sensitivity analysis on the distance from samples (currently
5 km) to define the region of influence of anchoveta showed the
anchoveta abundance to be the most important factor for distances
between 3 km and 30 km suggesting a highly robust effect. These
results are also seen in the GAM analysis, which differs from CART
in design by considering effects due to smooths of covariates,
rather than thresholds and in not explicitly including multivariate
interactions. In GAM, zooplankton biovolume decreased with
increasing anchoveta abundance over a range of anchoveta sA from
0 to 4000 m2 nmi�2 (up to 3.6 in log10 scale), with a stronger effect
for high value of sA (log10 value between 2.5 and 3.0; Fig. 3),
close to the threshold observed from the CART analysis
(log10(543) = 2.73).

We think the apparent depression of zooplankton near high
anchoveta densities is highly unlikely to be due to lower produc-
tion, since anchoveta is more prevalent in highly productive
upwelling and mixed waters than in less productive oceanic or
equatorial waters (Alheit and Niquen, 2004; Bertrand et al.,
2004b; Gutiérrez et al., 2007; Swartzman et al., 2008). Anchoveta
is a plankton predator, depending much more on zooplankton than
on phytoplankton. Zooplankton, particularly euphausiids and large
copepods, accounts for about 98% of its diet in carbon (Espinoza
and Bertrand, 2008). It is therefore not surprising to see a local
effect of anchoveta foraging when large fish aggregations are con-
cerned. It is important to note that the results we obtained were
limited by the lack of reliability of euphausiid abundance (67.5%
of anchoveta diet in carbon) from Hensen net sampling. We prob-
ably mainly detected an anchoveta effect on copepods (23.6% of
anchoveta diet in carbon), which are better sampled by these nets.
Ongoing estimation of euphausiid abundance from historical
acoustic data may soon provide better data on euphausiids
(Michael Ballón, pers. com.). The depletion effect we observed is
only local (i.e. up to 30 km) and does not constitute large-scale
or long-term control on plankton population. Finally, sardine,
which forages at a lower trophic level than anchoveta (Konchina,
1991; van der Lingen, 2002, 2006, in press), has no evident impact
on zooplankton biovolume. The 300 lm mesh net used for plank-
ton sampling allows a rather good representation of the prey
community of anchoveta (except for euphausiids) which forage
efficiently at sizes higher than 200–250 lm, particularly from
580 lm (van der Lingen et al., 2006) but not for sardine which
is able to forage directly on net-phytoplankton (20–200 lm).
Studying potential local sardine impact on its prey community
would therefore require sampling based on a finer mesh.

Apart from the anchoveta’s impact on zooplankton biovolume
we observed other covariate effects. We observed a significant
and clear diel effect (Table 1, Fig. 3), with higher zooplankton bio-
volumes during the night. This classic result is likely mainly due to
both reduced gear selectivity during the daytime and to diel migra-
tion of zooplankton where some zooplankton migrate below the
top 50 m of the water column during the daytime. Zooplankton
biovolume was higher from the shelf break to 100 km offshore,
which corresponds to rather warm temperatures (Table 1; Fig. 3).
Such results may be related to the offshore transport of the matur-
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ing production, leading that part of the zooplankton community to
be distributed away from the coast where the predation is limited
as anchoveta has a rather coastal distribution (Bertrand et al.,
2004b; Gutiérrez et al., 2007; Swartzman et al., 2008), but also
where diel migration can allow zooplankton some daytime protec-
tion from anchoveta predation (Bertrand et al., this issue; Escrib-
ano et al., in press; Espinoza and Bertrand, 2008). The month
effect on zooplankton biovolume was also very clear with higher
biovolume in summer than in winter (Fig. 3), which is consistent
with enhanced primary production in austral summer (Francisco
Chavez, com. pers.).

Other studies illustrated similar direct effects of predation on
the distribution and abundance of organisms in the ocean. For in-
stance, Swartzman et al. (2002) and Winter and Swartzman (2006)
evidenced an inverse relationship between the local abundance of
juvenile pollock (Theragra chalcogramma) and zooplankton near
the Pribilof Islands, Alaska. Hunt et al., 2002 provided direct evi-
dence of heavy predation of murres (Uria aalge) on juvenile pollock
upwelled onto a shelf in the Pribilof Canyon, Alaska. Bertrand et al.,
2004a found that in the southern part of the HCS, the biomass of
the mesopelagic community was lower in areas where high abun-
dance of jack mackerel (Trachurus murphyi), their main predator,
was observed.

In summary, at the local scale there is clear evidence for a
depletion effect on zooplankton biovolume by high neighbourhood
densities (spatial range: 3–30 km) of anchoveta. At the population
level anchoveta biomass and zooplankton biovolume appeared to
co-vary on a multi-year basis. The increase in zooplankton and
anchoveta biomass since the 1990s corresponds to a colder period
with enhanced primary production in the HCS (Francisco Chavez
com. pers.). Thus, although zooplankton likely exerts a bottom-
up control on the anchoveta population, when locally abundant
anchoveta can induce local depletion (independent of the total
anchoveta population level) of zooplankton abundance.
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a b s t r a c t

The Peruvian anchovy or anchoveta (Engraulis ringens) forages on plankton and is a main prey for marine
mammals, seabirds, fish, and fishers, and is therefore a key element of the food web in the Humboldt Cur-
rent system (HCS). Here, we present results from the analysis of 21,203 anchoveta stomach contents sam-
pled during 23 acoustic surveys over the period 1996–2003. Prey items were identified to the genus level,
and the relative dietary importance of different prey was assessed by determination of their carbon con-
tent. Variability in stomach fullness was examined relative to the diel cycle, the distance from the coast,
sea surface temperature, and latitude, using generalized additive models (GAMs). Whereas phytoplank-
ton largely dominated anchoveta diets in terms of numerical abundance and comprised >99% of ingested
prey items, the carbon content of prey items indicated that zooplankton was by far the most important
dietary component, with euphausiids contributing 67.5% of dietary carbon followed by copepods (26.3%).
Stomach fullness data showed that anchoveta feed mainly during daytime between 07h00 and 18h00,
although night-time feeding also made a substantial contribution to total food consumption. Stomach
fullness also varied with latitude, distance from the coast, and temperature, but with substantial variabil-
ity indicating a high degree of plasticity in anchoveta feeding behaviour. The results suggest an ecological
role for anchoveta that challenges current understanding of its position in the foodweb, the functioning of
the HCS, and trophic models of the HCS.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction on zooplankton (Rojas de Mendiola, 1989; Alamo, 1989), and zoo-
The Peruvian anchovy or anchoveta Engraulis ringens, is ecolog-
ically and economically the most important pelagic fish species in
the Humboldt Current system (HCS). Anchoveta is the major prey
of the principal top predators including marine mammals, sea-
birds, fish and fishers, and more than 250 million tons of anchoveta
have been harvested by the purse seine fishery since the 1950s.
Anchoveta forage on plankton and is a key element of the marine
food web in the HCS and have been the subject of many studies
(e.g. the books edited by Pauly and Tsukayama, 1987; Pauly
et al., 1989a).

The first trophodynamic studies on anchoveta in Peru con-
cluded that anchoveta subsisted mainly on phytoplankton (Rojas,
1953; Rojas de Mendiola, 1969), and the ability of clupeoids like
anchoveta to feed at low trophic levels (directly on primary pro-
ducers) was suggested as the reason such large populations, bio-
masses and fisheries could be sustained in upwelling systems
(Ryther, 1969). Later studies suggested that in addition to filter-
feeding on phytoplankton, anchoveta could also particulate feed
ll rights reserved.

spinoza), Arnaud.Bertrand@
plankton was sometimes considered equally important as phyto-
plankton in anchoveta diets (Alamo, 1989; Pauly et al., 1989b;
Jahncke et al., 2004). With the exception of Konchina (1991),
who suggested that anchoveta preferentially consume zooplank-
ton, all other recent work in the HCS has concluded that anchoveta
depends mainly on phytoplankton (Alamo et al., 1996a,b, 1997a,b;
Alamo and Espinoza, 1998; Espinoza et al., 1998a,b, 1999, 2000).
However, these studies were based on counts of anchoveta prey,
a method considered to be inadequate for estimating dietary
importance (James, 1987; Konchina and Pavlov, 1995). In contrast,
methods based on prey weight (e.g. gravimetric) or on nutritional
value (e.g. carbon content, caloric or energetic value) may be more
ecologically relevant (Hyslop, 1980; Koslow, 1981; James, 1987;
Konchina and Pavlov, 1995; van der Lingen et al. 2006, in press).
In other upwelling systems, these latter methods indicate that zoo-
plankton, rather than phytoplankton, support clupeoid populations
(e.g. Koslow, 1981; James, 1987; James and Chiappa-Carrara, 1990;
Chiappa-Carrara and Gallardo-Cabello, 1993; van der Lingen et al.,
2006).

Konchina (1991) results highlighting the significance of zoo-
plankton in the diet of anchoveta were based on gravimetric anal-
ysis of prey importance, but his study was based on a very small
sample size (n = 65 fish). Here we revisit Peruvian anchoveta diet

mailto:pespinoza@imarpe.gob.pe
mailto:Arnaud.Bertrand@ 
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and feeding behaviour in Peru using a database which contains
information on the stomach contents of 21,203 anchoveta sampled
along the Peruvian coast (1996–2003). In particular we assess the
relative importance of different prey types to anchoveta using a
method which estimates the carbon content of prey items. We also
describe variations in anchoveta stomach fullness in relation to the
diel cycle, latitude, distance to the coast, and sea surface tempera-
ture, using generalized additive models. Our results confirm Kon-
china (1991) finding that Peruvian anchoveta subsist primarily
on zooplankton, and suggest an ecological role for anchoveta that
challenges current understanding of the functioning of the HCS.

2. Materials and methods

2.1. Sampling

Data were collected during 23 IMARPE (Instituto del Mar del
Perú) acoustic surveys between 1996 and 2003 with the aim of
estimating pelagic fish abundance in the Peruvian EEZ (Table 1).
Fish were collected by pelagic trawling conducted throughout
the survey area (Fig. 1), and a sub-sample of 10–50 anchoveta
was randomly collected from each trawl. At sea, individual ancho-
veta were measured (total length) to the nearest 0.5 cm and
weighed to the nearest 0.1 g, and the cardiac and pyloric sections
of their stomachs were extracted fixed in 5% formalin. In the labo-
ratory, stomach contents were extracted and weighed (wet weight,
WW) to the nearest 0.01 g for samples collected between 1996 and
the summer of 2001, and to the nearest 0.001 g thereafter. Stomach
fullness was calculated by dividing individual stomach content
weight by fish wet weight and was expressed as a percentage of
fish wet weight (Hureau, 1970). The stomach contents of individ-
ual fish were then pooled into 2 cm size classes for each sub-sam-
ple, and pooled stomach contents were filtered through a 125 lm
mesh. The filtered material was diluted to 100 mL using filtered
seawater and a 0.1 mL sub-sample was examined under the com-
pound microscope to identify and count phytoplankton prey. The
material that remained on the mesh was diluted to 100 mL using
filtered seawater and a 10 mL sub-sample was examined using a
stereoscopic microscope to identify (to genus) and count zooplank-
ton prey. All prey counts were then standardized to number per
100 mL, except for anchoveta eggs, for which the whole sample
was examined.
Table 1
Survey code, start and end date, the number of trawls, and the number, length range (in

Survey code Start date End date No

960204 10 February 1996 01 April 1996 49
960809 11 August 1996 27 September 1996 70
961112 16 November 1996 19 December 1996 39
970204 13 Feb 1997 23 April 1997 45
970910 04 September 1997 05 October 1997 51
980305 27 March 1998 01 May 1998 35
980809 23 August 1998 17 September 1998 36
981112 30 November 1998 21 December 1998 36
990203 14 February 1999 28 March 1999 75
990809 28 August 1999 17 September 1999 19
991112 12 November 1999 14 December 1999 70
000102 20 January 2000 26 February 2000 124
000607 10 June 2000 06 July 2000 50
000809 28 August 2000 23 September 2000 38
001011 11 October 2000 13 November 2000 45
010204 03 March 2001 10 April 2001 78
010708 05 July 2001 06 August 2001 83
020203 21 February 2002 18 March 2002 83
0208 10 August 2002 31 August 2002 30
021011 01 October 2002 13 November 2002 36
030203 26 February 2003 31 March 2003 45
030809 16 August 2003 15 September 2003 26
031012 24 October 2003 10 December 2003 36
2.2. Estimation of prey volume, dry weight and carbon content

Different procedures were followed to estimate the carbon con-
tent of phytoplankton and zooplankton and hence determine their
relative dietary importance. We did not measure the size of any
prey items but instead used information from the literature to esti-
mate prey size; the lack of available references on size and volume
for planktonic organisms off Peru led us to use a wide range of ref-
erences published for other ecosystems. Phytoplankton size was
converted to phytoplankton cell volume using references describ-
ing the organism’s geometric shape and providing equations relat-
ing shape to volume, with the coefficients for each equation being
obtained from the literature or from estimations made by IMARPE
(Table 2). To transform volume into carbon content we used equa-
tions given in Menden-Deuer and Lessard (2000) and Verity and
Langdon (1984) (Table 4). For zooplankton, prosome or total organ-
ism length was estimated from the literature or from some direct
measurements made by IMARPE on zooplankton from stomach
content samples (Table 3). Zooplankton dry weight and carbon
content were calculated using equations given by Alexandrov
(2001), Deibel (1986), James (1987), van der Lingen (2002), Parsons
et al. (1984) and Sameoto (1971) (Table 4). All prey carbon content
values were standardized to lg C, and were expressed as a percent-
age of all fish examined in each cruise.

2.3. Data analysis

For each survey from which anchoveta were collected for troph-
odynamic analysis we sought potential relationships between
stomach fullness and the diel cycle, latitude, distance to the coast,
and sea surface temperature. As the relationships are likely to be
nonlinear and multivariate, a generalized additive modelling
(GAM) approach was used (Hastie and Tibshirani, 1990) using
S-Plus software (Insightful Corporation, Seattle, WA, USA). Cubic
spline smoothers were used to estimate these nonparametric func-
tions, and separate GAM models were performed for each survey,
and also for all the surveys combined.

3. Results

A total of 21,203 anchoveta (E. ringens) ranging from 3 to 18 cm
total length were analysed (Table 1). In total, 132 prey taxa were
cm) of anchoveta collected for stomach content analysis during this study.

. of trawls No. of stomach Anchoveta length range (Min–Max)

633 9–19
1021 5.5–19.5
639 9.5–19
739 8–19.5
1259 6.5–19
687 9.5–18
624 4–16
798 4–16.5
1266 10–17
336 10–18
1412 8–18
2277 6.5–18.5
928 7.5–18.5
574 7–18.5
846 6.5–18
1630 8.5–18.5
1596 6.5–19
1650 7–18
281 9.5–17
416 10–17
524 6.5–17.5
243 7.5–17.5
824 4.5–17.5
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Fig. 1. The locations of trawls (grey dots) from which anchovetas were collected for trophodynamic analysis. The black solid line indicates the 200 m isobaths.
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identified: 38 diatoms, 16 dinoflagelates, 2 silicoflagelates, 1 phy-
toflagelate, 4 microflagellates, 9 tintinnids, 34 copepods, and 28
other items (Tables 2 and 3). Mean stomach fullness was 0.68%
of fish WW, and varied between 0.29% WW in February–March
1999 and 1.23% WW in August–September 1998 (Fig. 2).

3.1. Dietary composition

Numerically, phytoplankton dominated anchoveta diet and
comprised 99.52% of all ingested prey; copepods represented only
0.07%, euphausiids 0.003%, and other prey items accounted for only
0.40% of the total number of prey (Fig. 2). This view of anchoveta
diet changes dramatically when prey carbon content is considered
(Fig. 2); zooplankton was by far the most important component
and contributed 98.0% of dietary carbon, whilst phytoplankton
contributed only 2.0%. Among zooplankters, euphausiids domi-
nated (contributing 67.5% of dietary carbon), followed by copepods
(26.3%), and other zooplankton (4.2%). Other groups were much
less important in terms of their carbon contribution, including Gas-
tropoda (0.76%), Polychaeta (0.75%), lantern fish (Vinciguerria luce-
tia and myctophids) (0.45%), anchoveta eggs (0.40%), Amphipoda
(0.40%), Bivalvia (0.31%), zoea (0.29%), megalopa (0.29%), and the
red shrimp Pleuroncodes monodon (0.01%), but their presence illus-
trates the omnivorous feeding behaviour of anchoveta.

The phytoplankton carbon fraction (2%) was dominated by the
diatoms Coscinodiscus (54.0%), Thalassiosira (14.6%), Ditylum
(8.1%), and by the dinoflagellate Protoperidinium (6.7%). The cope-
pod carbon fraction was dominated by the genera Eucalanus
(69.9%), Calanus (12.8%) and Centropages (6.6%), whilst Corycaeus
(1.3%), Candacia (1.2%), Paracalanus (1.0%) and Scolecithrix (1.0%)
were of lesser importance.

Our results vary depending on the parameters and relation-
ships used to estimate prey carbon content (Tables 2–4). To test
the robustness of our results we re-calculated dietary carbon
after increasing twofold the relative volume (and thus carbon
content) of phytoplankton items and decreasing the relative size
of main zooplankton items by a third. Despite these changes our
results were similar to those described above; even in the most
‘extreme’ case where phytoplankton was increased and zoo-
plankton decreased by the maximum amounts the contribution
by phytoplankton to anchoveta dietary carbon only reached 6%
of the total, which appears to confirm the robustness of our
results.

Whereas the relative contribution to anchoveta dietary carbon
made by different prey types varied between surveys, no seasonal
trend could be identified (Fig. 2). Phytoplankton reached maximum
levels (40.7% of total carbon content) in anchoveta diet in August–
September 1996, and minimum levels (0.07%) in June–July 2000.
The contribution of euphausiids was high (P80% of total carbon
content) during November–December 1996, February–April and
September–October 1997, August–September 1999, January–
February and August–September 2000, and July–August 2001,



Table 2
Shape, size and volume of phytoplankton cells recorded from anchoveta stomach contents; cell volume was extracted from the literature (see references) or calculated from
published geometric shapes and published or estimated cell sizes.

Genus Geometric shape Diameter
(lm)

Length
(lm)

Height
(lm)

ma

(lm)
Volume formulab Volume values (lm3)

Diatoms
Actinoptychus Cylinderb (p/4) � d2 � h 16,828c

Amphiprora Elliptic prismb 10 35 10 (p/4) � d � l � h 2749
Amphora Cymbelloidb (1/6) � p � (2b)2 � a � (b/360)d 6187c

Asterionellopsis Prism on triangleb 30 10e 10 (½) � l �m � h 1500
Asteromphalus Cylinderb 30 5 (p/4) � d2 � h 3534
Bacteriastrum Cylinderb 40 80 (p/4) � d2 � h 100,531
Cerataulina Cylinderb (p/4) � d2 � h 30,015c

Chaetoceros Elliptic prismb (p/4) � d � l � h 3937c

Cocconeis Elliptic prismb (p/4) � d � l � h 780c

Corethron Cylinder + 2 half spheresb 20 100 p � r2 � l + (4/3) � p � r3f 35,605
Coscinodiscus Cylinderb (p/4) � d2 � h 994,625c

Cylindrotheca Prolate spheroid + 2 cylindersb (p/6) � d2 � h + 2(p/4) � d2 � h 158c

Detonula Cylinderb 40 40 (p/4) � d2 � h 50,265
Ditylum Prism on triangleb (1/2) � l �m � h 60,495c

Eucampia Elliptic prismb 24 52 30 (p/4) � d � l � h 9802
Fragilariopsis Elliptic prismb (p/4) � d � l � h 190c

Grammatophora Elliptic prismb (p/4) � d � l � h 9772c

Guinardia Cylinderb (p/4) � d2 � h 144,013c

Gyrosigma Prism on parallelogramb (1/2) � l � b � hg 63,513c

Hemiaulus Elliptic prismb 30 90 10 (p/4) � d � l � h 21,205.75
Lauderia Cylinderb 50 90 (p/4) � d2 � h 176,715
Leptocylindrus Cylinderb (p/4) � d2 � h 1608c

Licmophora Gomphonemoidb b 11,870c

Lioloma Boxb 25 50 25 l � l0 � hh 31,250
Lithodesmium Prism on triangleb 34 20e 20 (1/2) � l �m � h 6800
Navicula Elliptic prismb (p/4) � d � l � h 3013c

Odontella Elliptic prismb (p/4) � d � l � h 13,081
Planktoniella Cylinderb 80 15 (p/4) � d2 � h 75,398
Pleurosigma Prism on parallelogramb (1/2) � l � b � hg 36,882
Proboscia Cylinderb (p/4) � d2 � h 13,641
Pseudonitzschia Prism on parallelogramb (1/2) � l � b � hg 646
Pseudosolenia Cylinderb 50 300 (p/4) � d2 � h 589,049
Rhizosolenia Cylinderb (p/4) � d2 � h 108,532
Skeletonema Cylinder + 2 half spheresb (p) � r2 � l + (4/3) � p � r3f 459
Stephanopyxis Cylinder + 2 half spheresb 40 60 (p) � r2 � l + (4/3) � p � r3f 108,909
Thalassionema Boxb l � l0 � hh 1252
Thalassiosira Cylinderb (p/4) � d2 � h 14,390
Tropidoneis Prism on triangleb 75 18e 18 (1/2) � l �m � h 12,150

Dinoflagellates
Ceratium Ellipsoid + 2 cones + cylinderb (p/6) � a � b � l + 2 � (1/3) � p � r2 � z + (p/4) � d2 � hjk 47,435i

Dinophysis Ellipsoidb (p/6) � a � b � lj 50,000 (assumed)
Diplopelta Ellipsoidb (p/6) � a � b � lj 50,000 (assumed)
Diplopsalis Cone + half sphereb (1/3) � p � r2 � z + (1/2) � (4/3) � p � r3fk 50,000 (assumed)
Dissodium 50,000 (assumed)
Goniodoma Sphereb (4/3) � p � r3f 50,000 (assumed)
Gonyaulax 2 conesb 2 � (1/3) � p � r2 � zk 50,000 (assumed)
Gymnodinium Ellipsoidb (p/6) � a � b � lj 88,099i

Oxophysis 2 conesb 2 � (1/3) � p � r2 � zj 50,000 (assumed)
Podolampas Coneb (1/3) � p � r2 � zk 50,000 (assumed)
Pronoctiluca Cone + half sphereb (1/3) � p � r2 � z + (1/2) � (4/3) � p � r3fk 50,000 (assumed)
Prorocentrum Ellipsoidb (p/6) � a � b � lj 16,303i

Protoperidinium 2 conesb 2 � (1/3) � p � r2 � zk 133,298i

Pyrocystis Ellipsoidb (p/6) � a � b � lj 50,000 (assumed)
Pyrophacus Ellipsoidb (p/6) � a � b � lj 50,000 (assumed)
Scrippsiella Ellipsoidb (p/6) � a � b � lj 50,000 (assumed)

Silicoflagellates
Dictyocha 30,000 (assumed)
Octactis 30,000 (assumed)

Phytoflagellates
Tetraselmis Elliptic prismb 10 25 5 (p/4) � d � l � h 1964

Microflagellates
Olisthodiscus luteus Prolate spheroid 50 110 (p/6) � d2 � l 143,990

Tintinnids
Amphorellopsis Cylinderl 30 200 (p/4) � d2 � h 98,175
Codonella Cylinderl 30 200 (p/4) � d2 � h 98,175
Codonellopsis Cylinderl 30 200 (p/4) � d2 � h 98,175
Dictyocysta Cylinderl 30 200 (p/4) � d2 � h 98,175
Eutintinnus Cylinderl 30 200 (p/4) � d2 � h 98,175
Favella Cylinderl 30 200 (p/4) � d2 � h 98,175

(continued on next page)
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Table 2 (continued)

Genus Geometric shape Diameter
(lm)

Length
(lm)

Height
(lm)

ma

(lm)
Volume formulab Volume values (lm3)

Helicostomella Cylinderl 30 200 (p/4) � d2 � h 98,175
Tintinnopsis Cylinderl 30 200 (p/4) � d2 � h 98,175

Xystonella Cylinderl 30 200 (p/4) � d2 � h 98,175
Foraminiferida Ellipsoidb 200 (p/6) � a � b � lj 523,599
Radiolaria Ellipsoidb 110 (p/6) � a � b � lj 88,698
Acanthaires Prolate spheroidb 50 75 (p/6) � d2 � lj 98,175

a m: height of even-sided triangle of the transapical section.
b Hillebrand et al. (1999).
c Snoeijs et al. (2002).
d a: length; b: height.
e h: base of even-sided triangle of the transapical section.
f r: radius.
g b: minor axis; l: major axis, similar to length.
h l0: minor base of rectangle, similar to diameter (d).
i Menden-Deuer and Lessard (2000).
j a: main axis; b: minor axis of cross section (in Foraminiferida: a = 100, b = 50; Radiolaria: a = 55, b = 28).
k z: height of the cone.
l Chiappa-Carrara and Gallardo-Cabello (1993).
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and the lowest value (5.8%) was recorded in November–December
1998. The maximum contribution to dietary carbon (86.7%) from
copepods occurred during November–December 1998, at the end
of the 1997–1998 El Niño event, and the lowest value (2.0%) was
observed during November–December 1996.

3.2. Stomach fullness dynamics

GAM computed on the combined data from all surveys (Fig. 3)
show that the main ingestion period for anchoveta occurred during
daytime, between 07h00 and 18h00, local time, and this general
pattern was observed during most of the surveys, although there
were several exceptions (Fig. 3). For instance, during four surveys
(990809, 000607, 010204, 0208) the feeding period began earlier
at about 02h00 and terminated in the early afternoon, whereas
during two other surveys (980305, 030809) feeding occurred
mainly at night. In some instances (surveys 961112 and 970910)
anchoveta showed a longer (>16 h) feeding period with no clear
evacuation period.

In addition to showing a diel pattern, stomach fullness also var-
ied with latitude (Fig. 3), with higher values encountered off both
Northern (<6 �S) and Southern (>13 �S) Peru although some sur-
veys presented very different patterns. Indeed the global trend
does not seem robust and strong variability in the relationship be-
tween stomach fullness and latitude occurred during the time ser-
ies; for example, high stomach fullness values were observed in the
central part of Peru in 960204, 960809, 991112 and 000607
(Fig. 3).

Stomach fullness increased with distance from the coast and
reached maximal values at distances >120 km (Fig. 3), but again
this general trend obscures strong variability between surveys.
When anchoveta were distributed close to the coast, high full-
ness levels could be observed close to shore, in particular during
the 1997–1998 El Niño, but this was also seen in 1999, 2000 or
2001.

Anchoveta stomach fullness was related to temperature, with a
minimum observed at 22 �C (Fig. 3). However, the range of temper-
atures varied strongly depending on the timing of a particular sur-
vey, suggesting that this general trend is also not robust. In fact,
whereas the general trend was observed for 13 surveys it was
not observed in six others (960204, 970910, 990809, 020203,
010204, 010708) during which fullness increased with tempera-
ture, in two surveys (980305,0208) where dome-shaped relation-
ships between SST and stomach fullness were observed, in two
other surveys (960809,030203) where U-shaped patterns between
SST and stomach fullness were observed, nor in one survey
(980809) where a bimodal pattern was observed.
4. Discussion

4.1. Dietary composition

Our analysis of the stomach content composition of 21,203
anchoveta illustrates its omnivorous foraging character; this spe-
cies feeds on both phytoplankton and zooplankton and has a large
diversity of prey (132 taxa were identified at the genus level). As
shown by Konchina (1991), the size range of anchoveta prey varies
by several orders of magnitude, from tens of micrometers (micro-
flagellates) to tens of millimetres (fish, e.g. V. lucetia).

When considering only prey numbers, anchoveta diet is dom-
inated by phytoplankton which comprise 99.5% of all prey and
the zooplankton fraction appears negligible (Fig. 2). However
when the carbon content of prey items is considered, zooplank-
ton becomes by far the most important component and contrib-
utes 98.0% of dietary carbon, with a strong dominance of
euphausiids (67.5%) followed by copepods (26.3%). These results
depend on the parameters and relationships used to estimate
prey carbon content (Tables 2–4); the analysis seems robust
but the exact proportion of specific taxa should be considered
with caution.

The phytoplankton carbon fraction was dominated by the large
solitary diatoms Coscinodiscus and Ditylum, and the chain forming
Thalassiosira. Similar dominance has been reported for anchovy
(E. encrasicolus; formerly E. capensis) in the Benguela Current sys-
tem, where the most important phytoplanktonic items were the
large solitary diatoms Rhizosolenia, Pleurosigma and Coscinodiscus
(James, 1987). Previous studies performed off Peru and based on
numerical or frequency of occurrence analysis also highlighted
the importance of diatoms in anchoveta diet, in particular nine
genera of the Coscinodiscineae: Coscinosdiscus, Melosyra, Cyclotella,
Skeletonema, Thalassiosira, Stephanopyxis, Coscinoscira, Planktoniel-
la, and Asterolampra (Rojas de Mendiola, 1969, 1971, 1989; Alamo,
1989; Pauly et al., 1989b). Other taxa such as the diatoms Chaetoc-
eros and Asterionellopsis, and the dinoflagellate Protoperidinium,
were also considered important to anchoveta diet (Alamo et al.,
1996a,b, 1997a,b; Alamo and Espinoza, 1998; Espinoza et al.,
1998a,b, 1999, 2000).



Table 3
Type and size of zooplankton recorded from anchoveta stomach contents; length was
estimated by IMARPE except where indicated.

Name Type Length (mm)

Acartia Calanoida 0.9375a

Aetideus Calanoida 1.5
Calanus Calanoida 2b

Calocalanus Calanoida 1c

Candacia Calanoida 1.1666a

Centropages Calanoida 1.5a

Clausocalanus Calanoida 0.65b

Clytemnestra Harpacticoida 0.66b

Copilia Poecilostomatoida 1.75a

Corycaeus Cyclopoida 1a

Corycella Poecilostomatoida 0.65
Euaetideus Calanoida 0.9b

Eucalanus Calanoida 4
Euchaeta Calanoida 1.08b

Euchirella Calanoida 2.5b

Euterpina Harpacticoida 0.5c

Haloptilus Calanoida 1.2a

Lubbockia Poecilostomatoida 0.8
Lucicutia Calanoida 1.03a

Macrosetella Harpacticoida 0.7
Mecynocera Calanoida 0.899a

Microsetella Harpacticoida 0.7c

Nonocalanus Calanoida 1.5
Oithona Cyclopoida 0.5a

Oncaea Poecilostomatoida 0.667a

Paracalanus Calanoida 0.8b

Phaena Calanoida 0.8
Pleuromamma Calanoida 1.2b

Pontellina Calanoida 1.5
Rhincalanus Calanoida 4
Saphirina Poecilostomatoida 2.3b

Scolecithrix Calanoida 1.7b

Scolecithtricella Calanoida 1.8b

Temora Calanoida 1.2b

Harpacticoida 0.6c

Copepoditos 0.5a

Restos de copépodos 0.25
Euphausiacea 12b

Amphipoda 8b

Ostracoda 0.7
Zoea 2
Megalop 3
Cirriped larvae 0.1
Emerita sp. Larvae 5
Decapod undetermined larvae 5
Pagurus sp. 5
Pleuroncodes monodon 7
Decapoda Reptantia n/i 3
Galatheidae 7
Bivalvia 1.25
Gastropoda 1.25
Anchoveta eggs vol: 0.27 mm3d

Apendicularia 10
Echinoderm larvae 1
Chaetognata 8b

Squid remains 10
Polychaeta 10
Anchoa sp. Eggs vol: 0.27 mm3

Engraulidae eggs vol: 0.27 mm3

Fish eggs vol: 0.27 mm3

Fish larvae 15
Fish undetermined 15
Engraulidae 15
Vinciguerria sp. 15
Myctophidae 15

a http://earth.leeds.ac.uk/cyclops/data/ncfs-zooplank.xls.
b Santander et al. (1981).
c Tudela and Palomera (1997).
d Llanos-Rivera and Castro (2004).
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Zooplankton dietary carbon was dominated by euphausiids and
copepods. The most important copepods were Eucalanus, Calanus
and Centropages, in partial agreement with Rojas de Mendiola
(1971, 1989) and Pauly et al. (1989b) who reported that Calanus,
Centropages and Corycaeus were frequently-observed in anchoveta
stomach contents. During the 1997–1998 El Niño, various studies
confirmed the numerical importance of copepods and euphausiids;
whereas amphipods, anchoveta eggs, Vinciguerria sp., and Mycto-
phidae were of minor importance (Blaskovic’ et al., 1999; Espinoza
et al., 1998a,b, 1999, 2000).

In spite of the zooplankton dominance in anchoveta diet de-
scribed above, the contribution made by different prey items varied
strongly during the study period (Fig. 2), illustrating the ancho-
veta’s opportunistic feeding ability. For instance, the phytoplankton
fraction was high (up to 40% of carbon content) in 1996, but there-
after was never higher than 5%, irrespective of the overall environ-
mental condition (i.e. El Niño 1997–1998 or La Niña 1999). It is
difficult to relate these changes in the proportion of dietary phyto-
plankton to specific conditions. The proportion of anchoveta dietary
carbon derived from copepods increased from November–Decem-
ber 1996 (2.0%) to a maximum in November–December 1998
(86.7%) and February–March 1999 (77.1%), after the 1997–1998 El
Niño; the copepod fraction also reached high levels (>40%) in
June–July 2000, October–November 2000 and August 2002, making
the extraction of any seasonal pattern difficult.

4.2. The anchoveta: a predator

Our results demonstrate that anchoveta is a predator foraging at
a higher trophic level than has generally been recognised (e.g. by
Pauly et al., 1989b; Rojas de Mendiola, 1989), with its main input
of carbon coming from zooplankters such as euphausiids and large
copepods. Our results differ from the conventional dogma on
clupeoid feeding ecology in the HCS, in which diatoms are consid-
ered as the major food source. Such feeding low on the food chain
has been invoked to explain how such large anchoveta populations
can be supported in this system (Rojas de Mendiola 1971). These
conclusions now appear incorrect as they are based on counts of
very small (phytoplankton) prey who’s caloric (carbon) contribu-
tion to anchoveta diet is often trivial (Cushing, 1978; Konchina,
1991). James (1987) demonstrated that assessing fish diet from
the number of prey items is unsatisfactory due to the preponder-
ance of minute food items and the great difference on size range
between phytoplankton and zooplankton (10�3 mm for diatoms
to 10 mm for zooplankton), which makes the use of carbon or cal-
orie equivalents for assessing the importance of dietary compo-
nents essential. The determination of prey carbon content helps
in determining the true importance of a food type (James, 1988),
and this method has been used to highlight the importance of zoo-
plankton over phytoplankton for E. mordax off California (Koslow,
1981; Chiappa-Carrara and Gallardo-Cabello, 1993), E. encrasicolus
and Sardinops sagax in the Benguela Current upwelling system
(James, 1987; van der Lingen, 2002; van der Lingen et al., 2006),
and Sardina pilchardus in the north-eastern Atlantic (Garrido
et al., 2008); see van der Lingen et al. (2006, in press), for recent re-
views of clupeoid trophic ecology. In the Peruvian case, Konchina
(1991) was the only scientist to conclude that anchoveta preferen-
tially consumes zooplankton, and that most anchoveta biomass is
supported by copepods and euphausiids. Finally, in Central Chile,
using isotope analysis, Hückstädt et al. (2007) estimated the tro-
phic level of anchoveta to 3.63, which confirm the dominance of
zooplankton in anchoveta diet.

Anchoveta is therefore a ‘predator’ who select the largest avail-
able prey from the phytoplankton and zooplankton communities
(Tables 2, 3 and 5). This is shown for zooplankton with the selection
of euphausiids and the large copepods Eucalanus and Calanus, and
for phytoplankton with the selection of the large diatom Coscinodis-
cus. Similar selectivity was observed for other anchovy species (e.g.
Koslow, 1981; James, 1987; van der Lingen et al., 2006).

http://earth.leeds.ac.uk/cyclops/data/ncfs-zooplank.xls


Table 4
Relationships employed to calculate dry weight and carbon content of the different categories of phytoplankton and zooplankton. Carbon contents not in lg were transformed in
lg for comparison; PL: prosome length (lm); TL: total length (mm); DW: dry weight (lg); WW: wet weight (lg).

Phytoplankton Volume (lm3) to Carbon (pg)

Diatoms C = 0.288 Vol0.811a

Dinoflagellates and other phytop. C = 0.760 Vol0.819a

Tintinnids, Foraminifera, Radiolaria C = 445.5 + 0.053 Volb

Zooplankton Length to dry weight (lg) regression dry weight (lg) to carbon (lg)
Calanoid copepods Ln(DW) = 2.74ln(PL) – 16.41c C = 0.424 DWc

Cyclopoid copepods Ln(DW) = 1.96ln(PL) – 11.64c C = 0.424 DWc

Harpacticoid copepods Ln(DW) = 1.96ln(PL) – 11.64c C = 0.424 DWc

Poecilostomatoid copepods Ln(DW) = 1.96ln(PL) – 11.64c C = 0.424 DWc

Euphausiacea DW = 0.0012 TL3.16ci C = 0.424 DWcj

Amphipoda, Echinoderm larvae DW = 0.005 TL2.311di C = 0.370 DWdj

Ostracods, zoea, megalops, crustacea larvae, hermit crab and Galatheidae DW = 3.946 TL2.436c C = 0.424 DW c

Bivalvia, Gasteropod DW = 47.386 TL3.663d C = 0.424 DW c

Fish eggs DW = 0.093 Vol + 0.0012ck C = 0.457 DWc

Apendicularia DW = 11.3TL1.77e C = 0.387 DWe

Chaetognaths DW = 0.00097 TL2.2365fi C = 0.290 DWf

Fish, squid and fish larvae DW = 0.0001 TL3.582di C = 0.38 DWg

Polychaeta WW = 0.01 TL2.136h DW = 0.157 WWhi C = 0.518 DWh j

a Menden-Deuer and Lessard (2000).
b Verity and Langdon (1984).
c van der Lingen (2002).
d James (1987).
e Deibel (1986).
f Sameoto (1971).
g Parsons et al. (1984).
h Alexandrov (2001).
i DW in mg.
j C in mg.
k Volume = 0.27 mm3, from Llanos-Rivera and Castro (2004) as anchoveta eggs dominated fish egg fraction.
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Fig. 2. Percentage contribution of phytoplankton (green), copepods (red), euphausiids (orange) and other zooplankters (grey) by number (total num) and to dietary carbon
(total carb) for the total set of 21,203 anchoveta stomach contents. Also shown are the percentage contribution to dietary carbon by prey type for each of the 23 surveys from
which anchoveta stomach contents were analyzed; surveys are identified along the x-axis, with the first two numbers corresponding to the year, the following two numbers
the start month of the survey, and the last two numbers the end month of the survey.
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Fig. 3. Scatter plot (grey dots) and cubic spline smoother fits (black solid lines) of GAM models (the black dashed lines show the 95% confidence limits) based on anchoveta
stomach fullness according to time of day, latitude, distance from the coast (DC) and sea surface temperature (�C) for the complete set of 21,203 stomach contents (top panel)
and for each of the 23 surveys from which stomach contents were analyzed (lower panels); surveys are identified along the y-axis, with the first two numbers corresponding
to the year, the following two numbers the start month of the survey, and the last two numbers the end month of the survey. The left y-axis shows stomach fullness (% WW)
and scaling along the right y-axes is relative and corresponds to the spline smoother that was fitted on the data such that a y-value of zero is the mean effect of the variables
on the response.
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4.3. Stomach fullness dynamics

As previously observed for E. encrasicolus (James, 1987), E. rin-
gens displays an extremely high degree of opportunism in fulfilling
its dietary requirements and can shift between prey types accord-
ing to their availability (Table 2). This flexible feeding behaviour
was confirmed by the GAM models (Fig. 3) which illustrated the
high variability between surveys when relating stomach fullness



Fig. 3 (continued)
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to time, latitude, distance to the coast, or SST. In the highly variable
HCS anchoveta have had to evolve adaptive strategies in space and
time (Bertrand et al., 2004a), including its spawning behaviour (e.g.
Buitrón and Perea, 2000), its mode of spatial distribution (e.g. Ber-
trand et al., 2004b, 2008; Gutiérrez et al., 2007), or its feeding
behaviour as illustrated by this study.
Such variability precludes the determination of robust patterns,
and indeed results differ strongly between surveys and therefore
from one dataset to another. Our study was based on more than
20,000 stomach content samples collected during an 8 year period
which is, to our knowledge, the largest database on anchoveta diet,
and the results we obtained from all surveys combined (Fig. 3) can



Table 5
Contribution by number and carbon content of anchoveta dietary items (data from all
surveys combined).

Dietary items Total number Total carbon (lg)

Diatoms
Actinoptychus 2,249,000 1733
Amphiprora 107,000 19
Amphora 186,000 64
Asterionellopsis 265,043,000 28,742
Asteromphalus 719,000 156
Bacteriastrum 791,000 2597
Cerataulina 26,000 32
Chaetoceros 206,866,000 49,060
Cocconeis 4000 0.26
Corethron 217,000 307
Coscinodiscus 60,994,000 1,284,639
Cylindrotheca 4000 0.07
Detonula 32,551,000 60,910
Ditylum 89,090,000 193,730
Eucampia 16,313,000 8107
Fragilariopsis 1,487,000 30
Grammatophora 3000 1
Guinardia 1,831,000 8045
Gyrosigma 10,822,000 24,481
Hemiaulus 15,000 14
Lauderia 7000 36
Leptocylindrus 2000 0.23
Licmophora 16,000 9
Lioloma 11,757,000 14,963
Lithodesmium 19,686,000 7273
Navicula 5,025,000 959
Odontella 1,513,000 950
Planktoniella 4,557,000 11,847
Pleurosigma 2,266,000 3299
Proboscia 9000 6
Pseudonitzschia 33,495,000 1834
Pseudosolenia 27,000 372
Rhizosolenia 4,494,000 15,699
Skeletonema 972,395,000 40,361
Stephanopyxis 572,000 2004
Thalassionema 39,032,000 3656
Thalassiosira 513,411,000 348,371
Tropidoneis 2000 1

Dinoflagellates
Ceratium 8,046,000 42,746
Dinophysis 609,000 3399
Diplopelta 17,000 95
Diplopsalis 22,000 123
Dissodium 1,248,000 6966
Goniodoma 1,256,000 7011
Gonyaulax 44,000 246
Gymnodinium 2000 19
Oxophysis 53,000 296
Podolampas 6000 33
Pronoctiluca 1000 6
Prorocentrum 1,340,000 2611
Protoperidinium 11,461,000 160,651
Pyrocystis 704,000 3930
Pyrophacus 16,000 89
Scrippsiella 1,002,000 5593

Silicoflagellates
Dictyocha 8,469,000 29,262
Octactis 566,000 1956

Phytoflagellates
Tetraselmis 6000 2

Microflagellates
Olisthodiscus luteus 1,214,000 9804

Tintinnids
Amphorellopsis 10,000 79
Codonella 340,000 2699
Codonellopsis 83,000 659
Dictyocysta 337,000 2675
Eutintinnus 216,000 1714
Favella 97,000 770
Helicostomella 3,310,000 26,272
Tintinnopsis 732,000 5810
Xystonella 1,081,000 8580

Table 5 (continued)

Dietary items Total number Total carbon (lg)

Foraminiferida 1,040,000 29,323
Radiolaria 1,986,000 10,219
Acanthaires 12,000 68

Zooplankton
Copepoda
Acartia 40,020 176,227
Aetideus 16,080 256,667
Calanus 114,300 4,012,932
Calocalanus 2190 11,509
Candacia 47,120 377,775
Centropages 129,440 2,066,103
Clausocalanus 112,340 181,347
Clytemnestra 6810 8543
Copilia 200 1697
Corycaeus 144,420 409,077
Corycella 120 146
Euaetideus 2330 9174
Eucalanus 93,090 21,834,378
Euchaeta 34,450 223,544
Euchirella 280 18,118
Euterpina 19,930 14,510
Haloptilus 10 87
Lubbockia 4910 8981
Lucicutia 18,330 104,803
Macrosetella 10,550 14,853
Mecynocera 3230 12,679
Microsetella 37,960 53,444
Nonocalanus 360 5746
Oithona 126,830 92,338
Oncaea 173,890 222,492
Paracalanus 109,280 311,602
Phaena 8340 23,781
Pleuromamma 400 3464
Pontellina 40 638
Rhincalanus 1070 250,970
Saphirina 570 8261
Scolecithrix 13,390 301,165
Scolecithtricella 740 19,466
Temora 3560 30,832
Harpacticoida 52,970 55,130
Copepoditos 120,290 94,624
Restos de copépodos 285,570 33,625
Euphausiacea 61,319 80,233,346
Amphipoda 2103 475,392
Ostracoda 150 105
Zoea 38,682 350,220
Megalop 14,205 345,328
Cirriped larvae 7170 44
Emerita sp. Larvae 80 6750
Decapod undetermined larvae 1080 91,125
Pagurus sp. 1 84
Pleuroncodes monodon 48 9192
Decapoda Reptantia n/i 3062 74,438
Galatheidae 1 192
Bivalvia 8090 368,083
Gastropoda 19,910 905,876
Anchoveta eggs 39,611 476,270
Apendicularia 180 14,039
Echinoderm larvae 80 0.17
Chaetognata 2830 83,314
Squid remains 5 873
Polychaeta 7992 888,965
Anchoa sp. Eggs 248 2982
Engraulidae eggs 15 180
Fish eggs 1931 23,218
Fish larvae 361 223,898
Fish undetermined 41 25,429
Engraulidae 2 1240
Vinciguerria sp. 809 501,754
Myctophidae 51 31,631
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therefore be considered as representative. However, except in the
case of their diel feeding behaviour, we think that the mean signal
in anchoveta stomach fullness is not a good representation of the
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biological reality at any one moment. Instead, we consider that the
most important point arising from our stomach fullness analysis
does not reside in the mean patterns but in the variability from
one survey to the other (Fig. 3). This variability is another illustra-
tion of anchoveta plasticity.

The general trend of diel temporal variation in stomach full-
ness was the most consistent, and the main feeding period as
determined using GAMs ranged between 07h00 and 18h00
(Fig. 3). This general pattern was observed for most surveys,
although night-time feeding behaviour made substantial contri-
butions to total ingestion (moon cycle could play a role). Feeding
duration also varied from one survey to another, as also shown by
Espinoza and Blaskovic’ (2000). The primarily diurnal feeding
behaviour we observed differs from results of other studies of
anchoveta feeding periodicity based on a large database (5245
individuals) from samples collected over the period 1953–1982
(Pauly et al., 1989b; Jarre et al., 1991), which indicated that most
feeding occurred between 11h00 and 24h00. This difference can-
not be related to the different methods of analysis used i.e., GAM
in this study and Sainsbury’s method (Sainsbury, 1986) in previ-
ous studies, since applying Sainsbury’s method to our data does
not change the results.

So why did the main feeding period change? At least two
hypotheses can be proposed to explain this difference: a shift in
the ecosystem, or a problem of data collection. Anchovies in other
upwelling systems are considered as daytime (e.g. northern ancho-
vy E. mordax; Baxter, 1967; Loukashkin, 1970; Koslow, 1981) or
night-time (e.g. Benguela anchovy E. encrasicolus; James 1988) for-
agers. At first sight the main daytime trend we found appears sur-
prising since zooplankton perform diel migrations and a large
fraction of zooplankton is generally distributed within or below
the oxycline during the day, out of reach of the anchoveta (e.g.
Escribano et al., in press; Bertrand et al., 2008). However our re-
sults demonstrate that anchoveta can change their feeding period
and forage at night if necessary. The HCS experienced ’cold’ and
‘warm’ years during the period (1996–2003) of our study with a
dominance of the upwelling-related cold coastal water along the
Peruvian coast, except during the 1997–1998 El Niño (Swartzman
et al., 2008). That anchoveta fed mainly during the day suggests
that, even with the highly stratified conditions typical of enhanced
upwelling periods, there were enough prey available during the
day to sustain anchoveta. It seems therefore difficult to ascribe
the difference between our results and previous studies to changes
in climatic conditions. The period 1953–1982 that was previously
studied included a wide range of climatic conditions: ‘cold’ until
the beginning of the 1970s, and ‘warm’ from then until the mid
1980s. Hence we feel that it is more likely that the differences in
anchoveta mean feeding periodicity between our and earlier stud-
ies was due to potential problems in the data collection (e.g. data
sources varied from scientific cruises to fishing boats) for the
1953–1982 series or by the fact that the mean pattern hides impor-
tant variability from one period to the other. Indeed a refined anal-
ysis of the data set used in previous studies revealed a pattern of
several feeding periods per day, including some feeding during late
night (Jarre-[Teichmann], 1992).

The plasticity in anchoveta foraging periodicity was even more
obvious when considering the distance to the coast, latitude or SST,
where mean patterns were not representative of the observations
from a single survey. Inside its range of overall viable conditions
anchoveta is therefore able to forage efficiently at any time, any
place, or any temperature. In other words, inside its cold coastal
water-related habitat (see Bertrand et al., 2004a; Gutiérrez et al.,
2007; Bertrand et al., 2008; Swartzman et al., 2008), anchoveta
were probably distributed where prey were abundant and avail-
able, rather independently of other parameters (Bertrand et al.,
2008).
4.4. A new vision of HCS functioning

If anchoveta is a predator that uses large zooplankters as the
main source of dietary carbon, then our vision of HCS functioning
must change. The HCS is by far the most productive eastern bound-
ary current system in the world in terms of fish catches, but these
high catches do not appear to be supported by exceptionally rates
of primary production far higher than those observed in the other
eastern boundary current systems (Carr, 2002; Carr and Kearns,
2003). The high fish production in the HCS could be related to a
more efficient use of primary production due to, for example, a
short trophic chain, and this assumption has been prevalent in
the last few decades since anchoveta was considered to feed di-
rectly on primary producers and hence rely on a complete very
short and efficient food chain (Ryther, 1969; Walsh, 1981). But if
this is not the case, and anchoveta do not, in fact, benefit from a
2-step food chain, then the explanation for the high fish productiv-
ity in the HCS must be found elsewhere. Konchina (1991) stated
that the ability of anchoveta to utilize food from several trophic
levels and to choose energetically advantageous food enables it
to achieve enormous biomass in a relatively short time. Yet all tro-
phic models of the HCS developed to date, even recently, still con-
sider that the anchoveta consumes at least as much carbon from
phytoplankton as from zooplankton (e.g. Jahncke et al., 2004; Neira
et al., 2004). Our results indicate that carbon flows in trophic mod-
els of the HCS must be re-evaluated, since the tremendous impor-
tance of anchoveta in the coastal pelagic ecosystem means that a
major change in its diet should affect all the other components of
that system. In particular, the fact that anchoveta forages at a high-
er trophic level than previously been considered implies that the
primary and secondary production of the HCS may be higher than
supposed (for primary production see Echevin et al., 2008). No
absolute estimation of zooplankton production is available (see
Ayón et al., 2004, 2008 for trends in zooplankton biovolume) but
we hypothesize that zooplankton production could be higher in
the HCS than in other upwelling systems, and this higher second-
ary production could be related to a more efficient use of primary
production by zooplankton and/or a strong connection between
the coastal and the offshore pelagic ecosystems. This last argument
may particularly apply to the euphausiids, which were the main
source of dietary carbon for anchoveta and which inhabit both
near- and offshore ecosystems.

The hypothesis of higher zooplankton biomass in the HCS com-
pared to other systems highlights the urgent need for more studies
on zooplankton diversity, abundance and dynamics in the HCS,
particularly for large zooplankters like euphausiids (Antezana,
2002). Studying these organisms is difficult, however, as they avoid
standard samplers such as bongo nets, but new, multi-frequency
acoustic measurements permit estimation of the biomass of the
main zooplankton groups and facilitate the study of their distribu-
tion patterns in 2-D and 3-D (e.g. Lebourges-Dhaussy et al., 2004).

Our results also bring into question current thinking on ancho-
veta distribution. Because of the westward drift of water masses in
the HCS there is usually a spatial separation between areas of peak
phytoplankton abundance and areas of peak zooplankton abun-
dance. Hence the relationship between anchoveta distribution
and chlorophyll concentration, as observed from satellite, is not
necessarily direct, and it is therefore important to take into account
the characteristics of the available habitat, including zooplankton
abundance, to understand anchoveta distribution patterns and also
changes in abundance (cf. the habitat-based hypothesis in Bertrand
et al., 2004a). It is not sufficient to use temperature or chlorophyll
concentration as indicators of anchoveta distribution, since the
plasticity of the genus Engraulis in general (Bakun, 1996) and E. rin-
gens in particular allows it to feed successfully and distribute
across a broad range of environmental variability. The dependence
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of anchoveta on zooplankton has previously been illustrated by Al-
heit and Ñiquen (2004) and Ayón et al. (2008), who showed bot-
tom-up control of anchoveta where its abundance in the HCS
was linked to overall zooplankton abundance. At a smaller scale,
Ayón et al. (2008) also showed that this apparent bottom-up con-
trol was accompanied by a local depletion effect, as zooplankton
biomass was lower in places were anchoveta was abundant.

4.5. Synthesis: plastic is fantastic!

Our results have demonstrated that the diet of anchoveta in
Peru is based primarily on large zooplankters, but also that this
species shows tremendous plasticity in its diet and feeding behav-
iour; anchoveta utilize food from several trophic levels, can choose
energetically advantageous food types, and can fit its foraging per-
iod and duration to prey. Trophic plasticity is apparently an
evolved adaptive strategy; other strategies include the ability to
track and concentrate in refuge areas when conditions are adverse
(Bertrand et al., 2004a), change its reproductive behaviour (Buitrón
and Perea, 2000), and distribute its population over a rather large
temperature range (Bertrand et al., 2004a; Gutiérrez et al., 2008).
In combination these characteristics may explain the ‘anchoveta
paradox’: how a fish which (i) performs very small migrations
and cannot escape adverse conditions, (ii) is mainly distributed
in dense surface aggregations and is thus highly accessible to pre-
dators (fish, cephalopods, birds, mammals and fishers), and (iii) is
very slow in its avoidance reactions to predators (Gerlotto et al.,
2006), can achieve such enormous biomass in a relatively short
time.
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The Humboldt Current System (HCS) is dominated by two pelagic species; Peruvian anchovy or ancho-
veta (Engraulis ringens) and sardine (Sardinops sagax). Using data from 43 acoustic surveys conducted
from 1983 through 2005 by the Peruvian Marine Institute (IMARPE), we examined the distribution of
these two species relative to water masses. We tested the hypothesis that anchovy was found more fre-
quently in upwelled cold coastal water (CCW) and mixed waters (MCW) than in other water types and
that sardine was more associated with more offshore oceanic surface subtropical water (SSW). Surface
temperature, salinity, latitude, season and distance to the coast data were used to define water masses.
Results using generalized additive models (GAM), modelling sardine and anchovy presence–absence as a
function of year, water body, bottom depth and latitude, showed that anchovy were primarily found in
CCW and MCS, while sardine were more ubiquitous relative to water masses with some predilection
for SSW. These results were supported by various indexes of anchovy and sardine distribution versus
water mass as well as temporal and location variables.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Humboldt Current System (HCS) off Peru is one of the most
productive coastal upwelling systems in the world (Carr, 2002). It
supports the world’s largest tonnage fishery for Peruvian anchovy
or anchoveta (Engraulis ringens) (Bouchón et al., 2000) and has in
the past also supported a major sardine (Sardinops sagax) fishery
(Csirke et al., 1996). The HCS experiences year-round upwelling
(Thomas et al., 2001). The abundance of anchovy and sardine ap-
pears to be linked both to El Niño Southern Oscillation (ENSO)
events (frequency of 2–7 years) and to decadal-length regime
shifts (Lluch-Belda et al., 1992; McFarlane et al., 2002; Chavez
et al., 2003; Alheit and Niquen, 2004). Additionally, the abundance
of the anchovy population appears to fluctuate out of phase with
sardine in the HCS (Lluch-Belda et al., 1989, 1992; Csirke et al.,
1996; Schwartzlose et al., 1999; Bakun and Broad, 2003; Fréon
et al., 2003). Chavez et al. (2003) proposed the term ‘El Viejo’ to de-
fine the warm, decadal ‘sardine regimes’ and ‘La Vieja’ to define the
cold decadal ‘anchovy regimes’. However, little is known about the
processes underlying the functional response of these species to
ENSO events and decadal regime (Bertrand et al., 2004).

It has been hypothesized that cold upwelling water, which
supports elevated levels of phytoplankton (Thomas et al., 2001;
ll rights reserved.

: +1 206 543 6785.
artzman).
Chavez et al., 2003), provides overall favourable conditions, in
particular for feeding, for anchovy while sardine appears to be
favoured in warmer oceanic and frontal waters (Bertrand et al.,
2004; Gutiérrez et al., 2007). Sardine is a more efficient filter fee-
der on phytoplankton and small zooplankton, while anchovy
operates more efficiently preying on larger zooplankton (Konchi-
na, 1991; van der Lingen et al., 2006, in press; Espinoza and
Bertrand, 2008). Thus, more favourable feeding conditions for sar-
dine may predominate in small and for anchovy in large-zooplank-
ton areas, presumably corresponding to warmer oceanic water and
cooler upwelling water, respectively (Mackas et al., 2001; Peterson
et al., 2002; Zamon and Welch, 2005). Bertrand et al. (2004)
hypothesized that variation in the range of favourable habitat leads
to variation in spatial extent of the fish populations. In that sense,
dramatic biomasses of anchovy can be concentrated in very small
refuge areas when conditions are adverse, as occurred, for instance,
during the El Niño event of 1997–1998 (Bertrand et al., 2004).
When the range of favourable habitat increases very quickly (at
the beginning of La Niña condition for instance) the fish range of
distribution can increase drastically even if the population is still
not very abundant (Bertrand et al., 2004; Gutiérrez et al., 2007).
Gutiérrez et al. (2007) provide evidence that environmentally
mediated alterations in habitat range can lead to population
changes. In that paper habitat was defined using a very simple
proxy, the coast-wide temperature anomaly (Gutiérrez et al.,
2007) over a long time period, while the other paper used a more

mailto:gordie@apl.washington.edu
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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complex water mass definition but with a short time series (Ber-
trand et al., 2004).

Here we examine the hypothesized relationships using a com-
plex water mass definition over a long time series. Within this
context our objective is to describe the co-variation of water
masses and fish spatial distributions and to test hypotheses con-
cerning fish association with water masses. To this end, we used
data from 43 acoustic surveys off the Peruvian coast from 1983 to
2005.

2. Data and methods

2.1. Acoustic survey data

Acoustic data were collected from 1983 to 2005 by the Peruvian
Marine Institute (IMARPE), most commonly using the R/V Hum-
boldt (76 m long), the R/V Olaya (41 m long) or the R/V SNP-1
(36 m long). At least two acoustic surveys were run in most years.
Survey design was composed of parallel transects averaging 90
nautical miles (167 km) long with an inter-transect distance vary-
ing between 14 and 16 nautical miles (26–30 km) depending on
the cruise.

The surveys intended to cover most of the range of anchovy dis-
tribution (transects shown in Fig. 1), which varied from survey to
survey. Extensive midwater trawl sampling completed the acous-
tic surveys for species identification. The seasonal and temporal
distributions of scientific acoustic surveys were: spring (1983,
1986, 1989, 1990, 1996–2005), summer (1990–1996, 1999–
2005), autumn (1985, 1986, 1997, 2 surveys in 1998), and winter
(1984, 1987–1989, 1991, 1998–2005 with 2 winter surveys in
1988 May-July
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Fig. 1. Plots of the spatial distribution of anchovy (blue circles) and sardine (red circles
panels) from acoustic surveys off the coast of Peru in (left to right) 1988, 1998, and 200
1999, 2000 and 2001). The acoustic surveys deployed Simrad
(Kongsberg Simrad AS, Kongsberg, Norway) scientific echosoun-
ders EK, EKS, EK400 before 1995, and EY500 and EK500 (the
EK60 was also used 2001–2005 in one vessel) thereafter. After
1998 at least two vessels were used for each survey to reduce
survey time and the bias from changes in distribution of studied
species during the survey. Calibration and intercalibration of the
echosounders were undertaken before each survey. Calibration
up until 1992 used hydrophones and after 1992 sphere calibra-
tion followed a standard procedure (Foote et al., 1987). A bias
may exist in acoustic backscatter over the years due to the use
of different calibration methods, but more likely due to the
use of different acoustic systems. The magnitude of this latter
bias is unknown but is assumed to not be a major factor since
some calibrations between the systems were made. Acoustic
back-scattered energy by surface unit (sA) was recorded in each
geo-referenced elementary sampling distance unit (ESDU) of
2 n.mi. (1983–1993) or 1 n.mi. (1994–2005). Acoustic echo iden-
tification was performed using fishing trawl composition and
echotrace characteristics. Biomass estimation based on both
the trawls and acoustic backscatter for each species was carried
out by IMARPE for each survey. There were between 55 and 660
trawls for each survey (average of 190 trawls) .Surface tempera-
ture and salinity were measured and interpolated per ESDU for
almost all surveys (exceptions are missing samples in summer
1990 for both temperature and salinity and additionally
summer 1994 and spring 2000 for salinity), while surface oxy-
gen levels were measured for about half the surveys but were
not used because the coverage (number of surveys) was deemed
insufficient.
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2.2. Definition of water mass types

Since Peru is a strong upwelling area the water near the coast is
generally dominated by upwelled cold coastal water (CCW) which
is highly productive. However, over the years the location and ex-
tent of this water mass changes considerably and, during periods
like El Niño it may completely disappear (Zuta, 1988). The northern
region is frequently dominated by warmer water masses coming
from the North (Zuta and Guillen, 1970). Offshore, subtropical
(oceanic) water, more saline and warmer also mix with the coastal
and the equatorial waters (Zuta et al., 1978). Occasionally, Antarc-
tic generated waters reach the Peruvian coast and river water also
enters the area. As such, the water masses off Peru are a labile mix
of several water types of different temperature and salinity ranges
(Urquizo et al., 1987; Strub et al., 1998). We developed in this work
an algorithm for defining water masses in one of eight categories
based mainly on temperature and salinity ranges but also on sea-
son and sometimes latitude ranges as well (Blanco et al., 2001).
The algorithm was based on a method discussed in Bertrand
et al. (2004) but extended by four additional water mass categories
to accommodate the much larger number of survey conditions
considered here. To produce an effective categorization, we expect
the algorithm to produce contiguous ESDU having the same cate-
gory (i.e. that the water masses did not appear to be randomly dis-
tributed, but represented reasonable sized spatial regions of
similar water mass), and unique water mass by ESDU (each ESDU
belonged to no more than one water mass type). Also, we intended
the categorization to be complete in that very few ESDU would not
fit into any category. Because environmental conditions (i.e. tem-
perature and salinity) were highly variable between surveys and
due to some missing data, it was not possible to meet these criteria
all the time. However, the incidence of uncategorized ESDU was
Table 1
Criteria in temperature, salinity, latitude and seasonal ranges used to categorize the eight w
surface subtropical waters; CCW: cold coastal water; MESC: mixed equatorial, subtropical
water; MRW: mixed river and coastal water.

Water mass Temperature Salinity

CCW 14 < T < 18 34.8 6 S 6 35.0
14 < T < 19
14 < T < 18
13.5 < T < 17
T P 18
T P 19
T P 18
T P 17

SSW S > 35.1
SEW 20 < T < 26 34.0 < S < 34.8

21 < T < 26
STW T > 21 S < 34.0

T > 24
T > 22
T > 20

MCSb 14 < T < 25 35.05 6 S < 35.1
13.5 < T < 25
14 < T < 18 S P 35.05
14 < T < 19
14 < T < 18
13.5 < T < 17

MESC T P 18 34.8 < S < 35.05
T P 19
T P 17
14 < T 6 18 34.0 < S 6 34.8
14 < T 6 19
14 < T 6 17

MRW 14 < T < 20 S < 34.8
13.5 < T < 20

CAW 13 < T < 18 S < 34.8

a Increase maximum by 1 �C north of 8�S and decrease minimum by 1 �C south of 15
b Temperature and salinity ranges are either the top group or second group of the MC
less than 5% of all surveys and, for ESDU without missing temper-
ature or salinity less than 1% was uncategorized. The parameter
ranges for defining cold coastal (upwelling) water (CCW), mixed
coastal-subtropical (oceanic) water (MCS), surface subtropical
water (SSW), surface equatorial water (SEW), surface tropical
water (STW), mixed equatorial, subtropical and coastal water
(MESC), mixed coastal and river water (MRW) and cold Antarctic
water (CAW) are given in Table 1 and were defined according to
the literature (Zuta and Guillen, 1970; Morón, 2000). Examples of
surveys with water mass distributions compared to sardine and
anchovy distributions are given in Fig. 1. Graphs for all surveys
are given in Appendix 1 in the web version.

The water masses defined in this paper are dominated by
upwelling water (cold coastal water; CCW), this very productive
water mass tends to be near the coast and has somewhat lower
salinity than the local oceanic or surface subtropical water (SSW)
south of 8�S, or lower temperature than the local surface equatorial
water (SEW) north of 8�S, which has an intermediate temperature
range (Table 1). In the northern region (north of 8�S) very low
salinity and warm tropical water is also found (STW), while in
the extreme south coast of Peru (south of 13�S and offshore (be-
yond 5 n.mi from the coast) low temperature and salinity surface
Antarctic water (SAW) is found. This is distinguished from low
salinity masses of water mixing upwelling water with riverine
water (mixed riverine water; MRW) by the latter being closer to
the coast (and possibly also farther north to 8�S). Two other masses
of water represent mixtures between the primary water types.
When spreading CCW mixes with SSW, mixed coastal-subtropical
water (MCS) is formed. This water mass is distinguished from
SSW by having lower salinities than SSW with potentially higher
temperatures or a temperature range similar to CCW, but with
higher salinity. North of 8�S CCW can mix both with equatorial
ater mass classes. STW: surface tropical waters; SEW: surface equatorial waters; SSW:
and coastal water; MCS: mixed subtropical and coastal water; CAW: coastal Antarctic

Latitude Season Special considerations

S of 8�Sa Spring
Summer
Autumn–winter
Spring

N of 8�S Summer
Autumn–winter

N of 8�S Winter–spring
Summer–autumn

N of 8�S Spring
Summer
Autumn–winter

Spring–autumn
Winter
Spring
Summer
Autumn–winter

N of 8�S Spring, autumn
Summer
Winter
Spring, autumn
Summer
winter

S of 8�S Spring–autumn 65 nm of coast
Winter

S of 13�S >5 nm of coast

�S.
S and MESC rows.
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SEW and subtropical SSW resulting in a mixed equatorial, subtrop-
ical and coastal water (MESC). This water mass has either high
temperatures and intermediate salinities or lower temperatures
and lower salinities (Table 1). The temperature thresholds defining
the ranges of temperature for the different water masses can
change between seasons (higher in summer) and the boundary of
8�S between different water masses can shift south (during El
Niño) and north (La Niña; Table 1).

2.3. Water mass and fish species centroids and correlation

In order to analyse the effect of water mass dynamic on fish spa-
tial distribution we first examined the distribution of water masses
over space and time. We computed the percentage of the survey
area in each water mass type in each survey. We divided the coast
into 1� latitude bins and computed the dominant water mass in
each bin in the 1–10, 10–25 and 25–50 n.mi. distance ranges from
the coast. To help the interpretation of water masses time series,
we used a temperature anomaly time series from Chicama (8�S),
Peru, which is a good surrogate for temperature anomaly (tA) for
the entire Peruvian HCS (Gutiérrez et al., 2007). Strong positive
anomalies of this index illustrate the El Niño events of 1987,
1992 and 1997–1998 (Fig. 2a; but; the very weak El Niño in
2002 was not detectable in the temperature anomaly data series).

We computed for each survey, fish species and water mass cat-
egory, the centroid of the distance from the coast and tested for
correlation between the fish and water mass centroids. When test-
ing correlation between parameters we took into account autocor-
relation (Pyper and Peterman, 1998; ACF procedure from S-PLUS)
and multiple testing (Bonferroni correction, in Peres-Neto, 1999)
potential bias.

To examine a survey-wide measure of the preference of ancho-
vy and sardine for a particular water mass type we computed, for
each survey, the ratio of (a) the fraction of the total sA of anchovy or
sardine contained in a particular water mass to (b) the fraction of
ESDU of the survey in that water mass. For example, a ratio of 1
represents no preference for that water mass (i.e. the proportion
of anchovy in a water mass in the survey is the same as that for
the entire survey), while a ratio of 2 represents that the fish abun-
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2.4. GAM modelling

We modelled the probability of anchovy and sardine presence
in an ESDU as a function of latitude, year, bottom depth, and water
mass using generalized additive models (GAM; Hastie and Tibsh-
irani, 1990). Since the dependent variable was the probability of
fish presence in an ESDU we assumed an underlying binomial dis-
tribution. Spline smoothers were used in all cases. Since water
mass is a categorical variable ANOVA was used to model it. Thus
the full analysis was a mixed model. Additionally, we used the
Akaike information criterion to stepwise test whether a variable
should be either removed from the GAM or included as a linear fac-
tor (rather than a smooth) by examining whether the elimination
of a variable or changing from a GAM smooth to a linear factor
would reduce the information criterion (or, in case both reduce
it, which would most reduce it). This was affected through the S-
PLUS function step.gam.

3. Results

3.1. Spatio-temporal dynamics of water masses

The percentage of CCW, SSW and MCS water for each survey
(Fig. 2b) show that the CCW extent decreased during the El Niño
events, while SSW increased and MCS decreased. This pattern
was particularly clear during the 1992 and 1997–1998 El Niño (this
pattern was not apparent for the 1987 El Niño event probably be-
cause there was no survey during the strong positive temperature
anomaly part of this event; Fig. 2). The extent of CCW showed a
seasonal pattern, more evident since 1998 (as the number of sur-
veys increased from 1 or 2 per year to 2–4 after 1998) with in-
creases during the winter and decreases during summer.

The spatial distribution of water masses north–south but also
onshore-offshore (Fig. 3) shows an interesting contrast before
and after 1999. During warmer periods (1992–1995 and 1997–
1998) SSW dominated the coastal domain (to 25 n.mi.; Fig. 3a
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Fig. 3. Dominant water mass by degree of latitude along the Peruvian coast for each survey (a) between 0 and 10 n.mi. from the coast; (b) between 10 and 25 n.mi. from the
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and b) over a large latitude range, and was even often prevalent
close to shore (to 10 n.mi.; Fig. 3a). Since 1999 tropical waters were
present in the north in many years. South of 6�S there was domi-
nance by CCW coastward but also offshore to 25 n.mi. and even
out to 50 n.mi. for much of the coast. This pattern was also obser-
vable for most surveys between 1987 and 1991 (Fig. 3).

3.2. Relating water masses, anchovy and sardine

Anchovy mean distance to the coast (Fig. 4) was significantly
correlated with the distance to the coast of the CCW centroid
(r = 0.48, p = 0.003) and the MCS centroid (r = 0.44, p = 0.006), but
not with that of SSW. Sardine mean distance to the coast (Fig. 4)
was correlated with the distance to the coast of the SSW centroid
(r = 0.40, p = 0.028) and marginally non-significant with the MCS
centroid (r = 0.38, p = 0.058). This suggests an association of ancho-
vy CCW and MCS water masses and of sardine with SSW. As ex-
pected, anchovy was distributed closer to the coast than sardine.
The position of the centroid of anchovy distribution was much
more variable than that of sardine, which ranged between 40
and 60 km from the coast until the mid 1990s. Thereafter the posi-
tion of the sardine coast distance centroid distribution showed
wider variations. During El Niño periods (except the weak event
of 2002), the centroid of anchovy distribution was very close to
the coast in 1987, 1992–1993 and 1997–1998 (Fig. 4). The centroid
for sardine distribution was also closer to the coast in 1997–1998
but not during the other El Niño periods. As expected, CCW was, on
average, closer to the coast during El Niño periods though less so in
1987 (note, however that there was no spring or summer survey in
1987). Similarly, the centroids for SSW and MCS were found closer
to the coast during El Niño periods, as they presumably extended
their range to include the near coast (Fig. 3). There were no clear
patterns in the time series for coast distance of the other water
mass categories (not graphed).

The analysis of the preference of anchovy (Fig. 5a) and sardine
(Fig. 5b) for a particular water mass according to their availability
(based on abundance ratios) shows contrasted results. Results for
anchovy are clear with a strong preference for CCW (mean ratio
>1.5) all along the time series with a peak during the 1997–98 El
Niño. The relationship with MCS (mean ratio �1) was neutral
and negative with SSW (mean ratio <0.5). Results for sardine show
three different periods. Until 1991 there was no clear pattern and
sardine was distributed in each water mass in proportion to their
availability (all mean ratios�1). From 1992 to the end of 1996, sar-
dine was proportionally more distributed in MCS (mean ratio >1.5)
than in other water masses. Since 1997 sardine were usually found
preferentially in SSW, although the ratio was quite variable.

3.3. GAM modelling

A GAM model with a binomial link function represented the
probability of anchovy presence in any ESDU as a function of lati-
tude, depth, water mass (because water mass is a categorical var-
iable, it is included as an analysis of variance factor in the model)
and time of the survey (Fig. 6). The probability of encountering an-
chovy increased over time, but was relatively constant between
the El Niño of 1992 and 1997, followed by further increase after
1998. Relative to latitude, probability of encountering anchovy
was highest between 6�S and 14�S and was significantly lower out-
side this range. There was a decrease in the probability of encoun-
ter with increasing water depth (generally fewer anchovy in
deeper water). The water mass effect show that anchovy was much
more prevalent in CCW (and MRW and CAW), had intermediate
encounter probability in mixed waters (MCS and MESC) and was
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lowest in warmer SSW, SEW and STW. All effects shown were
highly significant with p-values near 0.

The sardine presence GAM model showed quite different re-
sponses to the covariates from those for anchovy (Fig. 7). The tem-
poral effect was markedly different, with constant high probability
of sardine (sA > 0) before 1994 and a rapid decline thereafter. Un-
like anchovy, sardine probability of encounter was not highest in
shallow water, but increased with increasing depth up to 800 m
and decreased thereafter. The water mass associations with sar-
dine were weaker than for anchovy. Sardine showed a slight affin-
ity for subtropical and warm waters (SSW, MESC and SEW, but not
STW), a slight negative association with colder waters (MRW, CAW
and CCW) and intermediate association with MCS and STW (Fig. 7).
All GAM main effects were significant with p-values close to 0, ex-
cept depth which had a p-value of 0.001. However, most of the
water mass differences were not statistically significant (note the
overlap in the error bars for the water mass effects). Several of
the water mass effects had very wide error bars, reflecting the
few data for these water mass types).

4. Discussion

4.1. Water mass dynamics

Inside our ‘‘window of observation”, the dominant water
masses were CCW (highly productive, medium salinity, low tem-
perature), SSW (oligotrophic, high salinity and temperature), and,
generally south of 8�S, MCS (mesotrophic, low temperature and
high salinity, or medium temperature and medium salinity). An
important feature of these water masses is their strong depen-
dence on salinity (Table 1), which makes distinguishing them using
satellite products alone problematical. Although the study of the
seasonal dynamics of water masses is hampered by unequal sea-
sonal sampling, particularly before 1998 (Figs. 2 and 3), there is a
clear increase in the extent of CCW during winter and a reduction
in summer. However, the La Niña of 1999–2000 seems to have ini-
tiated a period of stronger upwelling all along the coast most of the
year (Fig. 3). This change affected the weather of the northern
coast, and people complained of ‘‘cooler” summers and winters
(Mariano Gutierrez, IMARPE, pers. com.). The earlier period, before
the El Niño of 1997–1998, was characterised by consistently less
cold coastal water and more subtropical water (Figs. 2 and 3). An-
other notable pattern was the higher percentage of SSW and lower
percentages of CCW and MCS during 1992–1995 (note, however,
that those surveys were performed in summer, which on average
have lower percentages of CCW and MCS waters).

4.2. Anchovy and water masses

The methods we used demonstrated the strong relationship
linking anchovy distribution to cold and highly productive water
masses in general and CCW in particular. Thus, anchovy distance
to the coast was correlated with the distance from the coast of
the centroid of CCW and MCS, but not with that of SSW (Fig. 4). An-
chovy distance from the coast was consistently lower during
1992–1995, when SSW dominated the Peruvian coast (Figs. 2 and
3); compressing CCW and anchovy distributions closer to the coast
(see Gutiérrez et al., 2007 for detailed spatial patterns of anchovy
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and sardine). This pattern was even more marked during the
El Niño of 1997–1998. CCW almost disappeared and SSW domi-
nated all along the coast (Fig. 3). Anchovy was then concentrated
in few refuge areas (Bertrand et al., 2004) where productive CCW
were still present. This affinity of anchovy for colder CCW and
MCS is also illustrated by the very high abundance ratios for ancho-
vy in CCW and to a lesser extent in MCS during the 1997–1998 El
Niño (Fig. 5a). Anchovy distribution relative to the proportion of
water mass available showed a clear and consistent association
with CCW, whatever its availability. GAM results (Fig. 6) showed
that the probability of anchovy presence in an ESDU was highest
in cold and highly productive water masses (CCW, CAW and
MRW) and lowest in oceanic and tropical water masses (SSW,
SEW, STW). These results are in accordance with previous work
(Ñiquen et al., 2000; Bertrand et al., 2004), and, as they are based
on longer time series and more exhaustive analysis, they demon-
strate with more confidence the affinity of anchovy for CCW. The
anchovy range (probability of having anchovy in an ESDU) appears
to depend both on water mass type and overall abundance. The
relationship of range with abundance can be seen by comparing
the year effect for the GAM (Fig. 6) with anchovy acoustic abun-
dance estimates (Fig. 5a; based on the same surveys). The latter
show much more variability, though the long-term pattern is sim-
ilar. As average anchovy abundance increased over time their
range also expanded. Because CCW increased particularly in the
winter, the range of anchovy, directly associated with CCW, also in-
creased during that season.
4.3. Sardine and water masses

Sardine association with water mass was weaker than anchovy.
Sardine distance to the coast was significantly correlated with the
distance from the coast of the centroid of SSW but not with that of
CCW and MCS (Fig. 4). GAM results (Fig. 7) also illustrate that sar-
dine had a slight (though not statistically significant) preference
for SSW compared to CCW. These results seem to support (weakly)
a relationship between sardine and SSW (e.g. Castillo et al., 1996;
Bertrand et al., 2004). There is no apparent seasonal change in sar-
dine range, possibly due to their lack of or weak association with
water masses or possibly due to the insufficiency of seasonal cov-
erage during the period of sardine dominance, Analysis of sardine
distribution relative to the proportion of water mass available, sug-
gested three different periods: before 1992; 1992–1997; and after
the 1997–1998 El Niño (Fig. 5b). Interestingly, these periods are
similar to the ones defined by Gutiérrez et al. (2007) based on fish
spatial patterns of distribution (independent of water mass). Be-
fore 1992 (a period of mixed sardine and anchovy dominance,
Fig. 5a; Gutiérrez et al., 2007), sardine did not have any consistent
preference for any of the three dominant water masses (CCS, SSW
and MCS) and was distributed between the water masses in pro-
portion to their availability in the study area (i.e. abundance to
water mass ratio about 1.0). During this period sardine was mainly
distributed between 40 and 60 km from the coast (offshore part of
the CCW), centred around the shelf break (GAM results by period
not shown) and straddling CCW, SSW and MCS water masses.
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The abundant sardine population during this period (Fig. 5a) prob-
ably benefited from the enhanced production and retention pro-
vided by the shelf break area. From 1992 to 1997 (a period of
anchovy dominance; Gutiérrez et al., 2007) the reduced population
of sardine (Fig. 5a) was distributed closer to the coast, perhaps
associated with the intrusion of SSW toward the coast (Fig. 3)
and was found mainly on the shelf (GAM results by period not
shown) in the frontal MCS waters between CCW and SSW. Finally,
after the 1997–1998 El Niño (period of anchovy dominance; Gut-
iérrez et al., 2007), sardine was initially distributed preferentially
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in SSW and then disappeared from the Peruvian coast. We do not
know from available evidence whether the absence of sardine after
2000 was due to population depletion or to the migration of sar-
dine out of the survey area. However, the lack of sardine capture
by scientific or commercial vessels strongly suggest that sardine
population off Peru was depleted (see Bertrand et al. (2004) and
Gutiérrez et al. (2007) for more details). A more offshore distribu-
tion of sardine-favourable habitat, as found after 1997, should in-
deed disadvantage sardine since biological enrichment or larval
retention and more generally recruitment success would likely
be reduced by the offshore Ekman transport of their eggs and lar-
vae which dilute them and diminish their chance of benefiting
from aggregations of their most efficiently utilized food sources
(see Bakun’s triad; Bakun, 1996).

Sardine appears to have a different feeding strategy than ancho-
vy, apparently moving more than anchovy to find large aggrega-
tions of small zooplankton and phytoplankton, which they can
efficiently filter (van der Lingen et al., 2006). Thus, their presence
in a particular water mass may depend more on the availability
of small-sized food than on water mass per se, among SSW, MCS
and CCW. While CCW is characterised by dominance by large
plankton favouring the particulate feeding behaviour of anchovy,
and SSW by smaller plankton more appropriate to sardine filter
feeding (Mackas et al., 2001; Peterson et al., 2002; van der Lingen
et al., 2006), sardine, a more migratory species, may find large
aggregations of appropriate sized food in any of the water masses.
The fact that sardine is a highly migratory species is supported by
the existence of a single sardine species along both East and West
Pacific Ocean coasts (Lluch-Belda et al., 1992). It is important to
note that, unlike the case with anchovy, our study area may not in-
clude the entire range of sardine distribution. It is therefore possi-
ble that a proportion of sardine was distributed farther offshore
than the survey (i.e. in SSW) and was not considered in our analy-
sis. This problem limits the significance of our results for sardine.

4.4. Synthesis

Peruvian anchovy clearly preferentially inhabits the CCW and
other associated cold and productive water masses (CAW and
MRW and, to a lesser extent, MCS). Its range of distribution is inti-
mately linked to the area covered by CCW independent of ancho-
vy’s abundance as suggested by the habitat-based model
proposed by Bertrand et al. (2004). In contrast to previous studies,
which suggested anchovy range should be linked primarily to the
size of anchovy stock (e.g. Lluch-Belda et al., 1989) it appears that
anchovy range of distribution is primarily related to the size of
favourable habitat (determined by large scale oceanic forcing, e.g.
Kelvin waves, see Bertrand etal. (2008b) and secondarily to the size
of the fish stock. These conclusions are supported by our analysis
and by examples such as when millions of tons of anchovy were
distributed in a very small refuge area during the 1997–1998 El
Niño (Bertrand et al., 2004) while a similar anchovy biomass occu-
pied a much larger surface area (>3-fold) in April–May 1986 when
CCW was more extensive.

For sardine, even though the results are limited by the fact that
we may have only observed a part of the stock (the surveys were
designed to focus on the distribution of anchovy, not sardine),
the relationship with SSW was weak and varied over time, illus-
trating a more pervasive distribution.

Sardine and anchovy appear to be ecological neighbours but
not ecological analogues (Bertrand et al., 2004; Gutiérrez et al.,
2007). Their differences depend not only on differences in their
trophic level (e.g. Konchina, 1991; Schwartzlose et al., 1999;
van der Lingen et al., 2006), but also on the strength of their asso-
ciation with water mass and their migrating capacities (e.g. Rod-
ríguez-Sánchez et al., 2002). Sardine showed a slight preference
for SSW (e.g. Castillo et al., 1996; Bertrand et al., 2004) while an-
chovy range significantly overlapped with CCW. Both species are
able to feed directly on phytoplankton, although sardines are
more efficient filter feeders (van der Lingen et al., 2006). Anchovy,
which are bite feeders (Konchina, 1991; van der Lingen et al.,
2006), are not able to sustain growth on a diet consisting entirely
of phytoplankton (Espinoza et al., 2000; van der Lingen et al.,
2006) and are mainly zooplanktivorous (98.0% of dietary carbon;
Espinoza and Bertrand, 2008). We hypothesize that anchovy asso-
ciates preferably with CCW because these areas are dominated by
the larger zooplankton efficiently ingested by these predomi-
nately predators (see Bertrand et al., 2008a for small scale associ-
ation between anchovy and zooplankton patches); sardine may
find better feeding conditions in areas containing abundant
aggregations of small filterable zooplankton in their patchy envi-
ronment, which may predominate in SSW and mixed water
masses (e.g. MCS and MESC).

Sardine is a fish that appears well adapted to the Humboldt
Current Ecosystem. It has the ability to perform long migrations,
to utilize very small particles (van der Lingen, 2002; van der Lin-
gen et al., 2006; Garrido et al., 2007), to feed and spawn in rather
low productivity areas (Garrido et al., 2007), to grow to a size less
susceptible to predation than anchovy, and to occupy more off-
shore environments less susceptible to predation on eggs, larvae
and early juveniles (Bakun and Broad, 2003). Therefore, it is a
challenge to explain why sardine is currently depleted in the
HCS? The answer may be in the distribution of sardine habitat
in relation to the shelf and the shelf break. When its preferred
habitat moves further offshore (i.e. increased upwelling), as hap-
pens during cool periods, retention of eggs and larvae of sardine
may be reduced, weakening larval feeding success and survival.
Also, the depletion of the sardine during high upwelling periods
may be due to reduction in its usable habitat through an extre-
mely shallow oxycline associated with an expanded oxygen min-
imum zone (OMZ), which is known to affect the vertical and
horizontal distribution of many marine organisms (Morales
et al., 1999). Finally it is important to note that sardine depletion
was probably aggravated by overfishing during the 1990s, in par-
ticular during El Niño 1997–98 (Csirke et al., 1996; Bertrand et al.,
2004).
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A review of zooplankton studies conducted in Peruvian marine waters is given. After a short history of the
development of zooplankton research off Peru, we review zooplankton methodology, taxonomy, biodi-
versity, spatial distribution, seasonal and interannual variability, trophodynamics, secondary production,
and modelling. We review studies on several micro-, meso-, macro-, and meroplankton groups, and give a
species list from both published and unpublished reports. Three regional zooplankton groups have been
identified: (1) a continental shelf group dominated by Acartia tonsa and Centropages brachiatus; (2) a con-
tinental slope group characterized by siphonophores, bivalves, foraminifera and radiolaria; (3) and a spe-
cies-rich oceanic group. The highest zooplankton abundances and biomasses were often found between
4–6�S and 14–16�S, where continental shelves are narrow. Species composition changes with distance
from the shore. Species composition and biomass also vary strongly on short time scales due to advection,
peaks of larval production, trophic interactions, and community succession. The relation of zooplankton
to climatic variability (ENSO and multi-decadal) and fish stocks is discussed in the context of ecological
regime shifts. An intermediate upwelling hypothesis is proposed, based on the negative effects of low
upwelling intensity in summer or extremely strong and enduring winter upwelling on zooplankton abun-
dance off Peru. According to this hypothesis, intermediate upwelling creates an optimal environmental
window for zooplankton communities. Finally, we highlight important knowledge gaps that warrant
attention in future.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The coastal upwelling ecosystem off Peru hosts the world’s larg-
est single-species fisheries, which is sustained by wind-driven
upwelling of nutrient-rich waters to the sunlit surface, where phy-
toplankton bloom at the base of highly productive pelagic food
webs (Bertrand et al., 2005; see also Pennington et al., 2006). Many
zooplankton eat phytoplankton, and are in turn preyed upon by
fish larvae and many adult planktivorous fish. Conversely, certain
zooplankton groups (e.g. medusae) also prey on fish eggs and lar-
vae. Due to their intermediate position in the food web between
primary producers and predators, zooplankton serves as a link be-
tween bottom-up climate-related control of phytoplankton and
fish.

Here we present a short review of zooplankton research off
Peru. We focused on meroplankton, macro-, meso-, and microzoo-
plankton, but left the extensive literature on Peruvian ichthyo-
plankton for a separate review. We build on the short review by
Guzmán and Carrasco (1996) of IMARPE ichthyo- and zooplankton
studies. Montecino et al. (2006) and Pennington et al. (2006) pro-
ll rights reserved.

ax: +51 14296069.
vided overviews of biological–physical interaction processes off
western South America, including several aspects of the Peruvian
sector of the Humboldt Current System. More specific reviews of
the Peruvian upwelling ecosystem were given by Arntz and Fahr-
bach (1991), Tarazona and Arntz (2001) and Tarazona et al.
(2003), but the main emphasis was on benthic communities and
fisheries stocks and zooplankton were mentioned only briefly. An
extensive review of zooplankton in the eastern tropical Pacific,
however, was recently published by Fernández-Álamo and Fär-
ber-Lorda (2006), who focused on large-scale surveys in the east-
ern tropical Pacific (e.g. EASTROPAC). Our review provides an
overview of the work conducted off Peru. In particular, we (1) pro-
vide an overview and basis for comparison with other upwelling
regions, by (2) summarizing all the literature available, much of
which was found in unpublished reports and theses, and (3) iden-
tify gaps in our knowledge.

2. History of zooplankton research in Peru

Peruvian marine research was established in 1960 with the
Instituto de Investigaciones de los Recursos Marinos (IREMAR)
with the financial and technical support of FAO, which in 1964
changed its name to Instituto del Mar de Perú (IMARPE). IMARPE’s

mailto:payon@imarpe.gob.pe
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


Table 2
Summary of the main types of regular zooplankton surveys off Peru.

Program Method Comment

Hensen Net
Program

Hensen net (330 lm mesh,
60 cm diameter), towed
vertically from 50 m to the
surface. Determination of
Zooplankton settlement volume

Several times per year since
1964. Hundreds of stations
located over the whole marine
area off Peru

? Additional oblique bongo
hauls (330 lm mesh, 60 cm
diameter) from 200 m to surface

Fixed Coastal
Stations
Program

WP2 net (330 lm mesh, 50 cm
diameter), horizontal
subsurface tows

Bimonthly since 1994. Stations
located on three transects
perpendicular to the coast off
Paita, San José, and Callao? Since 2004, oblique bongo

net samples have been regularly
taken at the Fixed Coastal
Stations (330 lm mesh, 60 cm
diameter for the Callao transect,
330 lm mesh and 22 cm
diameter for Paita and San Jose
transects) from 200 m to the
surface or from the bottom to
the surface

Intensive
Cruises
Program
(CRIOS)

Experiments for secondary
production and grazing,
Multinet (330 lm mesh), WP2
net (330 lm mesh) oblique
bongo net sampling, laser
optical plankton counter

Twice a year since 2005.
Stations located on three
transects off Callao and inside
Bahia de Independencia.
Started in the context of the
CENSOR project
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initial mission was to compile scientific information about Peru’s
fish stocks to provide a scientific base for management decisions.
With time, events affecting the stocks led to the realization that
the scientific base had to be broadened to scale that were previ-
ously not regarded as necessary. This lesson was brought home
by the catastrophic effects of El Niño’s on the anchoveta fishery
and Peru’s continued dependence on this single-species fishery
(Dickie and Valdivia, 1981).

Early zooplankton work concentrated on taxonomy and hori-
zontal distribution (Vásquez, 1967; Alvarado, 1972; Gómez,
1972), especially of euphausiids (Santander, 1967; Santander and
Sandoval de Castillo, 1969) and appendicularians (Fenaux, 1968).
Additional work followed in the 70s during the International Dec-
ade of Ocean Exploration, which coincided with the initial decade
of the Law of the Sea. The Law of the Sea emphasized that nations
have rights to their coastal resources, including the right of explo-
ration and research (Ancieta, 1981). Interest in the biological pro-
duction in Peruvian coastal waters was high due to the
prosperous anchovy-meal industry.

The international program CUEA (Coastal Upwelling Ecosystem
Analysis, 1972–1980) was developed to study the physical, chem-
ical, and biological drivers within upwelling ecosystems. It com-
pared the upwelling systems of Oregon, Baja California, Peru, NW
Africa, and Somalia. CUEA was conceived following the ‘‘Anton Bru-
un” Cruise off Peru in 1966 (e.g. Ryther et al., 1966; Ryther, 1967;
Barber and Chavez, 1991). Under CUEA, interdisciplinary multiship
studies were conducted off Peru during the JOINT-II expedition
from March to October 1976 and March to May, 1977. Results were
presented in a series of meetings (Barcelona, 1970; Investigaciones
Pesqueras 35, 1, 1975; Marseille, 1973; Tethys 6, 1974; Kiel, 1975;
Upwelling Ecosystems, 1978) and on the IDOE (International Dec-
ade of Ocean Exploration) International Symposium on Coastal
Upwelling in Kiel, 1975.

Several cruises of the Institute of Oceanology, Russia, were con-
ducted in 1974 (Vinogradov, 1977) to study the pelagic communi-
ties of tropical regions and their zones of intensive upwelling. The
majority of the results are published in the journal Oceanology.

In 1975, the Peruvian-German Program PROCOPA (Programa
Cooperativo Peruano-Alemán de Investigación Pesquera) was initi-
ated, which lasted until 1985. Its main purpose was to support re-
search in areas that could not be covered sufficiently by Peruvian
scientists. Part of the program was the building of RV ‘‘Alexander
Humboldt”, which remains an important vessel in Peruvian fishery
research in 1994, Germany funded time series sampling at stations
off Paita and San José (‘‘Fixed Coastal Stations Program”, Table 2).
Sampling at these stations is ongoing.

The bi-country project ICANE (Investigación Cooperativa de la
Anchoveta y su Ecosistema) between Peru and Canada began in
1976 during severe changes in the fisheries. The goal was to iden-
tify causes of the recent decreases of the anchovy population, with
the goal of predicting events in this system on time scales relevant
to fishery management (Dickie and Valdivia, 1981). Results were
published in Boletín Instituto del Mar del Perú-Callao, Vol. extraor-
Table 1
Water masses found in surface waters off Peru.

Water masses Salinity Temperature (�C)

Tropical Surface Water (TSW) <33.8a >25b

Equatorial Surface Water (ESW) 33.8–34.8b >20b

Subtropical Surface Water (SSW) 35.1–35.7a 18–27b

Cold Coastal Water (CCW) 34.8–35.1a 14–18c

a Zuta and Guillén (1970).
b Gutiérrez et al. (2005).
c Morón (2000).
dinario (1981). These interdisciplinary programs improved Peru-
vian field work and data analysis and also established
collaborations between Peruvian and foreign scientists.

During the 80s, most of the zooplankton papers published by
IMARPE scientists (Table 3) focused on taxonomy (e.g. Santander
et al., 1981a,b; Carrasco, 1989), species distributions, water mass
indicator species (e.g. Véliz, 1981, 1985; Carrasco de Luyo, 1981;
Dextre, 1983; Santander and Carrasco, 1985; Sandoval de Castillo,
1987), effects of El Niño on zooplankton biomass (Santander and
Carrasco, 1985), and zooplankton biovolumes (1964–1985; Carras-
co and Lozano, 1989). Non-IMARPE researchers published studies
(Table 3) on community structure (e.g. Boyd and Smith, 1983;
Timonin and Flint, 1986; Vinogradov et al., 1980), diel vertical
migration (e.g. Judkins, 1980; Mackas et al., 1981; Smith et al.,
1981b) and trophic ecology (e.g. Dagg et al., 1980; Boyd et al.,
1980; Herman, 1984).

From the 90s to the present (2007), IMARPE zooplankton scien-
tists have published papers on interaction between zooplankton
and the environment (particularly El Niño; Aronés and Ayón,
2002; Castillo et al., 2005), species composition and abundance
(Abanto, 2001), diel vertical migration (Escudero, 2003), and zoo-
plankton time series relative to fish stock (Alheit and Niquen,
2004) or hydrographic variability (Gutiérrez et al., 2005; Ayón
et al., 2004; Aronés et al., in press; Ayón et al., 2008). This work
was supported by the European Community VECEP Program
(1993–1999), which supported several fisheries surveys, and
World Bank loans to purchase laboratory equipment (1999). In
1998 the research vessel ‘‘José Olaya Balandra” was donated by
the Japanese government including sampling gear and laboratory
equipment. CICESE (Mexico) provided funds from 2004 to 2005
for the analysis of zooplankton time series. In 2005, the multi-
country project CENSOR was launched in Peru, funded by the Euro-
pean Union (‘‘Climate variability and El Niño Southern Oscillation:
Implications for natural coastal resources and management”;
Argentina, Chile, Peru, France, Germany, Spain). CENSOR’s zoo-
plankton component focuses on trophodynamic impacts on the
time series variability, especially in coastal areas.



Table 3
Overview over selected publications on specific topics related to the zooplankton in marine waters off Peru.

Topics Main references

Biogeography, distribution, and ecology
of specific taxa

Siphonophores (Bigelow, 1911; Véliz, 1985; Sears, 1953)
Ostracods (Castillo, 2004; Castillo et al., 2005, 2007)
Copepods (Alvarado, 1972; Gómez, 1972, 1982; Geynrikh, 1973; Santander et al., 1981b; Ayón et al., 1999; Abanto, 2001; Aronés,
2002; Aronés and Ayón, 2002)
Amphipods (Carrasco de Luyo, 1981; Santander et al., 1981b; Carrasco, 1989; Aronés, 1997)
Euphausiids (Santander, 1967; Santander and Sandoval de Castillo, 1969; Alvarado, 1972; Antezana, 1978; Santander et al.,
1981a,b; Antezana, 2002a)
Holoplanktonic molluscs (Quesquén and Guzmán, 1999; Quesquén, 2005)
Chaetognaths (Bieri (1957, 1959); Alvarado, 1972; Santander et al., 1981a,b; Dextre, 1983; Sandoval de Castillo, 1987)
Appendicularians (Fenaux, 1968)
Zooplankton guides (Santander, 1981; Santander et al., 1981a,b)
Horizontal distribution and biogeography (Vásquez, 1967; Beers et al., 1971; Vinogradov, 1977; Guillén, 1978; Santander et al.,
1981a,b; Dextre, 1983; Timonin and Flint, 1986; Vasil’ev, 1991; Ayón et al., 1996; Ayón and Girón, 1996; Aronés and Ayón, 2001;
Aronés et al., 2001; Quesquén, 2004; Aronés, 2004; Gutiérrez et al., 2005)

Vertical distribution Judkins (1980), Sameoto (1981), Mackas et al. (1981), Smith et al. (1981a,b), Glebov (1982), Semenova et al. (1982) and Antezana
(2002b) (for Euphausia mucronata); Escudero (2003) and Criales-Hernández et al. (2008)

Development of plankton communities Mikheyev (1977a,b), Smith (1978), Vinogradov and Shushkina (1978), Vinogradov et al. (1980) and Boyd and Smith (1983)

Time series Zooplankton volumes off Peru since 1964 (Carrasco and Lozano, 1989; Ayón et al., 2004)
Hydrography and mesozooplankton abundance and diversity off Paita 1994–2004 (Aronés et al., in press)

El Niño Dextre (1983), Santander and Carrasco (1985), Carrasco and Santander (1987), Aronés (1997), Gómez (1997), Ayón et al. (1999),
Aronés and Ayón (2002) and Castillo et al. (2005)

Trophic ecology Grazing and excretion (Cowles, 1978, 1979; Dagg et al., 1980; Boyd et al., 1980; Paffenhöfer, 1982; Arashkevich et al., 1982;
Herman, 1984)
Zooplankton productivity (Shushkina and Kislyakov, 1977)
Functional characteristics of planktonic communities (Shushkina et al., 1978)
Microzooplankton production (Sorokin, 1978; Tumantseva and Kopylov, 1985a)
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3. Study area – water masses, currents, and upwelling

The distribution of planktonic organisms is dependent on cur-
rents and water masses. The waters off Peru are part of the Hum-
boldt Current System (HCS), which dominates most hydrodynamic
processes off Chile and Peru (Fig. 1; cite reviews in PIO vol. 69). The
Peru Coastal Current (PCC) flows equatorward, while the Peru–
Chile Under-Current (PCUC) follows the shelf break towards the
pole, and the Peru–Chile Counter-Current (PCCC) flows directly
towards the south and veers to the west around 15�S (Penven
et al., 2005). The flow of the PCC is strongest in austral winter,
when equatorward winds are maximal (Bakun and Nelson, 1991;
Echevin et al., 2004a,b; Croquette et al., 2005). It carries colder
Fig. 1. Study area along the Peruvian coast showing zooplankton sampling stations
characteristic surface water masses (b), and bathymetry with main currents (c). The app
(‘‘X”). According to Gunther (1936), Wyrtki (1963, 1967), Zuta and Guillen (1970), Tsuchiy
(2005) and Croquette and Eldin (2006), modified. Water masses in b: CCW, Cold Coa
Subtropical Surface Water; ESW, Equatorial Surface Water; TSW, Tropical Surface Wate
Current; PCC, Peru Coastal Current, Chile–Peru Current, or Humboldt Current; PCCC, Per
(PUC), or Gunther Current; POC, Peru Oceanic Current, Oceanic Chile–Peru Current, or O
and saltier upwelled water to the north where they eventually
become part of the South Equatorial Current (SEC).

Many oceanographic features vary seasonally and interannual-
ly, especially during EN. During ‘‘average” years, and especially
during La Niña events, the Peruvian shelf is dominated by Cold
Coastal Water (CCW, see Table 1), which is strongly influenced
by coastal upwelling. Under normal conditions, upwelled waters
originate from the PCUC (Echevin et al., 2004a,b). This upwelling
of nutrient-rich waters sustains one of the most productive ecosys-
tems of the world, with zooplankton biomasses which are among
the highest recorded for large marine ecosystems in lower lati-
tudes (Fernández-Álamo and Färber-Lorda, 2006). Plumes of up-
welled water may extend several hundred km offshore at the
covered since 1964 (Ayón et al., 2004, modified) (a), schematic distribution of
roximate locations for main upwelling areas for nutrient-rich waters are indicated
a (1981), Huyer et al. (1991), Strub et al. (1998), Schneider et al. (2003), Penven et al.

stal Water and mixed waters under the influence of upwelled cold waters; SSW,
r. Currents in c: EUC, Equatorial Undercurrent or Cromwell Current; PaC, Panama

u–Chile Counter-Current; PCUC, Peru Coastal Undercurrent, Poleward Undercurrent
ceanic Humboldt Current.
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surface, leading to large-scale offshore blooms, but in general off-
shore oceanic waters are warmer and contain less nutrients than
nearshore upwelled waters. The upwelled and offshore PCC waters
interact on several time scales, e.g. the alternation of upwelling and
relaxation episodes, seasonal variability upwelling strength, and
most drastically by EN. During EN, warm and low-salinity Equato-
rial Surface Water (ESW) and Tropical Surface Water (TSW) spread
southward, and offshore PCC water reaches closer to the coast
(Zuta and Guillen, 1970; Fiedler and Talley, 2006). Replacement
of nutrient-rich upwelled water by warmer and more oligotrophic
offshore water masses leads to drastic changes in pelagic
ecosystems.

Sea surface temperatures (SST) increase towards the equator. In
northern Peru, equatorward of 14�S, summer SSTs reach 26 �C,
while to the south minimum summer SSTs are 17–18 �C (Zuta
and Guillen, 1970). In central and sourthern Peru, in winter, SST
varies from 13 to 17 �C, and the 19 �C isotherm is found north of
10�S. Stronger than seasonal SST changes, however, ENSO gener-
ates a huge interannual variability (Fig. 4). Spatial SST differences
are caused by basin scale latitudinal and local (shelf width, water
depth) components. The Peruvian shelf is <200 m deep and widest
(65 nm) between 7�S and 10�S, and narrowest (3–5 nm) equator-
ward 7�S and polewardof 15�S (Zuta and Guillen, 1970).
4. Research topics

4.1. Sampling and survey development

IMARPE has always focused on fisheries. Zooplankton samples
were a by-product of ichthyoplankton sampling, which was con-
ducted on all surveys, be it pelagic, demersal or hydrographic sur-
veys. Between 1961 and 2006 �150 surveys were carried out with
more than 10,000 samples collected. Surveys covered up to 500 km
from the coast between 3�300S and 18�200S, although over 95% of
the samples were collected within 100 km of the coastline
(Fig. 1). Two types of standard surveys for zooplankton sampling
have evolved with time (Table 2):

1. In the Hensen Net Program, zooplankton data have been col-
lected since 1964 on Pelagic Fish, Demersal Fish and Oceano-
graphic Surveys, where a Hensen net (330 lm mesh, 60 cm
diameter) has been towed vertically from 50 m to the surface.
After removal of large coelenterates and ichthyoplankton, the
zooplankton settlement volume is measured (Carrasco and Loz-
ano, 1989; Ayón et al., 2004). The stations are located on a pre-
defined meander-shaped cruise track covering the whole
coastal area of Peru, although the cruise track was sometimes
modified. Zooplankton samples were only taken at stations
where echograms indicated fish were present and fish trawling
should also be conducted. Since 1996, additional zooplankton
sampling has been conducted where distance between trawl
positions was >20 nm.

2. In the Fixed Coastal Stations Program, on transects perpendicu-
lar to the coast near Paita, San José and Callao horizontal surface
tows have been taken since 1994 with a WP2 net (Working
Party 2; UNESCO, 1968; 330 lm mesh, 50 cm diameter). Addi-
tionally, since 2004, oblique bongo net tows (60 cm diameter,
300 lm mesh size; Table 2) have been included.

During a limited project in 1996/1997, vertically stratified sam-
ples with a closing net (200 lm mesh, 85 cm mouth diameter)
were taken, usually from 100–50–25–10–0 m on two fixed stations
near Callao (12�12.00S, 077�18.00W, Escudero, 2003) and Chimbote
(09�20.40S, 79�41.00W). Since 2000, on Demersal Fish Surveys strat-
ified samples have been taken with a multinet (Hydrobios, 330 lm
mesh, 50 � 50 cm mouth size) from 200–150–100–50–10–0 m.
More advanced sampling methods have recently been used during
the Intensive Cruises Program (CRIOS) that was started under the
CENSOR project (Table 2, Section 4).
4.2. Biodiversity

In general, knowledge of the taxonomy of the zooplankton fau-
na is poor, considering the amount of work invested into sampling
(Table 2) and the ecological and economic importance of these eco-
systems. Bigelow (1911) and later Sears (1953) worked on
siphonophores collected by the US Steamer Albatross in 1904/
1905. Santander et al. (1981a,b) catalogued 3 siphonophore, 31
copepod, 35 amphipod, 6 euphausiid, and 6 chaetognath species.
Abanto (2001) presented a list of 152 copepod species from 54 gen-
era collected on 15 cruises between 3�300S and 14�S and 1980–
1989. The zooplankton species in Table 4 were identified from
the Fixed Coastal Stations Program since 1994, and since 1997
from material sampled in the Hensen Net Program. Previously
existing keys have usually been used for identification, which often
are based on material from other regions. Organisms have some-
times been mis-identified. For example, during the same expedi-
tions the abundant Calanus species were called Calanus chiliensis
(Sameoto, 1981) and C. australis (Santander et al., 1981b). There-
fore, a careful taxonomic revision of the fauna of the southeast
Pacific is required.

4.3. Spatial patterns

4.3.1. Horizontal distribution and abundance
Santander (1967) provided the first data on major taxa in surface

samples from transects perpendicular to the coast between Callao
and Chimbote (copepods, euphausiids, appendicularians, siphono-
phores, and pteropods). In 1987, Carrasco and Santander found that
during normal conditions between 6�S and 12�S, copepods were
most abundant, followed by siphonophores, chaetognaths, poly-
chaetes, euphausiids, and amphipods. Other studies have found that
the main zooplankton groups off Peru were copepods, euphausiids,
and chaetognaths (Ayón and Girón, 1996, 1997; Ayón and Aronés,
1997a,b; Ayón et al., 1996; Ayón and Girón, 2004). Off Paita and
San José, ca. 98% of the zooplankton were crustaceans, copepods
being by far the most abundant group (Gutiérrez et al., 2005).

Santander (1981) studied the zooplankton in an important
upwelling area from Pisco to San Juan, in autumm 1976 and
1977. She concluded that food quality and concentration were reg-
ulating the zooplankton composition, being low primary produc-
tion associated to the dominance of euryphagous or carnivorous
species, with less herbivourous species. Santander (1981), defined
three major zooplankton groups: (1) continental shelf (dominated
by A. tonsa and C. brachiatus); (2) continental slope (siphonophores,
bivalves, foraminifera, and radiolaria), (3) oceanic group (Mecyno-
cera clausi, Pleuromamma gracilis, Scolecithrix danae, Lucicutia flavi-
cornis, Euchaeta marina, Euchirella bella, Oithona plumifera,
Calocalanus pavo, Temora stylifera, T. discaudata, Nannocalanus
minor, Eucalanus subtenuis, Acrocalanus sp., Corycaeus sp., Oithona
sp., Oncaea sp., Sapphirina sp., Corycella sp., Copilia sp.). Sameoto
(1981) confirmed this species composition changes with distance
from the shore, but noticed a high variability in species composi-
tion and biomass that can occur on daily time.

Planktonic ecosystems of the PCC under the influence of up-
welled Cold Coastal Waters (CCW) differ markedly from the sub-
tropical waters to the west by their high concentration of life
(fish, birds, mammals, etc.) and by their huge biomass (Ayón
et al., 2004). However, a recent analysis of historical data indicates
that within the CCW, higher biovolumes are found offshore, prob-



Table 4
List of species identified in Peruvian zooplankton samples (Ayón et al., 2008, status of 2006). References: (1) IMARPE, unpublished; (2) Sears (1953); (3) Véliz (1985); (4)
Santander et al. (1981a,b); (5) Quesquén (2005); (6) Castillo (2004); (7) Abanto (2001); (8) Gómez (1982); (9) Carrasco and Santander (1987); (10) Carrasco (1989); (11) Aronés
(1997); (12) Santander (1967); (13) Dextre (1983); (14) Sund (1964); (15) Sandoval de Castillo (1987); (16) Fenaux (1968).

Cnidaria
Solmundella bitentaculata 1
Aeginura grimaldii 1
Aequorea coerulescens 1
Aequorea macrodactyla 1
Bougainvillia superciliaris 1
Bouganvillia fulva 1
Heterotiara anonyma 1
Obelia sp. 1
Phialidium uchidai 1
Cladonema sp. 1
Euphysa tentaculata 1
Sarsia eximia 1
Sarsia sp. 1
Cunina octonaria 1
Cunina frugifera 1
Cunina peregrina 1
Cunina globosa 1
Cunina tenella 1
Cunina duplicata 1
Solmissus incisus 1
Cytaeis tetrastyla 1
Geryonia proboscidalis 1
Liriope tetraphylla 1
Halicreas minimum 1
Hydractinia sp. 1
Eucheilota menoni 1
Tiaricodon coerulens 1
Amphinema sp. 1
Leuckartiara octona 1
Leuckartiara zacae 1
Stomotoca pterophylla 1
Stomotoca atra 1
Halitholus intermedia 1
Porpita porpita 1
Vellela velella 1
Pochella polynema 1
Aglaura hemistoma 1
Rhopalonema funerarium 1
Rhopalonema velatum 1
Sminthea eurygaster 1
Amphogona apicata 1
Pantachogon sp. 1
Pegantha laevis 1
Pegantha martagon 1
Pegantha clara 1
Pegantha triloba 1
Solmaris sp. 1
Chromatonema crythrogonon 1
Ectopleura dumortieri 1
Ectopleura sacculifera 1
Atolla wyvillei 1
Nausithoe punctata 1
Nausithoe rubra 1
Pelagia noctiluca 1
Chrysaora plocamia 1
Periphylla periphylla 1
Stomolophus meleagris 1
Phacellophora camtschatic 1
Abyla peruana 2
Ceratocymba leuckarti 1
Abylopsis tetragona 3
Abylopsis eschscholtzi 3
Bassia bassensis 1
Enneagonium hyalinum 1
Nanomia cara 1
Agalma elegans 3
Athoribia rosacea 1
Sulculeolaria biloba 1
Sulculeolaria chuni 1
Sulculeolaria quadrivalvis 1
Sulculeolaria turgida 1
Chelophyes appendiculata 1
Chelophyes contorta 1
Dyphyes bojani 1

Dyphyes dispar 3
Eudoxoides mitra 1
Eudoxoides spiralis 3
Lensia campanella 1
Lensia conoidea 1
Lensia cossack 1
Lensia fowleri 1
Lensia hotspur 1
Muggiaea atlantica 4
Muggiaea kochii 3
Hipopodius hippopus 1
Physophora hydrostatica 1
Rosacea plicata 1
Ctenophora
Bolinopsis infundibulum 1
Velamem sp. 1
Pleurobrachia pileus 1
Hormiphora plumosa 1
Beroe cucumis 1
Annelida
Pelagobia longicirrata 1
Tomopteris sp. 1
Mollusca
Protatanta souloyeti 5
Oxygyrus keraudreni 5
Atlanta turriculata 5
Atlanta helicinoides 1
Atlanta lesueuri 5
Atlanta peroni 5
Atlanta gaudichaudi 5
Atlanta inclinata 5
Carinaria lamarcki 5
Cardiapoda placenta 1
Pterotrachea hippocampus 5
Pterotrachea coronata 5
Firoloida desmaresti 5
Limcina bulimoides 5
Limacina inflata 5
Limacina trochiformis 5
Cavolinia inflexa 5
Cavolinia longirostris 5
Cavolinia uncinata 5
Diacria quadridentata 5
Clio pyramidata 5
Creseis acicula 5
Creseis virgula 5
Hyalocylis striata 5
Cymbulia sibogae 5
Desmopterus papillo 5
Peraclis apacifulva 1
Peraclis reticulata 1
Glaucus sp. 1
Phillirhoe bucephala 1
Cephalopyge trematoides 1
Branchiopoda
Penilia avirostris 1
Pleopis polyphemoides 1
Evadne espinifera 1
Evadne nordmanni 1
Pseudoevadne tergestina 1
Ostracoda
Archiconchoecia striata 6
Halocypris inflata 6
Euconchoecia aculeata 6
Euconchoecia chierchae 1
Conchoecetta giesbrechti 6
Conchoecia aff magna 6
Disconchoecia tamensis 6
Metaconchoecia inflata 6
Metaconchoecia kyrtophora 6
Mataconchoecia teretivalvata 6
Orthoconchoecia agassizi 6
Orthoconchoecia striola 6
Porroecia parthenoda 6
Porroecia porroecia pacifica 6

Porroecia pseudoparthenoda 6
Proceroecia decipiens 6
Copepoda
Acartia danae 7, 8
Acartia erytraea 7
Acartia negligens 7
Acartia lilljeborgii 1
Acartia tonsa 7, 8
Aetideus armatus 7
Aetideus giesbrechti 7
Euaetideus bradyi 7, 8
Euchirella bella 7, 8
Euchirella messinensis 1
Haloptilus acutifrons 7
Haloptilus ornatus 7
Haloptilus oxycephalus 7
Haloptilus sp. 7
Calanus australis 7, 8
Calanus chilensis 8
Calanus darwinii 1
Calanus tenuicornis 7
Canthocalanus pauper 1
Nannocalanus minor 7
Neocalanus robustior 7
Undinula darwinii 7
Undinula sp. 7
Candacia bipinnata 7
Candacia catula 7, 9
Candacia curta 7, 8
Candacia simplex 1
Candacia pachydactyla 7
Paracandacia truncata 7
Centropages brachiatus 7, 8
Centropages elongatus 7
Centropages furcatus 7
Centropages gracilis 7
Clausocalanus arcuicornis 7, 9
Clausocalanus sp. 7
Clausocalanus jobei 1
Clausocalanus furcatus 1
Clytemnestra rostrata 7, 8
Clytemnestra scutellata 7
Corycaeus auronitens 1
Corycaeus dubius 8
Corycaeus catus 7
Corycaeus crassiusculus 7
Corycaeus flaccus 7
Corycaeus furcifer 7
Corycaeus gibulus 10
Corycaeus lautus 1
Corycaeus limbatus 1
Corycaeus longistylis 7
Corycaeus robustus 7
Corycaeus speciosus 7
Corycaeus spp. 7
Farranula gibbula 7
Microsetella gracilis 7
Microsetella rosea 7
Eucalanus inermis 7, 8
Eucalanus elongatus 1
Paraeucalanus attenuatus 7
Rhincalanus cornutus 7
Rhincalanus nasutus 7, 8
Subeucalanus crassus 7
Subeucalanus mucronatus 7
Subeucalanus subcrassus 7
Euchaeta acuta 7, 10
Euchaeta indica 7
Euchaeta longicornis 7
Euchaeta media 1
Euchaeta plana 7
Euchaeta rimana 7
Euchaeta sp. 7
Euterpina acutifrons 10; 7
Heterorhabdus lobatus 1
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Table 4 (continued)

Heterorhabdus papilliger 7
Lucicutia flavicornis 7, 8
Lucicutia gaussae 7
Mecynocera clausii 7, 8
Pleuromamma borealis 7, 8
Pleuromamma abdominalis 1
Pleuromamma gracilis 8
Pleuromamma piseki 7
Pleuromamma xiphias 7
Oithona sp. 7
Oithona atlantica 1
Otihona fallax 7
Otihona nana 1
Otihona plumifera 7, 8
Otihona setigera 7, 8
Otihona similis 10
Paraoithona parvula 7
Paraoithona sp. 7
Lubbockia squillimana 7
Oncaea conifera 7, 8
Oncaea venusta 7
Pachysoma dentatum 7
Acrocalanus gracilis 7
Acrocalanus monachus 9
Acrocalanus armatus 9
Acrocalanus sp. 7
Calocalanus pavo 7
Calocalanus plumulosus 7
Paracalanus parvus 7, 8
Otihona plumifera 7, 8
Otihona setigera 7, 8
Parvocalanus sp. 7
Phaenna spinifera 7
Calanopia sp. 1
Labidocera acuta 7
Labidocera acutifrons 7
Labidocera sp. 7
Labidocera pavo 1
Pontella sp. 1
Pontellina plumata 7, 8
Pontellopsis armata 7
Pontellopsis perpicans 1
Pontellopsis regalis 1
Pseudodiaptomus sp. 7
Copilia miriabilis 7
Copilia quadrata 1
Sapphirina angusta 1
Sapphirina auronitens 7
Sapphirina darwinii 7
Sapphirina gastrica 7
Sapphirina gemma 7
Sapphirina intestinata 7
Saphirina iris 1
Sapphirina metalina 7
Sapphirina nigromaculata 7
Sapphirina opalina 7
Sapphirina ovatolanceolata 7
Sapphirina spp. 7
Sapphirina stellata 7
Amallothrix sp. 7
Scaphocalanus echinatus 7
Scaphocalanus sp. 7
Scolecithricella abyssalis 7
Scolecithricella aupopecten 7
Scolecithricella bradyi 7, 8
Scolecithricella dentata 7
Scolecithricella minor 7
Scolecithricella spp. 7
Scolecithrix danae 7
Scolecithricella spinipedata 7
Scottocalanus sp. 7
Temeropia mayumbaensis 7

Temora discaudata 7
Temora stylifera 1
Tharybis sp. 7
Amphipoda
Anapronoe sp. 1
Dairella sp. 1
Hyperioides sibaginis 10, 11
Phronimopsis spinifera 10, 11
Hyperia medusarum 10
Hyperietta vosseleri 11
Hyperietta luzoni 11
Hyperietta stephenseni 11
Hyperiodes longipes 11
Hyperoche sp. 1
Lestrigonus bengalensis 11
Lestrigonus macrophthalmus 11
Lestrigonus shoemackeri 11
Lestrigonus schizogeneios 11
Themistella fusca 11
Lanceola sp. 1
Anapronoe sp. 1
Brachyscelus crusculum 10, 11
Lycaea spp. 11
Pseudolycaea sp. 1
Thamneus sp. 1
Tryphana malmi 11
Lycaeopsis themistoides 10, 11
Oxycephalus piscator 10, 11
Oxycephalus armatus 10
Oxycephalus clausi 1
Simorhynchotus antenarius 10
Calamorhynchus sp. 1
Cranocephalus sp. 1
Rhabdosoma armatum 1
Streetsia sp. 1
Turbegella sp. 1
Glossocephalus sp. 1
Leptocotis spinifera 11
Rhabdosoma minor 11
Paraphronima gracilis 11
Thyropus diaphanus 11
Euscelus robustus 11
Schizoscelus ornatus 11
Phronima sedentaria 10
Phronimella elongata 10, 11
Phronima dunbari 11
Phronima colleti 1
Prhronima bowmani 11
Phrosina semilunata 11
Anchylomera sp. 1
Primno macropa 11
Amphithyrus sculpturatus 11
Hemityphis tenuimanus 11
Platyscelus sp. 1
Tetrathyrus forcipatus 11
Parapronoe parva 10
Sympronoe sp. 1
Eupronoe maculata 11
Scina sp. 1
Vibilia armata 11
Vibilia chuni 11
Decapoda
Solenocera sp. 1
Penaeus stylirostris 1
P. vannamei 1
P. californicus 1
P. occidentalis 1
Sergestes sp. 1
Lucifer sp. 1
Callianassa sp. 1
Callichirus sp. 1
Pleuroncodes monodon 1

Pagurus sp. 1
Blefaripoda sp. 1
Lepidopa sp. 1
Emerita analoga 1
Cancer setosus 1
Platyxanthus sp. 1
Libinia sp. 1
Euphausiacea
Euphausia diomedae 1
Euphausia mucronata 12
Euphausia tenera 12
Euphausia eximia 12
Euphausia distinguenda 12
Euphausia lamelligera 12
Euphausia mutica 1
Nyctiphanes simplex 12
Nematoscelis tenella 1
Nematoscelis gracilis 1
Nematoscelis flexipes 1
Stylocheiron affine 1
Stylocheiron carinatum 1
Stylocheiron elongatum 1
Nematobrachium flexipes 1
Mysida
Heteromysis sp. 1
Archaeomysis sp. 1
Mysidopsis 1
Siriella sp. 1
Gybberithrops sp. 1
Metamysidopsis pacifica 1
Chaetognatha
Khronitta pacifica 1
Khronitta subtilis 13
Pterosagitta draco 13
Sagitta bedoti 14
Sagitta decipiens 15
Sagitta enflata 13
Sagitta ferox 14
Sagitta hexaptera 15
Sagitta minima 13
Sagitta maxima 1
Sagitta neglecta 14
Sagitta pacifica 1
Sagitta peruviana 14
Sagitta pulchra 14
Sagitta regularis 13
Thaliacea
Cyclosalpa bakeri 1
Helicosalpa komaii 1
Iasis zonaria 1
Pegea confoederata 1
Ritteriella picteti 1
Salpa fusiformis 1
Thalia democratica 1
Thetys vagina 1
Weelia cylindrica 1
Doliolum gegenbauri 1
Doliolum denticulum 1
Doliolum nationalis 1
Appendicularia
Oikopleura dioica 16
Oikopleira fusiformis 16
Oikopleura albicans 16
Oikopleura cophocerca 16
Oikopleura intermedia 16
Oikopleura longicauda 16
Oikopleura rufescens 16
Stegosoma magnum 16
Cephalochordata
Branchiostoma elongatum 1
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ably due to stronger predation nearshore and low biovolumes in
freshly upwelled water (Ayón et al., 2008). Also, there is a clear
north–south pattern, with high biovolumes mainly between 4�S
and 6�S and again poleward of 14�S. These high biovolume areas
are characterized by a narrow continental shelf (18–28 km) (Sant-
ander, 1981; Carrasco and Lozano, 1989; Ayón et al., 2004). The
high biovolumes in the north may be due to the influence of the
ESW, which have larger species and higher diversity (Ayón, 1999)
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than CCW. On the other hand, the number of abundant tropical
species greatly decreases toward the coast. In the coastal areas un-
der influence of CCW, large neritic herbivores like Calanus australis
and Eucalanus inermis may grow in mass (Geynrikh, 1973). Off
northern and central Peru, euphausiids were less but the remaining
mesozooplankton were more abundant (Gunther, 1936).

EN alters mesozooplankton diversity, distribution, and abun-
dance. An increase in diversity is caused by the intrusion of tropical
species in the central and southern Peruvian coast (Santander and
Carrasco, 1985; Carrasco and Santander, 1987; Carr, 2003). Work
off northern Peru during EN shows the intrusion of warm waters
with warm water species such as Centropages furcatus (Santander
et al., 1981b; Aronés et al., 2001). The 1982/1983 EN caused an in-
crease in zooplankton biomass, especially gelatinous species, and
diversity (Santander and Carrasco, 1985). In contrast, there was a
pronounced decrease in meroplanktonic larvae and ichthyoplank-
ton in the coastal waters during EN.

Specific attention on the regional and seasonal distribution of
certain taxonomic groups was drawn by Véliz (1981), who identified
ten species of siphonophores between 5�470 and 9�130 up to 260 km
offshore, and by Castillo (2004) and Castillo et al. (2007) who studied
the distribution of 15 ostracod species. During the 1998 EN ostracod
species shifted south and their distributions showed positive or neg-
ative correlations with salinity and distance to shore.

Some species can be used as water masses indicators (Gómez,
1972; Geynrikh, 1973; Aronés, 2002; Castillo, 2004). Sandoval de
Castillo (1987) used chaetognaths as water mass indicators, with
Sagitta bedoti, S. neglecta, S. peruviana, and S. pulchra associated in
ESW, and S. ferox, S. regularis and Khronitta pacifica in SSW. Carras-
co and Santander (1987) showed that the copepods Centropages
furcatus, Acrocalanus gracilis, and A. monachus were typical in
ESW, while CCW species were Clausocalanus arcuicornis, Acartia
tonsa, Oithona plumifera, Paracalanus parvus, Centropages brachia-
tus, and Eucalanus inermis. A recent study conducted off northern
Peru (Gutiérrez et al., 2005) recognized several copepod species
as indicators of SSW: Acartia danae, Calocalanus pavo, Ishnocalanus
plumulosus, Mecynocera clausii, and Oncaea conifera. Abanto (2001)
related the distribution of 152 copepod species to hydrographic
data between 3�300S and 14�S between 1980 and 1989. Examples
are presented in Fig. 5. Thus, Acartia tonsa, Calanus australis, Claus-
ocalanus sp., Paracalanus parvus are apparently eurythermal and
euryhaline and not water mass specific, while Subeucalanus crassus,
Sapphirina darwinii, Pleuromamma abdominalis were restricted to
SSW, and C. brachiatus, E. inermis, Euaetideus bradyi could be used
as indicator species for CCW. During EN, Centropages furcatus shifts
south and replaced the CCW species C. brachiatus and Eucalanus
inermis (Abanto, 2001). The shift between C. brachiatus (non-EN)
and C. furcatus (EN) was also noticed by Gutiérrez et al. (2005),
who related hydrographic parameters to changes in microphyto-
plankton, mesozooplankton (volume, abundance, and species rich-
ness), ichthyoplankton and macrozoobenthos in surface samples
collected between 1994 and 2004 on fixed stations off central Peru.
They found notable changes in species composition and richness
associated with the 1997/1998 EN.

4.3.2. Vertical distribution and migration
The vertical distribution of zooplankton is controlled by their

nutritional and physiological requirements; therefore, the struc-
ture of the water column with its gradients of temperature and
salinity is important. Furthermore, in the Eastern Tropical Pacific,
a subsurface OMZ (Pennington et al., 2006) has a profound impact
on the distribution of pelagic animals and limits the space available
for aerobic life. The upper limit of the OMZ depth is often identified
as the depth of the 0.5 ml L�1 (Escribano et al., 2000) or 1 ml L�1

(Hidalgo et al., 2005; Criales-Hernández et al., 2008) oxygen iso-
pleth. In regions of coastal upwelling, hypoxic water can reach to
within a few meters of the surface (Wyrtki, 1966; Judkins, 1980;
Escribano et al., 2004). Not many studies have been conducted
on the vertical distribution of zooplankton off Peru. Only during
international cruises have closing nets, pumps and electronic
plankton counters been used (Mackas et al., 1981). Judkins
(1980) pumped samples down to 85 m at three stations at the shelf
break, over the continental slope, and further offshore. The OMZ
appeared to have been the single most important environmental
factor structuring and modifying the vertical distribution of zoo-
plankton over the shelf and slope off central Peru. Most mesozoo-
plankton did not occur below the 0.1 ml L�1 oxygen isopleth.
Onshore shoaling of the OMZ resulted in high near-surface concen-
trations of mesozooplankton relative to offshore stations. Semeno-
va et al. (1982) described the vertical and horizontal distribution of
37 mesozooplankton species along transects between 7�S and 15�S.
Only two species were able to occupy the OMZ: Eucalanus inermis,
which other studies have shown can with stand 12 h of anoxia
(Judkins, 1980; Boyd et al., 1980), and Euphausia mucronata (Antez-
ana, 2002a). A thickening of the surface oxygenated layer occurs
during EN, and is accompanied by increased vertical migration
and habitat expansion for many zooplankton and fish species
(Escribano et al., 2004).

Diel vertical migration (DVM) was first demonstrated off Peru by
Antezana (1978, 2002a,b). He showed that larvae and juveniles of
Euphausia mucronata are always in the surface layer, while the
adults spend days in the OML and migrate to the surface at night.
Smith et al. (1981b) studied the vertical migrations of three cope-
pod families with a 5 m resolution (Oncaeidae, Oithonidae, small
Calanoida). The OMZ established a distinct lower boundary. During
day-time, all three groups accumulated above the oxycline, while at
night, small Calanoida were always higher in the water column
than Oncaeidae. These daily excursions seemed sufficient to expose
Oncaeidae to onshore/poleward flow by day and offshore/equator-
ward flow at night. Restriction to the upper 20 m above the OMZ
likely influences the onshore–offshore distribution of species
(Smith et al., 1981a). Boyd et al. (1980) observed that Eucalanus
inermis, Calanus australis, and Centropages brachiatus show different
patterns of DVM inshore and offshore, not apparently related to the
OMZ. All three species left the upper 5 m during the day inshore,
but offshore they remained at the surface both in day and night
even though the surface oxygenated layer is thicker offshore. Sant-
ander et al. (1981a) found that many mesozooplankton can tolerate
oxygen concentrations down to �0.5 ml L�1, but concentrations
<0.2 ml L�1 have drastic effects on most taxa. They also found that
Eucalanus inermis, Euaetideus bradyi, Rhincalanus nasutus, amphi-
pods, and ostracods occur mainly between 50 and 100 m, where
the oxygen content was <0.5 ml L�1. Using a closing net off Callao
during three 48 h-periods, Escudero (2003) distinguished four
types of migration, with species: (1) spending day at depth and
coming to the surface between dusk and midnight; (2) not-mig-
ranting; (3) migranting several times each 24 h; and (4) reverse
migrating, swimming up in the day and down at night, as in Lucic-
utia flavicornis. Environmental conditions modified the migrations,
as O2 concentrations <0.5 ml L�1 were limiting for most taxa.

4.4. Time series: seasonality and interannual variability

Temporal variation of zooplankton abundance can occur as a re-
sult of both biological and physical processes. Biological variations
occur at a time scale of weeks, associated with the life cycle of zoo-
plankton organisms, and on a diurnal time scale associated with
vertical migration. Physical variations can be seasonal and interan-
nual, or also may occur as a result of onshore–offshore and along-
shore advection, on a time scale of days. Changes in cross-shelf
advection have been observed on a fixed station during 15 days
of daily sampling (Smith et al., 1981a). During periods of surface
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onshore flow, oceanic species were observed, while during offshore
flow, coastal species dominated.

Seasonal variability is driven by changes in wind speed and
direction, which affect upwelling intensity and coastal circulation.
Anchovies and other species release larvae seasonally (Santander
and Flores, 1983). Such spawning seasonality suggests that favour-
able pelagic conditions may also be seasonal. Upwelling off Peru is
more intense in winter (Bakun and Nelson, 1991; Echevin et al.,
2004a,b; Croquette et al., 2005; Aronés et al., in press). Since pri-
mary and secondary production is supported by upwelling nutri-
ent-rich upwelled cold water, maximum phyto- and zooplankton
abundances should occur in winter. However, Ayón et al. (2004)
found peak zooplankton volumes in spring, especially during the
1960s (Fig. 2). Zooplankton volumes were higher in spring except
during the 90s when no seasonal trend was evident. Aronés et al.
(in press) analysed the seasonality of zooplankton abundance off
Paita (Fig. 2). They generally found highest total abundances in
spring and autumn, under moderate upwelling conditions. These
observations may suggest that ‘‘intermediate-strength upwelling”
is favourable for zooplankton, with winter upwelling too strong
and summer upwelling too weak. Although coastal upwelling
was more intense in winter, zooplankton abundance off Paita
was at minimum during winter, and thus displayed a positive cor-
relation with temperature (Aronés et al., in press). Studies off Chile
have shown that intermediate monthly wind strengths, with alter-
nating periods of upwelling and relaxation, may best sustain phy-
toplankton blooms off Chile (Echevin et al., 2004b) and successful
recruitment of Peruvian pelagic fish stocks (Walsh et al., 1980;
Mendelssohn and Mendo, 1987; Cury and Roy, 1989). Similar con-
Fig. 2. Seasonality of zooplankton abundance and biovolumes off Peru. Above:
seasonal variation of log total zooplankton abundance off Paita, northern Peru, from
August 1994 to December 2004 (modified from Aronés et al., in press). Below: mean
seasonal zooplankton volumes off Peru for four decades, since 1964. Note that the
scale of the ordinate in the 1960s differs from that of the 1970s and 1990s (Ayón
et al., 2004).
cepts have also been called the ‘‘optimal environmental window”
(Cury and Roy, 1989; Sugimoto and Tadokoro, 1998) or ‘‘optimal
stability window” (Gargett, 1997). We suggest that the dome-
shaped relationship between wind-induced turbulence and zoo-
plankton biomass has an important influence on zooplankton pro-
ductivity off Peru (Aronés et al., in press), although the dominating
mechanisms and processes are not yet clear. Cury and Roy (1989)
suggested that strong winds decrease recruitment success by
inducing turbulence that hampers the location of zooplankton prey
by fish larvae off Peru. This idea is a restatement of ‘‘Lasker’s
hypothesis” (Lasker et al., 1970; Lasker, 1975; Lasker and Smith,
1977) which proposes that strong turbulent mixing (beyond an
‘‘optimum”) associated with strong wind and coastal upwelling de-
stroys vertical stratification and the prey patchiness required for
optimal larval feeding. Under the ‘‘optimal window” hypothesis,
intermediate upwelling intensity supplies nutrients but below
intensity levels where harmful processes become important, such
as horizontal advection and the break-up of vertical aggregation
layers.

On the other hand, recent studies suggest that aggregations of
zooplankton and fish larvae can be formed by vertical currents
(Franks, 1992; Genin et al., 2005). In this case increased vertical
turbulence may increase predation intensity by aggregating organ-
isms that are dispersed horizontally, but are able to maintain their
depth, such as zooplankton and fish larvae (Hardy, 1936; Franks,
1992; Genin et al., 2005). Increased wind and turbulence could also
require increased effort to maintain depth, thus leaving less energy
for growth and reproduction (Kloppmann et al., 2002).

The negative effect of strong winter upwelling on zooplankton
abundance may also be explained by (1) advective losses, (2)
shrinking habitat due to the rise of the oxycline, or (3) match–mis-
match during the succession of upwelling ? phytoplankton
bloom ? zooplankton grazing ? zooplankton population growth
in developing upwelling lenses and filaments. The theoretical
implications and possible mechanisms of prey–predator match–
mismatch have been reviewed elsewhere (e.g. Durant et al.,
2007). Very strong upwelling may also produce adverse physi-
cal–chemical conditions in recently upwelled water (steep temper-
ature gradients, low oxygen, high ammonia concentrations, etc.).
This ‘‘intermediate upwelling” hypothesis may also be relevant to
interannual variability. Accordingly, minimum zooplankton abun-
dance from 1970 to 1976 coincided with long periods with strong
La Niña (LN) conditions (Fig. 3), when upwelling intensity was
maximal.

The large interannual variability in biomass and species compo-
sition off Peru was first shown by Santander (1981). Long-term
observations are so far only available as zooplankton volumes
(1964–2002; Ayón et al., 2004). The relatively large meshed
(300 lm) net used to collect these samples does not quantitatively
collect smaller zooplankton that likely dominate the nearshore re-
gion. Ongoing research is testing capture efficiencies for smaller
mesozooplankton (comparing 300 and 200 lm net catches under
different conditions), to determine if biases are stable for given
taxa. If so, historical zooplankton collections can be reanalyzed.
Carrasco and Lozano (1989) presented abundance data from
1964 to 1987 for the northern, central and southern Peruvian coast
and recognized a decline. During the 1983 EN copepod abundance
between 6�S and 12�S decreased to 1/6 of values for 1977–1981.
Nearer the equator (3–6�S), copepod abundance was higher due
to advection of larger equatorial species. Ayón et al. (2004) ex-
tended this series to 2002 (Fig. 3). The long-term trend of annual
mean zooplankton volume, from 1964 to 2001, displayed three dif-
ferent periods: maximum values from 1964 to 1973, a collapse
after 1973, low values from 1974 to 1989 (although the recovery
seems to start in 1985), and an intermediate level of biovolumes
from 1990 to 2002 (Ayón et al., 2004).



Fig. 3. Mean annual tropical Pacific Multivariate ENSO Index (MEI), zooplankton volumes, and biomass of Peruvian anchoveta (Engraulis ringens) from 1963 to 2001. Above:
the MEI time series shown is the annual average calculated from the original bimonthly MEI series (Wolter and Timlin, 1998). The variables used to calculate the MEI are: sea-
level pressure (P), zonal (U) and meridional (V) components of the surface wind, sea surface temperature (S), surface air temperature (A), and total cloudiness fraction of the
sky (C). Original data are 2-degree-cells from the tropical Pacific (30�N–30�S) taken from the COADS data base (http://www.icoads.noaa.gov). El Niño periods are highlighted
above; La Niña periods are shown below zero. Source: http://www.cdc.noaa.gov. Below: average zooplankton volumes from more than 10,000 samples taken from the
Peruvian coast to 300 nautical miles offshore. Values of 1979 and 1988 were interpolated with a 5-year moving average [according to Ayón et al. (2004), modified]. Strong El
Niño events are shown as vertical bars. Arrows indicate global sea surface temperature regime shifts in 1970–1971 and 1976–1977 (Yasunaka and Hanawa, 2005).
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ENSO and multi-decadal shifts in global sea surface tempera-
ture (SST) shifts co-occur (Yasunaka and Hanawa, 2005). Although
many other strong ENSO transitions occurred since the early 60s,
Yasunaka and Hanawa (2005) detected only two global SST regime
shifts in this period, one in 1970–1971 (transition from EN to the
strong 1970–1972 LN) and another one in 1976–1977 (transition
from the strong 74–76 LN to EN conditions). Coincidently or not,
these ENSO-related global SST regime shifts mark the beginning
collapse of the anchovy stock in the late 60s to early 70s, and onset
of stock recovery in the mid 70s (vertical arrows in Fig. 3). The syn-
chrony of the Peruvian zooplankton and anchovy data with statis-
tically significant global SST regime shifts provide further support
for the idea of strong links between regional-scale ecosystem
changes and global-scale climatic processes.

Zooplankton volumes and anchovy biomass show a similar pat-
tern (Fig. 3), indicating that multi-decadal oscillations may be
affecting both compartments of this ecosystem. There may be valid
alternative explanations for the variations in anchovy biomass (e.g.
overfishing in the late 60s), but the synchronicity of fisheries and
zooplankton data in this and other regions of the Pacific strongly
indicate a globally relevant ENSO-like multi-decadal oscillation
pattern that is probably triggering these ecological regime shifts.
However, there are also three remarkable differences between
the time series of anchovy biomass and zooplankton volume: (1)
the magnitude of the population collapse in the late 60s and early
70s is similar for both anchovy and zooplankton, but the subse-
quent recovery was much better for anchovies. Zooplankton never
recovered 60s levels; (2) strong EN’s do not seem to affect zoo-
plankton communities; there is no clear affect of even the stron-
gest EN events on zooplankton volume; (3) the zooplankton
collapse seems to have started 3 or 4 years earlier (in 1968) than
for anchovy (in 71 or 72). If real, this association may prove to be
a useful early indicator of ecosystem regime shifts. Modelling ef-
forts and time series analyses have shown that mesozooplankton
populations respond to subtle climatic signals, and could serve as
indicators of climate change (Taylor et al., 2002).

A more recent regime shift in 1999 or 2000 apparently af-
fected pelagic ecosystems in the north-eastern (Greene, 2002;
Mackas et al., 2004; Litzow, 2006), north-western (Rebstock and
Kang, 2003; Tadokoro et al., 2005), and south-eastern Pacific
(Aronés et al., in press). This recent shift, which occurred follow-
ing the 1997/1998 EN and perhaps during the strong 98/99 LN
(Fig. 4), is still under discussion (Bond et al., 2003; Litzow,
2006; Gutiérrez et al., 2007). An analysis of spatial distribution
of anchovies and sardines off Peru also showed a dramatic shift
after the 1997–1999 ENSO (Gutiérrez et al., 2007). Although sar-
dines were already declining and anchovies had been increasing
in biomass before 1999, Gutiérrez et al. (2007) concluded that
‘‘since 1999, we have been in a ‘full anchovy era’ with dramati-
cally low levels of sardine in the HCS”. This may be related to
an increase in copepod and euphaussiid abundance, which at
least off northern Peru, showed an abrupt increase after 1999
(Aronés et al., in press, Fig. 4).

Ayón et al. (2004) and Aronés et al. (in press) demonstrated the
importance of long-term zooplankton monitoring in upwelling
areas, and confirmed that dramatic changes in pelagic ecosystems
occur in the Southeast Pacific. Ayón et al. (2008) used a slightly
extended data set (1961–2003) and applied a Generalized Additive
Model (GAM) and Classification and Regression Trees (CART) to the
zooplankton biovolumes as a function of time of day to examine

http://www.icoads.noaa.gov
http://www.cdc.noaa.gov


Fig. 4. Temporal variation of surface water temperature and subsurface abundance of copepods and euphausiid larvae off Paita, northern Peru, from August 1994 to
December 2004. EN, El Niño 1997/1998; LN, La Niña1998/1999. Source: Aronés et al. (in press).
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the effect of the diel cycle, other environmental factors, and biolog-
ical interactions on biovolume. The CART results showed a strong
negative impact of anchovy but not sardine biomass on zooplank-
ton. Additionally, zooplankton biovolume was higher offshore than
on the shelf and was higher when SST was above 21.2 �C for some
years and months. GAM results corroborated the CART.

4.5. Pelagic macrocrustaceans (Euphausiacea and Decapoda)

Two pelagic macrocrustaceans are characteristic of the Peruvian
Humboldt Current System (HCS): Euphausia mucronata (or ‘krill’;
Escribano et al., 2000; Antezana, 2006), and the galatheid crab Pleu-
roncodes monodon (‘red crab’, ‘squat lobster’, ‘langostino colorado’,
or ‘munida’). These species can be very abundant (Antezana,
2002a,b; Bertrand et al., 2005) and thus likely interact with the even
larger biomass of Engraulis ringens (Peruvian anchovy). Recent data
even indicate that krill may be the main food source for adult ancho-
vy (Espinoza and Bertrand, 2008). Many other predators, such as
hake, also feed on these pelagic macrocrustaceans (Mejia et al.,
1971, 1973, 1980). Although adults, juveniles, post-larvae and larvae
of pelagic decapod shrimps are common in plankton catches in trop-
ical and subtropical oceans (Luciferidae, Sergestidae, Penaeidae, and
Caridea; Criales and McGowan, 1994; Schwamborn et al., 1999; Sch-
wamborn et al., 2001; Martins et al., 2005; Koettker and Freire, 2006)
and occur off Peru (Fernández-Álamo and Färber-Lorda, 2006, Table
4), there is little information on these groups. Hendricks and Estra-
da-Navarrete (1989) discussed the distribution of pelagic decapod
shrimps in the Eastern Pacific, including offshore waters off Peru,
but did not give biomass data for these groups off Peru.

Early euphausiid research focused on taxonomy (Santander,
1967; Santander and Sandoval de Castillo, 1969; Ponomareva,
1982). Although sampling with Hensen nets is probably misses
adults, euphausiids were nevertheless found to be very abundant,
especially at night (e.g. Santander, 1981). Most euphausiids are
captured as furcilia and calyptopis larvae (Aronés et al., in press).
Antezana (1978, 2002a,b) studied the distribution of Euphausia
mucronata along the Peruvian and Chilean coasts and the vertical
distribution of developmental stages in relation to the oxygen min-
imum layer (OML). All stages migrated downward during the day,
adults migrating deeper than larvae and juveniles. He suggested
that these ontogenetic and diel vertical distribution patterns reflect
a predator avoidance strategy and may explain the success of this
species, which may contribute up to 50% of total zooplankton bio-
mass in the HCS.

The distribution of red crab extends from Chiloe Island (43�S)
off Chile to 7�S off Peru (Haig, 1955; Gutiérrez et al., 2008). Red
crab individuals are larger in southern end of their range, where
they are mostly benthic (Gallardo et al., 1993; Palma, 1994). Off
northern Chile and Peru, red crab individuals are smaller and
mostly pelagic (Gutiérrez et al., 2008), leading Rivera and Santan-
der (2005) to consider the northern specimens a ‘‘dwarf” subspe-
cies (P. monodon pelagicus). Most studies on P. monodon have
been performed off Chile due to its importance for the fisheries
in this region (e.g. Haig, 1955; Palma, 1976; Gutiérrez and Zúñiga,
1977; Bustos et al., 1982; Gallardo et al., 1993, 1994; Palma, 1994;
Rivera and Santander, 2005). The biology of red crab in Peruvian
waters is not well known (Segura and Castillo, 1996; Chimpén,
1999; Franco, 2003), perhaps because red crab have recently in-
creased in biomass (Gutiérrez et al., 2008). P. monodon have
been occasionally reported as abundant during the last 50 years,
mainly off southern Peru. Older reports indicate that P. monodon
was an important prey item of tunas during the 1930s and
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Fig. 5. Temperature–salinity diagrams of waters sampled at surface off Callao and San Jose, Peru, from 1994 to 2004, with superimposed abundances of the copepods
Eucalanus inermis and Centropages furcatus. Samples were taken off Callao, San José from 1994 to 2004 with WP-2 hauls. From Abanto, 2001).
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1940s. According to Gutiérrez et al. (2008), P. monodon became
highly abundant along the Peruvian coast after the 1997–1998
EN. Biomass ranged between 0.6 and 3.4 � 106 t from 1998 to
2005 (acoustic estimates in Gutiérrez et al., 2008) in upwelled
nearshore waters where red crab are preyed on by seabirds, mam-
mals, and fish (anchovy preys on red crab zoeae). Gutiérrez et al.
(2008) also found that P. monodon forage on fish eggs and larvae.
Trophic interactions are likely to occur between krill, red crab,
and anchoveta.

4.6. Meroplankton

Meroplanktonic larvae of benthic invertebrates (e.g. Decapoda,
Cirripedia, Mollusca, Polychaeta) constitute an important fraction
of the zooplankton, especially nearshore (Criales-Hernández
et al., 2008). Although nearshore food supply may be ample, larvae
have to cope with predation, advection, and benthic hypoxia.
Important predators are planktivorous fishes and macrocrusta-
ceans, which build up huge biomass in this region. Surface currents
in coastal upwelling regions are, on average, directed alongshore or
offshore and subsurface waters are anoxic, thus limiting any verti-
cal migration (Shanks and Brink, 2005). Variability in currents ex-
ists at various scales, including the upwelling/relaxation cycles, EN
and decadal cycles. Shallow-water invertebrates must be able to
recruit from larvae retained nearshore or in bays, or, as postulated
by Pielou (1975), follow an r-strategy and produce huge numbers
of larvae, few few of whom return to shore.

The meroplanktonic larvae of many commercially important
benthic organisms remain largely undescribed. The distribution
of pelecypod larvae has been described for two cruises in Bahia
de Independencia (Mendo et al., 1989; Yamashiro et al., 1990). In-
creased survival and recruitment of larvae probably explain the
dramatic population increases of the scallop Argopecten purpuratus
that occur during EN. One explanation for ‘‘scallop outbursts” is
that larval survival increases with temperature (Wolff et al.,
2006) and a thicker surface oxic layer, while another idea is that
larval predators or competitors disappear from surface waters dur-
ing EN (e.g. anchovy and crab larvae). Tarazona et al. (1988) stud-
ied the bivalve communities of the central Peruvian coast during
the 1982–1983 EN. Abundance of bivalve larvae declined during
peak EN months in 1983, but recovered immediately afterwards.
The meroplankton of Ancón Bay (11�460S 77�110W) and Indepen-
dencia Bay (14�090S 76�100W) (Fig. 1) were compared by Tarazona
et al. (1989), who found that polychaete larvae dominated Inde-
pendencia Bay, while bivalve larvae dominated Ancón Bay. Exper-
iments showed that in spite of small tidal amplitude (<1 m), tidal
currents dispersed larvae. Scallop larvae may can occur in huge
densities nearshore, specifically in Independencia Bay (M. Wolff,
personal communication). Yamashiro et al. (1990) evaluated larval
stocks in Independencia Bay. The meroplankton was comprised of
brachyuran zoeae, brachiopod, gastropod, and polychaete larvae,
together with young pteropods and euphausiid larvae. Tidal fluctu-
ations in larval abundance were also observed. Macro-invertebrate
settlement in this bay during the 1997–1998 EN has been de-
scribed by Ramos et al. (1999) by determining recruitment to arti-
ficial substrates. Argopecten purpuratus only settled during EN,
together with warm water turriform gastropods. In contrast, the
bivalve Hiatella solida, the turbellarian Notoplana sp., and the gas-
tropod Caecum chilense settled mainly during the preceding cold
period. A third group, comprised by the brachiopod Discinisca lam-
ellosa, the echinoderm Ophiactis kroyeri, and mytilid bivalves, set-
tled only at the very onset of EN (March 1997). This EN-onset
settlement peak may be related to unusually strong onshore cur-
rents associated with a month-long relaxation of upwelling, or to
ecosystem changes. The appearance of unusual tropical species at
the end of this EN were also noted (e.g. the bivalve Pteria sterna
and the gastropod Epitonium sp.). Further studies on macro-inver-
tebrate settlement in Peruvian inshore ecosystems have recently
been published by Pacheco and Garate (2005).

Larval development has been described for less than 10% of the
decapod species that occur off Peru, mostly from other parts of the
eastern Pacific (e.g. Costlow and Fagetti, 1967; Quintana, 1983;
Dittel and Epifanio, 1984; Quintana and Saelzer, 1986; Báez and
Martín, 1992; Báez, 1997; Wehrtmann and Báez, 1997). Although
crab larval stages are generally found in zooplankton surveys, there
are no species-specific data on decapod larval distributions off
Peru. This is one of the focuses in the ongoing CENSOR project.

4.7. Trophodynamics and production of zooplankton

Dugdale and Goering (1970) first studied the trophic role of
zooplankton in the Peruvian HCS. Their study of biological produc-
tion in the Peru Coastal Current during a period of high diatom
levels indicated grazing was not the principal source of loss of
phytoplankton, with combined anchovy and zooplankton grazing
at about 20% of the standing crop. They also suggested that the
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anchovy were more important grazers than zooplankton. Beers
et al. (1971) estimated the consumption by the zooplankton not
to exceed 25% of the daily primary production.

During the cruises of the Institute of Oceanology in 1974, at-
tempts were made to describe plankton community dynamics
(Vinogradov and Shushkina, 1978; Flint and Timonin, 1985) and
to estimate zooplankton production (Shushkina and Kislyakov,
1977). Drits (1985) measured the ingestion rate of Calanus australis
under natural conditions and studied the content of the gut and fae-
cal pellets. Mikheyev (1977a) described the age structure of domi-
nant copepod species on a transect across the shelf and an
upwelling center and compared species number, biomass and spe-
cies diversity (Mikheyev, 1977b). Flint and Timonin (1985) assessed
trophic structure of the crustacean community using mouthpart
morphology. In nearshore areas, fine filter-feeders dominated. Over
the shelf break area, they found a predominance of coarse filter-
feeders and omnivores. Spatial variability in the zooplankton com-
munity was explained by the patchy distribution of local upwelling
cells, which undergo characteristic changes depending on their age.
Secondary production was from experiments following the fate of
14C-labelled phytoplankton and applying a mathematical simula-
tion of a trophic model (Shushkina and Kislyakov, 1977). According
to Petipa et al. (1977) excess production on the shelf is utilized in a
200–300 km band of offshore water.

Measurements of grazing and excretion rates of copepods and
qualitative descriptions of their prey were conducted during the
international projects ICANE and CUEA. According to Cowles
(1978, 1979), prey size selection by copepods depended food abun-
dance. Smith et al. (1981a,b) measured ingestion rates of Acartia
tonsa. Dagg et al. (1980) measured rates of ingestion and excretion
of Calanus chilensis, Eucalanus inermis, and Centropages brachiatus,
assessing the particle spectrum with a Coulter Counter. As these
large species ingested <5% of primary production, the authors sug-
gested that smaller zooplankton must consume most primary pro-
duction. Boyd et al. (1980) studied prey selectivity by Eucalanus,
Calanus, and Centropages. They found that Calanus sp. is a non-
selective phytophage, while Centropages sp. and Eucalanus sp. were
omnivorous feeders. Furthermore, Eucalanus sp. did not feed at the
surface at night, but only during the day on OMZ detritus. Nitrogen
regeneration during a red tide was measured by Smith (1978), who
estimated that mesozooplankton recycled 1–25% of the nitrogen
needed to support phytoplankton production. Espinoza and Ber-
trand (2008) have recently emphasized that in carbon units,
anchovies feed primarily on euphausids (66%) and copepods
(28%), not diatoms as has traditionally been thought (Pauly et al.,
1989).

4.8. Modelling

The first ecological models of the HCS were built by Dugdale
and MacIsaac (1971) and Walsh and Dugdale (1971), who simu-
lated nitrate uptake and flow through the Peruvian upwelling sys-
tem. Energy budgets for the pelagic system were established by
Sorokin and Mikheev (1979), using data obtained during the
cruises of the Institute of Oceanology in 1974. Walsh (1981) estab-
lished a carbon budget to understand changes in the carbon flow
through the coastal upwelling system after the crash of the ancho-
vy fisheries in the early 70s. Jarre et al. (1991) presented mass bal-
ance models (ECOPATH II) for modeling fish stock interactions in
the Peruvian upwelling ecosystem, which included also a zoo-
plankton component. Jarre-Teichmann (1998) investigated ex-
plored trophic structure with steady-state, mass-balance models
(ECOPATH II). The mean transfer efficiency from herbivores to
top predators was 4–6%. Comparison of the models for the warm
sardine regime versus the cold anchovy regime suggested that an-
chovy abundance varies with the lower components of the ecosys-
tem (zooplankton and, to some extent, phytoplankton and
detritus), while sardine abundance is out of phase. Jarre-Teich-
mann (1998) concluded that mobility differences between the
two species, with sardines relying on their better swimming capa-
bility (Bakun and Broad, 2003) to find suitable forage during peri-
ods of decreased productivity at lower trophic levels. However,
more recent studies emphasize that the major reason for alterna-
tion anchovy and sardine abundance is due to is climatic and prey
selection mediated (with sardines feeding on phytoplankton and
small-sized zooplankton and anchovies on larger copepods and
euphausiids), and not related to swimming capability (Bertrand
et al., 2004; Gerlotto et al., 2006; van der Lingen et al., 2006; Espi-
noza and Bertrand, 2008).

Carr (2003) used a numerical model to quantify carbon flow
through the upwelling ecosystem from 1996 through 1998 at
9.5� off the coast of Peru. The numerical experiments illustrate eco-
system responses to the evolving conditions associated with EN
and LN events.

Ecosystem modelling in the Peruvian upwelling system is only
beginning. There is a strong need for theoretical overview, and
empirical data is needed as model input. Due to the lack of data,
e.g. on the microbial loop, macrocrustaceans and main trophic
links, e.g. between anchovies and euphausiids, older models ne-
glect important ecosystem components. Recent trophic models
built using the Ecopath with Ecosim (EwE) software focus mainly
on commercially important fish and invertebrate stocks. These
models do include more recent stomach content data for anchovy
(Tam et al., 2006; Taylor et al., 2006; Wolff et al., 2006), yet phyto-
plankton–zooplankton interactions are not well described and the
microbial loop has not yet been integrated. Recent physical–bio-
geochemical simulations (Echevin et al., 2004b) also do not con-
sider phytoplankton–zooplankton interactions, again showing the
need for new data and modelling directed specifically towards
the plankton.
5. Knowledge gaps and perspectives

Many topics in zooplankton biology and ecology have been
examined off Peru, but a synthetic view of zooplankton dynamics
in this part of the HCS and its relation to other components of
the system has not yet emerged. There are many important issues
still poorly understood, such as the interactions of gelatinous and
crustacean plankton, adaptations to life in the OML, microzoo-
plankton dynamics and processes related to the microbial loop.
Most urgently, we need concepts, data, and models which may
help to link climatic processes to the productivity of the pelagic
ecosystem off Peru.

5.1. Taxonomy, life cycles, and cryptic taxa

Taxonomy of zooplankton off Peru is still in its infancy. There is
a strong need to combine morphological and genetic studies and
compare species with their synonyms in other oceans. Further-
more, little to nothing is known of the ecology of most species. Of-
ten, developmental stages of holo- and meroplankton are not
described. Basic knowledge of the life cycles is lacking, such as gen-
eration times and growth rates, reproductive biology, starvation
potential, and life cycle strategies such as dormancy and resting
eggs.

Euphausiids may form a large part of the zooplankton biomass.
However, due to difficulties in sampling, their biomass may be sig-
nificantly underestimated. Similarly, gelatinous plankton is often
very abundant, but requires dedicated sampling techniques to
quantitatively assess its importance. There is little knowledge on
bentho-pelagic coupling and the role of meroplankton, especially
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in the nearshore zone, which is important for artisanal fisheries.
This is one of the main focuses of the ongoing CENSOR project.
5.2. Microzooplankton and the microbial loop

The microzooplankton comprises organisms <200 lm (UNESCO,
1968; Smith, 1977; Lenz, 2000), and are typically dominated by
protozoa (rotifers, foraminiferans, radiolarians, ciliates, and flagel-
lates) and copepod eggs and nauplii. Protozoan communities are
often mixotrophic or of unknown trophic status. They are generally
not caught by zooplankton nets, but may be quantified in bacterio-
and phytoplankton studies, which may lead to a considerable over-
lap between bacterio-, phyto-, and zooplankton studies regarding
these groups. Microzooplankton can be intense grazers on bacteria
and phytoplankton with extremely high production/biomass ratios
(Kiørboe, 1997; Agis et al., 2007; McManus et al., 2007), however,
little is known about its role off Peru, although it is certainly
important, especially during EN, as shown by studies in the adja-
cent southern HCS (Escribano et al., 2004).

The few studies available are all based on single cruises, usually
with few stations. Tumantseva and Kopylov (1985a,b) determined
the species composition and biomass of planktonic protozoa and
their rates of reproduction and production off Peru. In incubation
experiments the average P/B ratio was 1.26 day�1, indicating bio-
mass was more than doubling each day. Urotricha marina under-
went 8–11 divisions/day. Vinogradov et al. (1980) found similar
results and pointed out the importance of microzooplankton pro-
duction. Heterotrophic microplankton was also studied by Sorokin
(1978) and Klekowski et al. (1975), who determined respiration
rates of microzooplankton in the equatorial and Peruvian upwell-
ing systems. Sorokin and Kogelschatz (1979) studied the role of
heterotrophic microplankton in the flux of organic matter to the
benthos near Punta San Juan, Peru. A drogue study showed that
the planktonic community in freshly upwelled water was domi-
nated by microheterotrophic bacteria and protozoans, where bac-
teria (49 mg C m�3) exceeded by two orders of magnitude the
biomass of phytoplankton. Total oxygen used by microhetero-
trophs exceeded by three-times that produced by primary produc-
tion, indicating that the heterotrophic respiration was dependent
on organic matter pre-existing in the upwelling waters. Tintinnids
and their relation to EN were studied by Gómez (1997). The pelagic
ecosystem of the equatorial upwelling, including bacteria, several
size fractions of phytoplankton, micro- and mesozooplankton,
was analyzed by Vinagradov et al. (1977).

Clearly, the studies mentioned above are not nearly sufficient to
give even a superficial picture of the processes involving microzoo-
plankton and the microbial loop in the waters off Peru. This shows
the urgent need for further studies as to improve our understand-
ing of its highly productive ecosystem.

5.3. Perspectives and suggestions for data acquisition

As it now exists, the Peruvian zooplankton time series is most
valuable, and must continue with a consistent methodology and
strategy (Table 2). Such time series are essential to study relation-
ships between climate and ecosystems. However, biovolume data
alone are often not sufficient to understand regime shifts and their
consequences for higher trophic levels. More information is needed
on taxonomic composition or at least on size spectra. For estimates
of trophic transfer a common unit for biomass (dry mass, carbon
content) is essential.

For the short term, the addition of modern optical and acoustical
zooplankton sensors to standard large-scale surveys will vastly im-
prove our description of the spatial distribution of zooplankton. The
new CRIOS cruises (Table 2) provide a regular monitoring of primary
and secondary production and mesozooplankton grazing. These
cruises also provide excellent opportunities for process studies (e.g.
microbial loop, microzooplankton grazing, the effects of red tides
and diatom blooms on zooplankton population dynamics, physical
and trophic processes in fronts and upwelling filaments, etc.).

On the long-term, new strategies for data acquisition in real
time may yield new perspectives on the dynamics of the Peruvian
upwelling ecosystem. To better understand the links between cli-
mate and fish, all components of the pelagic system including zoo-
plankton have to be considered, preferably by synchronous
interdisciplinary efforts. Still, little is known about many dynamic
processes that characterize upwelling systems, such as the evolu-
tion of biological communities within upwelled cells. The scale of
events controlling the biological–physical interaction is not clear
yet. To construct models which effectively encompass the size of
the system actually in operation requires at the very least a spec-
tral analysis of the environmental events from the order of days
to months, and eventually to years. A powerful device to obtain
such information would be an array of autonomous sensors (cur-
rent meters, ctdo, fluorescence probe, acoustical and optical plank-
ton counters) anchored at appropriate locations along the shelf
(Dickie and Valdivia, 1981). Process studies could then be embed-
ded in such a mooring array.

The use of autonomous profiling floats (Roemmich et al., 2004),
autonomous underwater vehicles (AUVs, Curtin et al., 1993; Grif-
fiths et al., 2000; Samson et al., 2001; Yu et al., 2002) and enduring
autonomous gliders (Sherman et al., 2001; Rudnick et al., 2004) to-
gether with satellite imagery may be an additional possibility to
generate long-term high-resolution data on important physical,
biogeochemical, and biological variables.

5.4. Models

Little attention has been given to the stochastic nature of
upwelling systems (Menshutkin et al., 1980), that are influenced
by random events that make them shift unpredictably between
multiple states (e.g. upwelling and relaxation, red tides versus dia-
tom blooms, etc.). Considering this stochastic nature, early statisti-
cal descriptions of meteorological, oceanographic, and fisheries
data have concluded that predicting the states of the Peruvian
upwelling ecosystem ‘‘longer than some months ahead may be be-
yond reach” (Bohle-Carbonell, 1989). This rather pessimistic view
was largely true in the 1970s, considering the unexplained collapse
of the anchovy fisheries and ignorance of ENSO and multi-decadal
cycles.

Recently, considerable progress has been made in forecasting
ENSO (e.g. Penland and Matrosova, 2001; Chen et al., 2004; Cash
et al., 2006) and in understanding the intrinsic relationship be-
tween ENSO and multi-decadal cycles (Yasunaka and Hanawa,
2005; Ye and Hsieh, 2006). Individual-based Lagrangian models
can integrate physical, biogeochemical and biological data (Leising
and Franks, 2000; Woods et al., 2005; Croquette and Eldin, 2006).
However, only recently this approach has been applied to model
zooplankton advection in coastal upwelling regions (Batchelder
et al., 2002; Carr et al., 2008). Ecosystem modelling should focus
on predicting how future cyclic (e.g. ENSO and multi-decadal var-
iation) and non-cyclic changes (e.g. global warming and ocean
acidification) will affect upwelling ecosystems.
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a b s t r a c t

The world’s largest mono-specific fishery, the Peruvian anchovy or anchoveta (Engraulis ringens) fishery,
has been the subject of many studies since the 1960s. Details of its relationship with other species have
mainly focused on alternations with sardine, Sardinops sagax, and little effort has so far been paid to inter-
actions with other species sharing the same ecosystem. This is the case for Pleuroncodes monodon, the
crustacean squat lobster or ’munida’, which has become highly abundant along the Peruvian coast since
the mid-1990s. Munida is now an important prey for seabirds, mammals and coastal predatory fish.
Knowledge of patterns of distribution and ecological niche of munida is scarce however off Peru. Here
we describe and compare spatial patterns of distribution of anchoveta and munida and their ecological
niches based on data from 26 acoustic surveys performed along the Peruvian coast between 1998 and
2006. The results indicate that munida and anchoveta share ecological niches but that munida is
restricted to the coldest part of the productive cold coastal waters whereas anchoveta do not present
any temperature preference over a large range (14–23 �C). The recent increase in munida abundance
off Peru is concomitant with colder conditions; with their onset munida extended its range from central
Chile northwards. Off Peru the very shallow oxycline keeps munida from its usual bottom habitat and has
forced it to adopt pelagic behaviour.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The world’s largest mono-specific fishery, the Peruvian ancho-
vy or anchoveta (Engraulis ringens) fishery, has been the subject of
many ecological studies since the 1960s (e.g., Ryther, 1969; Valdi-
via, 1978; Csirke, 1980; Walsh, 1981; Pauly and Tsukayama, 1987;
Pauly et al., 1989; Alheit and Ñiquen, 2004; Bertrand et al., 2004a,
2005; Gutiérrez et al., 2007; Bertrand et al., 2008a,b; Espinoza and
Bertrand, 2008; Swartzman et al., 2008). The strategies of fishers
relative to the anchoveta’s spatial distribution have also been doc-
umented (Boerema et al., 1965; Bertrand et al., 2004b, 2005,
2007). Studies detailing the relationship of anchoveta to other
species focused on its alternation with sardine, Sardinops sagax,
(e.g., Schwartzlose et al., 1999; Chavez et al., 2003; Massé and
Gerlotto, 2003; Alheit and Ñiquen, 2004; Bertrand et al., 2004a;
Gutiérrez et al., 2007; Swartzman et al., 2008) with some atten-
tion paid to its relationships with plankton (Alheit and Ñiquen,
ll rights reserved.
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utiérrez), Arnaud.Bertrand@
2004; Ayón et al., 2008; Espinoza and Bertrand, 2008) and birds
and mammals (e.g. Jahncke et al., 1997, 1998). Little effort has
been yet allocated to study the relationships and interactions of
anchoveta with other species. Here we consider the case of the
crustacean squat lobster or ’munida’, Pleuroncodes monodon,
which inhabits the Humboldt Current System (HCS) from Chiloe
Island (43�S) in Chile to 7�S off Peru (Haig, 1955). Large numbers
of munida have occasionally been reported off southern Peru dur-
ing the last 70 years. Earliest reports indicate that munida was an
important prey item of the diet of apex predators such as tunas
during the 1930s and 1940s (Del Solar, 1942 in Schweigger,
1964). Munida has become abundant along the Peruvian coast
since the mid-1990s, and particularly after the El Niño in 1997–
1998 with acoustic estimates ranging between 0.6 and 3.4 million
tons from 1998 to 2005. Even before this surge in abundance Elli-
ott and Paredes (1996) observed munida in stomachs of hake
(Merluccius gayi peruanus), sharks, mackerel (Scomber japonicus),
jack mackerel (Trachurus murphyi), cachema (Cynoscion analis),
catfish (Galeichtys peruvianus) and anchoveta. Munida also consti-
tuted 75% of the diet of sea-lions and was important for sea birds
in the zone of the Paracas Peninsula, 14�S (Arias-Schereiber, 1996;
Jahncke et al., 1997). Like anchoveta, munida is therefore an
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important prey for apex predators. Munida is also a predator of
plankton (Gallardo et al., 1980; Longhurst et al., 1967). Despite
its potential key ecological role as suggested by Schweigger
(1964) more than 40 years ago, knowledge of munida’s biology
and ecology is still poor off Peru. Most references come from Chile
where munida has a different behaviour. Indeed, munida’s early
life stages are pelagic off both Peru and Chile but both juveniles
and adults are bentho-demersal off Chile (e.g. Gallardo et al.,
1992). Off Peru, the life cycle is all pelagic. Pleuroncodes planipes,
a closely related squat lobster, is similarly holopelagic in the Cal-
ifornia Current (Longhurst et al., 1967; Longhurst, 1968; Robinson
et al., 2004).

Here we describe and compare spatial patterns of distribution
of anchoveta and munida based on 26 acoustic surveys performed
along the Peruvian coast between 1998 and 2006. In addition we
describe their respective ecological niches with distance to the
coast, sea surface temperature, salinity, dissolved oxygen, nutri-
ents and chlorophyll.
2. Material and methods

2.1. Acoustic data

Acoustic data were collected from 26 surveys performed be-
tween 1998 and 2006 by the Peruvian Marine Research Institute
(IMARPE) on several vessels, most commonly the R/V Olaya
(41 m) but also the R/V SNP2 (21 m) and the RV Humboldt
(76 m). At least three acoustic surveys were run each year. Survey
design was composed of parallel transects averaging 100 nautical
miles (182.5 km) long with an inter-transect distance of 14–16
nautical miles (26–30 km). The acoustic elementary sampling dis-
tance units (ESDU) were defined as 1 nmi. The entire observable
vertical range of anchoveta and munida distributions was covered
during most surveys (Fig. 1) even though the surveys performed in
winter and spring were often limited to the central and northern
part of Peru (5–14�S). Extensive midwater trawling accompanied
the acoustic surveys in order to provide biological samples and
for species identification. The acoustic surveys used Simrad (Kon-
gsberg Simrad AS, Kongsberg, Norway) scientific echosounders
EK500 (RVs Olaya and SNP-2) and EK60 (RV Humboldt) operating
at 38 and 120 kHz. The water column was typically insonified till
500 and 150 m at 38 and 120 kHz, respectively. The echosounders
were calibrated at least once before each survey with standard pro-
cedures (Simmonds and MacLennan, 2005). The acoustic nautical
area scattering coefficient (sA) was recorded for each geo-refer-
enced ESDU. Echo identification was performed by using fishing
trawl results and a two-frequencies algorithm on backscattered
acoustic volume echograms (Sv) for the surveys performed from
2004 to 2006 using Echoview software (Sonar Data, Tasmania,
Australia).
2.2. Environmental data

The measurements of sea surface temperature, salinity and dis-
solved oxygen (SST, SSS and SSO, respectively) were carried out
along the survey transects. Temperature was measured using Fur-
uno MD-500 sensors onboard R/V Olaya and Furuno T-2000 on-
board R/V Humboldt. Surface water samples were collected every
2 h for dissolved oxygen (DO) and salinity measurements. Salinity
was estimated using a Kahlsico RS 10 sensor until June 1998 then a
Portasal 8410A sensor. The concentration of dissolved oxygen was
measured using the method of Winkler modified by Carritt and
Carpenter (1966). Temperature, salinity and DO data were interpo-
lated by kriging using Surfer software (Golden Software, Colorado,
USA). Temperature, salinity and DO values were then averaged for
each ESDU. Finally, distance to the coast was determined for each
ESDU.

For the survey performed in January–February 2000, data on ni-
trates, nitrites, silicates and phosphates and chlorophyll were
intensively collected. A total of 220 surface water samples obtained
from Niskin bottle were frozen onboard and analysed later in lab-
oratory using the method from Strickland and Parsons (1968).
Chlorophyll-a was fixed in Whatman filters and analysed using
the method from Holm-Hansen et al. (1965).

2.3. Spatial analyses

To study the changes in the geographical distributions of mun-
ida and anchoveta, for each survey we estimated both the position
of the population’s centre of gravity (CG) and the related inertia. In
2D, the CG, which represents the mean location of the population,
is a vector with two coordinates. The inertia, whose units are sur-
face units (typically nmi2), quantifies the spatial dispersion of the
population around its CG. When sampling is regular, the following
equations are used to calculate the centre of gravity (CG) and the
inertia (I):

CG ¼

CGx ¼
Pn

i¼1
xiziPn

i¼1

zi

CGy ¼
Pn

i¼1
yiziPn

i¼1
zi

2
66664

3
77775 I ¼

Pn
i¼1 ðxi � CGxÞ2 þ ðyi � CGyÞ2
h i

ziPn
i¼1zi

with, (xi,yi) the location of sample i for i = 1 in n with n the total
number of samples and zi the value of the sample at this point.
All calculations were performed in orthodromic distances. ESDU
from inter-transects were not considered in these calculation.

2.4. Ecological niches

For each of the 131,927 geo-referenced ESDU we examined the
following indices for anchoveta and munida: distance to the coast
(DC); SST; SSS; SSO; and the acoustic backscattered energy (sA), an
indice of abundance. As the relationships between munida or
anchoveta abundance and the environmental parameters were
likely to be nonlinear and multivariate, we used a generalized addi-
tive model (GAM; Hastie and Tibshirani, 1990) implemented with
S-Plus (Insightful Corporation, Seattle, WA, USA). Cubic spline
smoothers were used to estimate these nonparametric functions.
The response variable, the acoustic energy (sA) of anchoveta and
munida, was log-transformed in order to reduce skewness. Models
were obtained for each of the 26 surveys and for the entire data set.

To further characterize the ecological niches of munida and
anchoveta we included the nutrients (nitrates, nitrites, silicates
and phosphates) and chlorophyll as explanatory variables in the
GAM model for the survey performed in January–February 2000.

Finally we constructed a GAM model by relating log trans-
formed sA of anchoveta and munida to search for relationships be-
tween these species at the 1 nmi scale.

3. Results

3.1. Spatiotemporal analyses

Temporal variations of the number of ESDU containing ancho-
veta, munida and both organisms were similar (Figs. 1 and 2), indi-
cating expansion and contraction of the ranges of these species
were also similar. The small difference between the numbers of
ESDU with munida alone and with munida and anchoveta illus-
trates that munida mostly occurs within anchoveta range, as it
was particularly clear in spring 1999, summer 2002, winter 2003
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and winter 2006 (Fig. 2). Seasonal patterns however are not clear.
Greater area occupancy was observed during summer (February–
March) but changes in survey design may have biased the results.

Similar dynamics were observed when considering the popula-
tion centres of gravity and their inertia (Fig. 3). Changes in centre of
gravity and inertia for anchoveta and munida populations were
similar. Both species extended their ranges toward the north at
the beginning of the time series (Fig. 3a). Then mean latitude
was between 8–11�S, and 9–12�S for anchoveta and munida,
respectively, with a slightly more southerly distribution in summer
compared to winter. This pattern was also observed for longitude
(Fig. 3b), due to the orientation of the Peruvian coast, at a given lat-
itude a higher longitude indicates a more offshore distribution.
Anchoveta were thus distributed at lower latitudes and further off-
shore than munida. Variations in inertia were similar for anchoveta
and munida (Fig. 3c).
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3.2. Ecological niches

The abundance relationships between munida and anchoveta at
the scale of the ESDU were positive and highly significant
(p < 0.0001; Fig. 4). Non-linear relationships between munida and
anchoveta local abundances and the distance to the coast (DC)
and oceanographic parameters (SST, SSS and SSO) for the entire
data set are presented Fig. 5. Each plot shows the smoother (spline)



Fig. 4. GAM model based on anchoveta log transformed acoustic abundance (sA)
according to munida log transformed acoustic abundance (sA). The black dotted
lines show the 95% confidence limits of the GAM model. y-Axis is in relative scale, it
corresponds to the spline smoother that was fitted on the data, so that a y-value of
zero is the mean effect of the variables on the response. Grey tick marks on the
x-axis show the location of data points.
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that was fitted to the abundance data for munida (left y-axis) and
anchoveta (right y-axis). The y-axes are in relative scale, so that a
y-value of zero is the mean effect of the explanatory variable on
the munida or anchoveta abundance response. Positive and nega-
tive y-values indicate positive and negative responses, respec-
tively. The range of the y-axis indicates the relative importance
of each predictor. The 95% confidence limits on the estimated rela-
Fig. 5. GAM models based on anchoveta (black lines and right y-axes) and munida (red
distance from the coast (DC), (b) sea surface oxygen (SSO in mL.L�1), (c) sea surface salinit
The black dotted lines show the 95% confidence limits of GAM models. y-Axes are in relati
y-value of zero is the mean effect of the variables on the response. Grey tick marks on t
tionship are indicated by dotted lines. These lines tend to diverge
near the extremes of the range for continuous predictors as a con-
sequence of fewer observations (Agenbag et al., 2003). Tick marks
on the x-axis show the location of data points. The main trends of
GAM results performed separately for each survey were not signif-
icantly different from the models constructed with the entire data
set and are not presented.

Results (Fig. 5) illustrate similar patterns in the relations of
munida and anchoveta with the distance to the coast (DC), sea sur-
face salinity (SSS) and sea surface oxygen (SSO) but a very different
pattern for sea surface temperature. Both species were distributed
close to the coast, but munida even closer than anchoveta, in the
first 40 km (Figs. 3b and Fig. 5a). Relationships with sea surface
oxygen presented a first maximum for low values of dissolved oxy-
gen (<4 mL L�1), a minimum for oxygen concentration between 4
and 6 mL L�1 to then increase for high SSO concentrations
(Fig. 5b). This bi-modal pattern is an illustration of the non-conser-
vative character of oxygen concentration; oxygen can be either
high or low in upwelling areas depending on the relative domi-
nance of photosynthesis and respiration-degradation. Relation-
ships with salinity (Fig. 5c) were very strong and clear for both
species with dome-shaped relationships peaking between 34.7
and 35.1 which upwelled cold coastal waters (CCW): 34.80–
35.05 (see Morón, 2000; Bertrand et al., 2004a; Swartzman et al.,
2008). The curve for munida is contained inside the one for
anchoveta illustrating an even more exclusive relationship for
munida with the CCW. Finally the relationships with SST
(Fig. 5d) showed that anchoveta is broadly distributed over a large
range of temperature (14–23 �C) while munida is restricted to
colder water (<18 �C).
lines and left y-axes) log transformed acoustic abundance (sA) according to (a) the
y (SSS) and sea surface temperature (SST in �C) for the complete set of 131,927 ESDU.
ve scale, they correspond to the spline smoother that was fitted on the data, so that a
he x-axis show the location of data points.



Fig. 6. GAM models based on anchoveta (black lines and right y-axes) and munida (red lines and left y-axes) log transformed acoustic abundance (sA) according to (a)
chlorophyll (in lg L�1), (b) nitrate (in lg-at L�1), (c) nitrite (in lg-at L�1), (d) phosphate (in lg-at L�1), and (e) silicate (in lg-at L�1) for the survey performed in February–
March 2000. The black dotted lines show the 95% confidence limits of GAM models. y-Axes are in relative scale, they correspond to the spline smoother that was fitted on the
data, so that a y-value of zero is the mean effect of the variables on the response. Grey tick marks on the x-axis show the location of data points.
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Results of GAM models for nutrients and chlorophyll are pre-
sented in Fig. 6. Both munida and anchoveta were (i) most abun-
dant in areas with rather low nitrite concentration (0.5–3 lg-
at L�1), (ii) bi-modally distributed relative to nitrate concentration
(0.2–0.8 and 1.8–2.8 lg-at L�1), and (iii) unimodally distributed
relative to phosphate with higher munida and anchoveta biomass
for medium phosphate concentration (0.8–2.3 lg-at L�1). The rela-
tionship with silicate was dome-shaped for munida (max: 5–
20 lg-at L�1) but there was no decline in preference for anchoveta
from about 10 lg-at L�1. With chlorophyll, munida was more
abundant in areas with higher phytoplankton biomass (4–8 lg L�1)
than anchoveta (1–5 lg L�1).
4. Discussion

4.1. Ecological niches

Munida and anchoveta share similar ecological niches and pat-
terns of spatial distribution. Spatial overlapping was strong (Fig. 2).
Munida range was smaller but contained within that of anchoveta
(Figs. 1 and 2). The centre of gravity of both species shifted toward
the north at the beginning of the study period and has remained
rather stable since 2000. Relationships with environmental param-
eters show that both species inhabit cold coastal waters (CCW).
Such an association has been described for anchoveta (e.g. Bertrand
et al., 2004a; Swartzman et al., 2008) and for pelagic P. plannipes in
the California Current (Robinson et al., 2004), but not for munida.
However, while munida and anchoveta share similar habitats,
there are clear differences. Anchoveta do not prefer specific tem-
peratures over a large range (14–23 �C), in accordance with
Bertrand et al., 2004a who showed that absolute temperature
was not a key parameter determining anchoveta distribution.
Munida on the other hand are distributed in the coldest waters
available, and in the more coastal part of the anchoveta distribu-
tion. Munida therefore mainly occurs in newly upwelled waters.
Such waters are highly productive and munida it probably forages
on diatoms and zooplankton. Indeed, in the California Current,
pelagic P. planipes is capable of filter-feeds on diatoms blooms
and forage on zooplankton (Longhurst et al., 1967).

The pelagic habitat of munida off Peru differs considerably from
its habitat in the central part of Chile where eggs and larvae are pe-
lagic but adults are benthic (Roa et al., 1995, 1997; Bahamonde
et al., 1979; Roa and Bahamonde 1993; Roa and Tapia, 1998). Eco-
logical differences are accompanied by biological differences with,
for instance, smaller munida in north Chile and Peru than in the
central Chile (Guzmán et al., 2002). Another difference relates to
the size of the population. Munida is much more abundant off Peru
than off Chile. Off Peru biomass estimated acoustically by IMARPE
reached several millions of tons over 8 years (maximum: 3.4 mil-
lions of tons in winter 2000), compared to the virgin biomass esti-
mated to about 210000 tons off Chile where munida is commonly
exploited (Roa et al., 1997). These abundance differences are so
large that the presence of a single species vs. two species was de-
bated. Recent genetic analyses confirm that a single species, Pleu-
roncodes monodon, occurs off both Chile and Peru (Pilar Haye and
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Elie Poulin, University of Chile, unpublished data). If it is the same
species, why are its behaviour and productivity so different? We
propose a hypothesis based on dissolved oxygen concentration.
Bathymetric distribution of munida ranges between 30 and 400 m
off Chile (Haig, 1955; Bustos and Retamal, 1985) but varies accord-
ing to the latitude. Off northern Chile, adult munida was observed
in shallower waters, between 20 and 40 m (Gutiérrez and Zúñiga,
1977), sometimes with a pelagic behaviour (Jorge Castillo, Instituto
de Fomento Pesquero, Chile, personal communication). Off Peru,
the vertical distribution is restricted to the first 30–40 m and mun-
ida is always pelagic. It seems that there is a gradient in the vertical
distribution and behaviour of the munida, from bathy-benthonic in
central Chile to epi-pelagic in Peru. We propose that this pattern is
related to the trend in oxycline depth. Munida is characteristic of
areas with moderately low dissolved oxygen concentration (Wolf
Arntz, personal communication). Helly and Levin (2004) showed
that the depth of the 0.5 mL L�1 upper layer diminishes from about
500 m off central Chile (30–40�S), 100 m off northern Chile (20�S)
and <100 m off Peru. In Central Chile oxygen concentration is high
enough at bottom depth for munida. Further north, the oxygen min-
imum zone (OMZ) is shallower and the near-absence of oxygen
near the bottom prohibits munida’s presence. In Peru where the
oxycline is very shallow, and the OMZ starts well above the bottom,
munida cannot develop any benthonic phase and its life cycle is
holopelagic illustrating munida’s plasticity (see Espinoza and Ber-
trand, 2008, for details on anchoveta’s plasticity).

4.2. Habitat overlap and interactions

The similarity in their ecological niches and the strong spatial
overlap between anchoveta and munida may have potential conse-
quences. On one hand, because both species are prey for apex pre-
dators (fish, sea birds and mammals), each species might lessen
predation pressure on the other. Conversely, anchoveta and munida
forage on plankton and may compete for food. Anchoveta feed pri-
marily on large zooplankton and to a lesser extent on large phyto-
plankton, particularly diatoms (Espinoza and Bertrand, 2008).
The diet of munida has not been studied off Peru. In Chile munida
forage on amphipods, zoeas, crustacean eggs, diatoms, foraminifers,
bacteria, organic wastes and fish scales (Gallardo et al., 1980). In the
California Current, pelagic P. planipes feeds on protists, zooplankton
(mainly copepods, euphausiids and chaetognaths) and large dia-
toms; the diatom fraction being higher when diatoms are abundant
(Longhurst et al., 1967). It is therefore likely that, off Peru, pelagic
munida forage on both phytoplankton and zooplankton and com-
pete for food with anchoveta. In addition competition for food,
anchoveta can eat munida eggs, larvae and juveniles, and munida
may also forage on anchoveta eggs or larvae. There are therefore po-
tential negative competition and predation between these species.
If these interactions occur, they do not seem to have had any strong
effect at population scale. Indeed both munida and anchoveta have
shown an increase in their population since the beginning-mid
1990s (see Gutiérrez et al., 2007 for anchoveta). This period is char-
acterised by (i) colder conditions related to stronger upwelling
(Francisco Chavez, MBARI, personal communication), (ii) domi-
nance of cold coastal waters along the Peruvian coast (Swartzman
et al., 2008), (iii) an increase in primary production (Francisco Cha-
vez, MBARI, personal communication) and (iv) an increase in zoo-
plankton production (Ayón et al., 2008). The recent increase in
the munida and anchoveta populations associated with cold and
productive conditions apparently reflects a bottom-up control
(Ayón et al., 2008) and has also been accompanied by a spatial
extension of populations to the north.

Any effect of competition for prey could have been dampened
by the increased productivity during the last few years. If this pro-
ductivity declines, competitive interactions between anchoveta
and munida may reduce one or both of these populations. Also,
their foraging likely impacts other species as well. There is there-
fore an urgent need for more studies on the huge population of
munida off Peru.

4.3. Munida, the species who came in from the cold

In summary, munida and anchoveta share similar ecological
niches and overlap spatially but munida is more restricted to the
coldest part of the productive cold coastal waters. The recent in-
crease in munida abundance off Peru was concomitant with a
change to colder conditions in the HCS (Francisco Chavez, MBARI,
personal communication) characterised by rich upwelling waters,
the CCW (Swartzman et al., 2008). Munida took advantage of these
cold conditions to extend its range north from central Chile to the
Peruvian coast (where it probably also occurred in the 1940s; Del
Solar, 1942 in Schweigger, 1964). Off Peru the very shallow oxy-
cline keeps munida above its bottom habitat and forced it to be-
come holopelagic off Peru. When the present decadal cold (’La
Vieja’, see Chavez et al., 2003) conditions end, we may expect that
munida population will decrease or even disappear from the Peru-
vian coast, with its range again contracting southwards into Chil-
ean waters.
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The Peruvian anchovy or anchoveta (Engraulis ringens) supports the highest worldwide fishery landings
and varies in space and time over many scales. Here we present the first comprehensive sub-mesocale
study of anchoveta distribution in relation to the environment. During November 2004, we conducted
a behavioural ecology survey off central Peru and used a series of observational and sampling tools
including SST and CO2 sensors, Niskin bottles, CTD probes, zooplankton sampling, stomach content anal-
ysis, echo-sounder, multibeam sonar, and bird observations. The sub-mesoscale survey areas were cho-
sen from mesoscale acoustic surveys. A routine coast-wide (�2000 km) acoustic survey performed just
after the sub-mesoscale surveys, provided information at an even larger population scale. The availability
of nearly concurrent sub-mesoscale, mesoscale and coast-wide information on anchoveta distribution
allowed for a unique multi-scale synthesis. At the sub-mesoscale (100s m to km) physical processes
(internal waves and frontogenesis) concentrated plankton into patches and determined anchoveta spatial
distribution. At the mesoscale (10s km) location relative to the zone of active upwelling (and age of the
upwelled water) and the depth of the oxycline had strong impacts on the anchoveta. Finally, over 100s
km the size of the productive area, as defined by the upwelled cold coastal waters, was the determining
factor. We propose a conceptual view of the relative importance of social behaviour and environmental
(biotic and abiotic) processes on the spatial distribution of anchoveta. Our ecological space has two y-
axis; one based on self-organization (social behaviour), and the other based on the environmental pro-
cesses. At scales from the individual (10s cm), to the nucleus (m), social behaviour (e.g. the need to
school) drives spatial organization. At scales larger than the school, environmental forces are the main
driver of fish distribution. The conceptual ecosystem models presented in this paper may provide the
final links needed to develop accurate forecasts of the spatial distribution of anchoveta over multiple
scales.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Peruvian anchovy or anchoveta (Engraulis ringens) is a critical
element of the Humboldt Current ecosystem, supporting the larg-
est fishery in the world. Anchoveta is commonly referred to as an r
species because of its fast growth and time to maturity (�1 year),
short life span (�4 years), fast response to environmental variabil-
ity (Valdivia, 1978; Bertrand et al., 2004a; Gutiérrez et al., 2007),
and plasticity in terms of the prey it consumes and foraging behav-
ll rights reserved.

Jean Monnet, BP 171, 34203

d).
.1, Ventanilla, Callao, Peru.
iour (Espinoza and Bertrand, 2008). Anchoveta is both an impor-
tant predator of planktonic organisms (Pauly et al., 1989;
Espinoza and Bertrand, 2008), a prey for apex predators (Arntz
and Fahrbach, 1996; Jancke and Goya, 1998; Arias-Schereiber,
2003) and also shares the productive coastal habitat with the sar-
dine, Sardinops sagax and more recently the crustacean squat lob-
ster or ‘munida’, Pleuroncodes monodon, which has been very
abundant in the Humboldt Current system (HCS) since the mid
1990s (Gutiérrez et al., 2008).

Anchoveta populations can vary rapidly in both space and time.
The variability depends on a number of factors that structure its
habitat (e.g. Clark, 1977; Bertrand et al., 2004a, 2008; Swartzman
et al., 2008). Gregarious or schooling fish such as the anchoveta
are sensitive to processes occurring at spatial scales that impact

mailto:Arnaud.Bertrand@ird.fr
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


Fig. 1. Survey track (thick line) during the mesoscale (‘rake survey’) cruise and zooms on the two sub-mesoscale surveys (SMSS1 and SMSS2). Trawl (full circles), CTD (black
empty circles), Niskin (black empty squares) and multinet (capital M) positions are also indicated, thin black lines indicates isobaths.
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the individual (dm), nuclei (ms), schools (ms to 10s m), clusters of
schools (km), clusters of clusters (10s km), and populations (100s
km) (Gerlotto and Paramo, 2003; Fréon et al., 2005). For example,
Bertrand et al. (2008) described the impact of a coastally trapped
Kelvin waves (Clarke, 1983) on the spatial distribution of anchoveta
and fishers. The Kelvin waves initiate a bottom-up cascade (Fron-
tier, 1987; Russel et al., 1992) that propagates through the ecosys-
tem from physics to anchoveta and fishers. Physical processes
modify the three-dimensional distribution of physical (i.e. temper-
ature), chemical (i.e. oxygen) and biological (i.e. plankton) param-
eters, the so-called oceanic landscape; then, mobile predators such
as anchoveta and fishers respond to these spatial perturbations. At
smaller scales, schools are known to self-organize, driven by ele-
mentary behavioural rules at the individual level: attraction, repul-
sion, and cohesion, and produce elaborate collective structures
(Soria, 1997; Camazine et al., 2001; Couzin and Krause, 2003). So-
cial rules are critical in school internal structure (Gerlotto and
Paramo, 2003; Gerlotto et al., 2004) and can interact with environ-
mental forcing of the oceanic landscape to determine school shape
(morphology) so that they are either small dense schools, loose
shoals or layers (e.g. Gerlotto et al., 2004; Bertrand et al., 2006).
Therefore, school types have been considered good indicators of
environmental conditions (Petitgas and Levenez, 1996; Reid,
2000; Petitgas et al, 2003; Bertrand et al., 2006).

While the most notable and dramatic changes in anchoveta are
associated with large multi-decadal basin-scale changes in the
environment (e.g. Chavez et al., 2003) there are many other scales
of variability that are just now emerging. For example a new cen-
tennial-scale fluctuation has been elucidated from sediment cores
(e.g. Sifeddine et al., 2008; Valdés et al., 2008). Further, upwelling
ecosystems are highly heterogeneous with oceanographic and tro-
phic conditions differing strongly on short time and space scales
(Lavaniegos et al., 2002; Carr and Kearns, 2003; Bertrand et al.,
2004a; Gutiérrez et al., 2007; Chaigneau et al., 2008; Espinoza
and Bertrand, 2008; Swartzman et al., 2008). This heterogeneity is
the result of mesoscale (10s km) and sub-mesoscale (100s m to
km) activity that generates sharp fronts between coastal rich and
oceanic poor waters (Chaigneau and Pizarro, 2005a), filaments
(Thomas, 1999), eddies (Hormazabal et al., 2004; Chaigneau and
Pizarro, 2005b). Internal waves are also emerging as important
drivers of the oceanic landscape at these scales (Haury et al.,
1978; Pineda, 1999). Studies have already shown that mesoscale
activity influences the spatial distribution of fish (e.g. Rogachev
et al., 1996; Seki et al., 2002; Fossheim et al., 2005). It is also very
likely that sub-mesoscale physics may also influence anchoveta
and its interaction with other species (prey, competitors and preda-
tors), but there is a paucity of in situ observations at this smaller
scale.

Here we present the first comprehensive sub-mesocale study of
anchoveta distribution in relation to the environment. The envi-
ronment includes temperature, salinity, dissolved CO2, dissolved
O2, the vertical and horizontal distribution and abundance of other
species (predator, prey and competitors); at the temporal scale we
resolve the diel cycle. Sub-mesoscale surveys (SMSSs) (�28 h –
2 nmi) were performed in November 2004 to relate environmental
forcing and fish behaviour and distribution in central Peru. SST and



Table 2
Mean surface conditions (except for the zooplankton mean density which was
integrated over 100 m depth and sA, which was integrated over 50 m depth) during
small-scale surveys 1 and 2.

Parameter SMSS1 SMSS2

Wind speed (m s�1) 1.75 3.14
SST (�C) 17.8 16.6
Salinity 35.11 35.06
xCO2 (ppmv) 359.4 655.3
DO (mL L�1) 6.6 6.2
Chlo-a (lg L�1) 8 21.2
Pheo/Chlo-a 0.68 0.32

Table 1
Number of samples by sub-mesoscale survey (SMSS) for each parameter.

Parameter Number of samples

SMSS1 SMSS2

Acoustics (anchoveta, munida
and zooplankton)

948 ESDUs (0.25 nmi long each) 956 ESDUs (0.25 nmi long each)

Plankton multinet sampling 10 profiles; 436,861 items identified 10 profiles; 154,364 items identified
CTD 14 profiles (2 before and 12 after the acoustic track) 11 profiles (1 before, 10 after the acoustic track)
Sea surface salinity, pCO2 1568 records (one value each minute except during sensor

calibration)
1298 records (one value each minute except during sensor
calibration)

Niskin bottles samples 6 profiles (DO, chlorophyll a, and phaeopigment) 5 profiles (DO, chlorophyll a, and phaeopigment)
Pelagic trawls 11 trawls, 8 with anchovy catch, 1582 anchoveta sampled for

biometry and 114 for stomach content analysis
9 trawls, all with anchovy catch, 1525 anchoveta sampled for
biometry and 128 for stomach content analysis

Sea bird counting Along the transects (daylight hours), 9004 seabirds observed over
239 ESDUs

Along the transects (daylight hours), 5878 seabirds observed over
202 ESDUs

Multibeam sonar 6 h of opportunistic recording (when fish was present) 6 h of opportunistic recording (when fish was present)
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CO2 sensors, Niskin bottles, CTD probes, zooplankton sampling,
stomach content analysis, echo-sounder, multibeam sonar, bird
observations were used to assess interactions between fish behav-
iour and distribution and the environmental parameters (both
oceanographic and biotic). Areas particularly suitable for SMSSs
(rake survey were identified from mesoscale acoustic surveys). A
routine coast-wide (�2000 km) acoustic survey performed by IMA-
RPE (Instituto del Mar del Perú, www.imarpe.gob.pe) just after the
SMSS’s, provided information at an even larger population scale.

The availability of nearly concurrent sub-mesoscale, mesoscale
and coast-wide information on anchoveta distribution allowed for
a unique multi-scale synthesis. A modified basin model framework
(BMF) from MacCall (1990), where fish distribute in a theoretical
basin (here basin does not refer to ocean basins but to the area over
which the fish are distributed) where ‘depth’ depends on the
growth rate per capita in the area, was constructed. MacCall
(1990) postulated that fish first colonize favourable areas then
move to less favourable areas as they become more abundant (den-
sity-dependence). Swartzman et al. (2008) on the other hand
showed that anchoveta are restricted to upwelled cold coastal
waters (CCW) independent of anchoveta abundance, as suggested
by the habitat-based model proposed by Bertrand et al. (2004a).
The size of the favoured habitat (CCW) is then an important factor
regulating anchoveta populations. Physical (CCW) and chemical
(oxygen) parameters define the size of the favoured habitat (quan-
tity) but abundance and distribution of predators and prey deter-
mine habitat quality (basin depth). In our ‘habitat-based BMF’
anchoveta concentration increases in the favoured habitat when
quality increases (‘deeper basin’) rather than expand spatially to
less favourable habitats. Basin depth (for the population) increases
with habitat quality, determined by multiple biotic and abiotic
parameters at our three scales: large/population, meso and sub-
meso. We propose conceptual models that explain the spatial dis-
tribution of anchoveta at multiple scales as well as the relative
influence of social behaviour and the environment.
Main zooplanktonic
taxa (% in number)

81.5% of copepods,
10.4% of cladoceras,
and 3.7% of
ichtyoplankton
(clupeids)

76.8% of copepods,
11.7% of
ichtyoplankton
(clupeids), 4.4% of
polychaetes, and
3.6%
of cladoceras

Zooplankton mean density
(number m�3)

121 35.5

Zooplankton sA (m2 nmi�2) 22.4 7.2
Munida sA (m2 nmi�2) 563.6 0
Anchoveta sA (m2 nmi�2) 695.1 407.9
Stomach fullness (%) 0.4 0.27
Number of seabirds species 11 7
Seabirds (number nmi�1) 73.3 58.2
% of foraging seabirds 12.5 15.1
2. Materials and methods

2.1. Survey design

Two acoustic sub-mesoscale surveys (SMSSs) were carried out
on board the IMARPE R/V ‘‘Olaya” (41 m long) off the Peruvian
coast in November 2004, wherein the ship steamed around two,
2 nautical mile side square boxes (Fig. 1) repeatedly. The average
time to run a single square was 1 h at 8 knots. The location of
the SMSSs was chosen from anchoveta abundance estimated dur-
ing a preliminary acoustic rake survey along the coast designed
to identify favourable areas (see Fig. 1) at the beginning of the
cruise and from the locations of the fishing fleet. The position of
the boxes was geographically fixed, i.e. we did not implement a
lagrangian tracking system. However, no substantial change in
communities was observed during each SMSS and anchovy, the
target species was always present. We consider each SMSS as
independent.

Acoustic sub-mesoscale survey 1 (SMSS1) was carried out off
Pucusana (12�340S) and consisted of 28 repeated squares (to
encompass an entire diel cycle) from November 18th at 04:40 to
November 19th at 08:45 (Fig. 1). Acoustic sub-mesoscale survey
2 (SMSS2) was performed 20 nautical miles northwest of Paracas
peninsula (13�400S) and consisted in 28 repeated squares from
November 21st at 16:45 to November 22nd at 21:24. After each
survey the oceanographic, planktonic and biological features of
the area were sampled using CTDs and nets during a 28 h sampling
period (Fig. 1). The sampling strategy was designed to capture sub-
mesoscale variability over a diel cycle.

2.2. Acoustic observations

Vertical acoustic cross section data were collected in with a 38
and 120 kHz Simrad EK500 split-beam, scientific echo-sounder

http://www.imarpe.gob.pe
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Fig. 2. Vertical profiles from Niskin bottles for temperature, salinity, dissolved
oxygen and chlorophyll a and the ratio between phaeopigment and chlorophyll a.
Thick black lines indicate mean profile, dotted black lines indicate the profile
performed just before the 28 h acoustic square tracks, grey lines indicate profiles
performed after the acoustic tracks.
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system (Kongsberg Simrad AS, Kongsberg, Norway), calibrated as
in Foote et al. (1987). Data processing was done using Echoview
(SonarData Pty. Ltd.) and Movies+ (Weill et al., 1993). Dual fre-
quency analyses were used to discriminate anchoveta, from mun-
ida and zooplankton. Species identification was verified with
pelagic trawl and plankton net samples. The acoustic nautical area
scattering coefficient (sA or NASC), an indicator of fish biomass, and
the acoustic volume backscattering strength (Sv), an indicator of
the fish density inside each collective structure (each acoustic
echo-trace), were calculated for all echo-traces. Acoustic symbols
and units used here follow MacLennan et al. (2002). Acoustic data
were recorded by elementary distance sampling unit (ESDU) of
0.25 nmi.

Fish schools were observed in 3D with a scanning multibeam
sonar (Reson Seabat 6012). The sonar was mounted on the vessel
starboard side, perpendicular to the vessel course, permitting the
scanning of a 90� sector from vertical down (below the vessel) to
horizontal starboard (parallel to sea surface), with a range of
100 m. Each ping covered this 90� sector, divided into 60 beams
of 1.5� (between beams) by 15� (perpendicular) each. The sonar
operated at 455 kHz (20 kHz bandwidth) with a ping duration of
0.06 ms. The data was constructed as a 3D image (Gerlotto et al.,
1999) with SBI Viewer software (Hamitouche-Djabou et al., 1999).

2.3. Oceanographic data

Sea surface temperature (SST) and the partial pressure of CO2

were continuously recorded using a resistance temperature detec-
tor and a nondispersive infrared gas analyzer (LI-COR model 6262),
which determines the partial pressure of CO2 in the atmosphere
and surface seawater (Friederich et al., 2008).

Surface-to-bottom temperature and salinity profiles were ob-
tained with a SEABIRD CTD. Water samples were collected in Ni-
skin bottles at 0, 10, 25, 50, 75, 100, and 150 m and analyzed for
dissolved oxygen (DO-modified Winkler method, Carritt and Car-
penter, 1966), chlorophyll a, and phaeopigment (concentration
method of Holm-Hansen et al., 1965).

2.4. Plankton sampling

Zooplankton were collected with a vertically profiling plankton
net (multinet) with a 300 lm mesh size in the following depth
strata: 0–10 m, 10–25 m, 25–50 m, 50–75 m, and 75–100 m
depths. Zooplankton settled volume (mL3) was determined imme-
diately after collection using the displacement method (Kramer
et al., 1972). Samples were fixed in 2% formaldehyde buffered with
borax, then examined in laboratory using a stereoscopic micro-
scope to identify and count zooplankton items.

2.5. Fish sampling

Fish were collected by pelagic trawl ‘Engel 124/1800’ (12 mm
codend mesh). For each trawl, a subsample of the catch was col-
lected randomly and anchoveta size was measured to the nearest
0.5 cm. Anchoveta cardiac and fundulus stomachs were extracted
onboard and immediately fixed in 5% formalin for later laboratory
analysis where stomachs contents were extracted and weighted to
the nearest 0.001 g. Stomach fullness index was calculated by
dividing fish stomach content weight by body wet weight.

2.6. Seabird counts

Seabird densities were estimated using transects as in Suther-
land (1996) during daylight hours (06:00 to 18:00, local time).
One trained observer made continuous counts from the ship bridge
(10 m above sea level) using binoculars out to 300 m in a 90� arc
from the tip of the bow to the starboard. Species identification,
counts and behaviour (on water, active feeding, flying, and flight
direction) were recorded and the time noted.



Fig. 4. Examples of acoustic square transects performed during SMSS1 during the day (a), at night (b) and during SMSS2 during the day (c), at night (d). The classical patterns
of distribution for anchoveta (Engraulis ringens), the squat lobster ‘munida’ (Pleuroncodes monodon) and zooplankton are highlighted.
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Fig. 3. Vertical features of the water column where internal solitary waves were observed during the day (a, b), the night (c), and surface photograph of a convergence line (d).
Note: (b) Come from another similar experiment performed in April 2006.
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2.7. Data processing

SST, CO2, the acoustic sA of zooplankton and to a lesser extent
munida and anchoveta abundance showed strong diel variability.
This diel pattern was related to diurnal warming of SST that in turn
impacts CO2 solubility and to plankton diurnal vertical migration
with a daytime dispersion over a large volume that reduces acous-
tic detection. We removed the diel pattern using a non-parametric
spline model in order to study higher frequency variations.
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We used a wavelet approach (Torrence and Compo, 1998) to
search for spatiotemporal synchrony between organisms. There
are few wavelet applications in marine ecology (Ménard et al.,
2007) following the pioneering work by David and Chapron
(1990); however this method is appropriate to analyse biological
time series, which are often noisy, nonlinear and non-stationary
(Cazelles and Stone, 2003); all features that may interfere with cor-
relation or spectral analyses. Wavelet analysis was applied to the
acoustic data time series with the diel cycle removed to investigate
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other periodic components. Complementary phase analyses char-
acterised spatiotemporal synchrony between signals (Cazelles
and Stone, 2003; Ménard et al., 2007). To quantify wavelet statisti-
cal significance, we resampled with a Markov bootstrapping (Efron
and Tibshirani, 1993) that preserves the short temporal correla-
tions (Cazelles and Stone, 2003). We used the Morlet mother wave-
let and original algorithms that were developed in a MATLAB
package (version 6.5, The MathWorks Inc.); these incorporate both
cross analyses and statistical significance procedures (Cazelles
et al., 2007).

Finally, to determine the diel cycle of anchoveta foraging we
analysed, for each SMSS, variations in anchoveta stomach fullness
over time. As the relationships are likely to be nonlinear, a general-
ized additive modelling (GAM) approach was used (Hastie and Tib-
shirani, 1990) using S-Plus (Insightful Corporation, Seattle, WA,
USA). Cubic spline smoothers were used to estimate the nonpara-
metric functions.

3. Results

The acoustic track and the positions of pelagic trawls, CTD, mul-
tinet, and Niskin sampling stations are indicated in Fig. 1; the total
number of samples for each parameter is listed in Table 1.

3.1. Oceanographic conditions

During sub-mesoscale survey 1 (SMSS1), vertical profiles indi-
cated that temperature ranged from about 17.8 �C at 0 m to
14 �C at 100 m. Salinity ranged from 34.9 to 35.3 but mainly be-
tween 34.95 and 35.1, values characteristic of upwelled cold
coastal waters (Morón, 2000). Dissolved oxygen concentration
(DO) ranged between 6 and 7.5 mL L�1 at 0 m; the depth of
the oxycline (where oxygen changes rapidly from the surface
values to close to zero) varied from 15 to 25 m. Chlorophyll con-
centration was about 8 lg L�1 at 0 m and very low at 50 m. Fi-
nally, the ratio between phaeopigment and chlorophyll was
high for surface water (about 0.65), indicating a very active deg-
radation process (Table 2 and Fig. 2). During SMSS1, we crossed
convergence lines which were visible as ‘‘scum” (accumulations
of foam and degraded particulate material) lines (Fig. 3d). These
lines, commonly observed off Peru, tend to occur over solitary
internal waves (Farmer and Armi, 1999), and during the surveys
were associated with two vertical structures observed with the
echo-sounder: (i) a deepening of the mixed layer illustrated by
the ‘v shape’ of the munida and plankton layer (Fig. 3a–c), or
(ii) in some cases anchoveta were observed inside these struc-
tures forming schools during the day (Fig. 3a and b) and layers
during the night (Fig. 3c).

During sub-mesoscale survey 2 (SMSS2) temperature ranged
from about 16.6 �C at 0 m to 14 �C at 100 m. Salinity ranged from
34.96 to 35.30. Dissolved oxygen concentration decreased from
5–7.5 mL L�1 at 0 m to 2 mL L�1 at 25–30 m, to 1 mL L�1 at 30–
45 m and finally to 0.1 mL L�1 at 50 m. Chlorophyll concentration
was higher (20 lg L�1) within several meters of the surface and
very low at 50 m. Finally, the ratio between phaeopigment and
chlorophyll a was rather low in the surface waters (about 0.32),
indicating very high phytoplankton production and less active deg-
radation processes (Table 2 and Fig. 2).

3.2. Zooplankton, munida, and anchoveta

Fig. 4 shows examples of acoustic square transects performed
during SMSSs, illustrating the classic diel patterns of distribution
for anchoveta (schools during the day, dispersed at night), munida
(layers in the oxycline during the day, dispersed at night) and zoo-
plankton (surface diel vertical migration with nighttime maxima
near the surface, and daytime maxima at depth).

The zooplankton community was dominated by copepods; its
abundance was three times higher during SMSS1 than SMSS2,
regardless to the sampling method, multinet or acoustics (Table
2). The acoustic sA of zooplankton was lower by day than by night
in both areas. This pattern is due to the dispersion of zooplankton
over a broader depth range during daily vertical migration (Fig. 4).
Dense patches of zooplankton occurred during the first night of
SMSS2.

Munida were observed only during SMSS1, scattered close to
the surface during night (Fig. 4). During day, munida formed den-
ser layers in the oxycline, and are physically ‘‘moved” vertically by
the passage of internal waves (Figs. 3 and 4).

During SMSS1 and SMSS2 8 and 9 positive (with anchoveta
catch) trawls were performed just after acoustic sampling. Fish size
distribution was not significantly different between SMSSs
(v2 = 17.16, d.f. = 17, p = 0.44) and was strongly dominated by one
year class of anchovy with a mode of 15 cm (Fig. 5a). Stomach full-
ness varied according to the time of the day and was significant in
both surveys (GAM, p < 0.0001). The mean stomach fullness was
higher during SMSS1 than SMSS2 (Table 2; t-test[1,240] = 3.54,
p = 0.0005), but in both cases was highest between midday and



Fig. 8. Wavelet analysis for (a) anchoveta and zooplankton acoustic abundance during SMSS1; (b) anchoveta and munida acoustic abundance during SMSS1; and (c)
anchoveta and plankton acoustic abundance during SMSS2. For each case, the upper plots give: on the left the local wavelet power spectrum of anchoveta, zooplankton or
munida sA. The local wavelet power spectrum gives a measure of the variance distribution of the space–time series according to time and for each period; on the right: global
wavelet power spectrum of the anchoveta series as a function of period. The cross wavelet plot gives the wavelet cross spectrum between anchoveta and zooplankton or
munida series. The wavelet cross spectrum identifies period bands and time intervals within which the two series co-vary. The black solid lines show the cone of influence, i.e.
the region where edge effects are present. The black dashed lines show the 5% significance level computed based on 50 bootstrapped series. The lower plot gives the
oscillating components computed with the wavelet transform.
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18:00–21:00 (Fig. 5b). High stomach fullness was also observed
during the night for some (�15%) anchovies. The beginning of the
feeding period was not determined for SMSS1, as trawls performed
between 08:00 and 14:50 did not catch fish. Anchoveta was always



Fig. 8 (continued)
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above the 2 mL L�1 oxygen isoline and the primary diel difference
was that they were in schools during the day and scattered at night.
The density (Sv) inside anchoveta echo-traces increased from dawn
to midday then decreased until dusk and remained stable at a low
level during night (ANOVA: F[3,34467] = 105.5, p < 0.00001 for
SMSS1; F[3,30783] = 390.3, p < 0.00001 for SMSS2). Anchoveta re-
formed into schools at dawn (Fig. 4).

3.3. Seabirds

Eleven species of seabirds were observed during SMSS1 (mean
density: 73.3 individuals/nmi�1). The most abundant were Frank-
lin’s gull (Larus pipixcan), the Peruvian booby (Sula variegata), the
Inca tern (Larosterna inca), and the Peruvian pelican (Pelecanus tha-
gus), listed in decreasing order. Bird abundance was less during
SMSS2 with 58.2 individuals/nmi�1 with seven species being ob-
served. Listed in decreasing order, the dominant species were the
Peruvian booby, the Inca tern, the Guanay cormorant (Leucocarbo
bougainvillii), and Franklin’s gull. The proportion of actively feeding
seabirds was 12.5% during SMSS1 and 15.1% during SMSS2. Among
these species the Guanay and the Peruvian booby are major preda-
tors for anchovy. Others are mainly zooplanktivorous species.

3.4. Space–time series and wavelet analyses

During the SMSSs, SST, and CO2 presented clear diel variations
(not presented) with SST decreasing during the night (magnitude
of change: 2.5 �C). CO2 exhibited the opposite trend, as its solubil-
ity increased with decreasing SST. After removing the diel cycle, no
relation remained between SST and CO2. Variation in the SST time
series (with the diel cycle removed) could not be related to any
other parameter and was eliminated from the analysis. The other
space–time series (Figs. 6 and 7) illustrates the varying and dra-
matically different dynamics between day and night. We observed
nocturnal zooplankton patches, in particular during SMSS2, when
one patch was sampled repeatedly during 8, 1 h squares during
the first night. A cluster of anchoveta and a peak in dissolved CO2

was always associated with this zooplankton patch (Fig. 7). Such
associations were less clear during SMSS1, probably because zoo-
plankton patches were looser or absent in the sampled area. Out-
side zooplankton patches, anchoveta were also observed but
were less abundant and scattered. During the day, both anchoveta
schools and zooplankton patches were evenly distributed. Con-
versely, munida were concentrated in dense layers during daytime,
at the depth of the oxycline. Munida local abundance presented a
pattern of variation similar to the one of CO2 (Fig. 6). During night
munida was dispersed close to the surface and presented a more
homogeneous distribution.

Wavelets, cross wavelets, and phase analyses were applied to
reveal possible spatiotemporal synchrony between the organism
distributions. Anchoveta and zooplankton acoustic abundances
show a clear pattern of synchrony, especially during SMSS2
(Fig. 8a and c). During the afternoon and the night, anchoveta
and zooplankton were present in the same ‘time–space’ period
(about 32 ESDU, corresponding to a complete square, i.e. 8 nmi),
with the half period indicating the plankton patch size, about
4 nmi. More interestingly, acoustic abundances of these two organ-
isms oscillated perfectly in phase, indicating spatial correlation be-
tween anchoveta and zooplankton. At dawn, the spatial periodicity
suddenly disappeared, as well as the association between ancho-
veta and zooplankton (i.e. the zooplankton patch and anchoveta
cluster), and irregular small-scale periodicity appeared. Zooplank-
ton and anchoveta stayed out of phase without any clear spatial
association until the afternoon, when periodic oscillation and
coherent phasing reappeared allowing interactions. During SMSS1
(Fig. 8a), cross wavelet and phase analysis between anchoveta and
zooplankton local abundances also showed significant correlation
during night (19:00–20:30 and 23:00–02:30), though the signal
was weaker than in SMSS2. Note that the phase coherency ob-
served between 10:00 and 14:00 during SMSS1 (Fig. 8a) and be-
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tween 10:00 and 12:00 during SMSS2 (Fig. 8c) was insignificant, as
it did not correspond to any significant cross wavelet (Fig. 8a
and c).

Wavelet analyses performed with anchoveta and munida abun-
dance data (Fig. 8b) did not reveal consistent spatial associations
between these species. Anchoveta and munida acoustic abun-
dances were in phase only at the end of the day and beginning of
the night, i.e. when anchoveta schools were dispersing downwards
and munida migrating upwards. Finally, munida and zooplankton
distributions were not spatiotemporally associated in wavelet
analyses (figure not presented).

3.5. The oceanic landscape

At the anchoveta population scale (100s of km), routine acoustic
surveys were conducted in the core of anchoveta distribution by
IMARPE just after the SMSSs (November 28–December 21, 2004).
Anchoveta were distributed all along the Peruvian coast and the re-
gion where SMSSs took place corresponded to a particularly rich
area, in an important upwelling cell (www.imarpe.gob.pe).

At a mesoscale (10s of km) the landscape was different between
surveys (Table 2) even though both SMSSs’ took place in cold coast-
al waters (see Morón, 2000; Bertrand et al., 2004a; Swartzman
et al., 2008). SMSS1 was performed in older upwelled waters char-
acterized by a high proportion of degraded chlorophyll, a very shal-
low oxycline, and high abundances of zooplankton, munida,
anchoveta, and seabirds. The types of seabirds were mostly coastal
species (Fraklin’s gull and Inca tern) foraging mainly on zooplank-
ton, including munida. SMSS2 was performed in active upwelling
waters characterized by lower SST, very high chlorophyll concen-
tration, and medium abundances of zooplankton and anchoveta.
Seabirds were less abundant than in SMSS1, but dominated by
the Peruvian booby, which forages on anchoveta. During both
SMSSs, the main patterns in organisms’ distribution over time fol-
lowed the conventional pelagic diel scheme. Zooplankton per-
formed diel vertical migration and were, during the day, mainly
distributed below the oxycline (15–30 m). Munida (Fig. 4) were
scattered in the same shallow layer as anchoveta during the night,
but migrated deeper than the fish during the day, forming concen-
trated layers (Fig. 4) at the depth of the oxycline (15–30 m). Ancho-
veta vertical distribution was restricted to the first 30 m, above the
oxycline. Zooplankton apparently finds a daytime refuge from
anchoveta within the oxycline.
4. Discussion

4.1. Relative contribution of environment and behaviour in anchoveta
schooling dynamics

In both SMSS1 and SMSS2 we observed the classic pattern of
fish dispersion at night and aggregation in schools during day (Azz-
ali et al., 1985; Fréon et al., 1996; Fréon and Misund, 1999; Cardi-
nale et al., 2003), with a decrease in school internal density during
afternoon and disintegration at dusk. The reduced school internal
density during the afternoon appears associated with the begin-
ning of the feeding period (Fig. 5b) as most of zooplankton mi-
grates upwards (30–50 m to 5–20 m) and its availability
increases. Indeed, less cohesive fish schools are assumed to be well
adapted for feeding on zooplankton as each fish has to catch indi-
vidual prey (Robinson et al., 1995; Nøttestad et al., 1996; Mackin-
son et al., 1999). During the night, despite the absence of small-
scale (m to 10s of m) fish schools, clear sub-mesoscale (100s of
m to km) fish clusters appeared. During the day, fish occurred in
dense schools, especially in the morning, but not in larger-scale
spatial structures such as clusters (at least on scales observable
in our SMSSs). These observations are interpreted below via behav-
ioural constraints and habitat suitability.

During the night, most gregarious pelagic fish do not form
dense schools because small-scale collective organisation is gener-
ally inhibited by low light intensity [see Fréon and Misund (1999)
for a synthesis and Bertrand et al. (2006) for an exception]. At
night, environmental features controlled fish distribution. This
was particularly clear during the first night of SMSS2, when ancho-
veta formed a cluster inside a patch of zooplankton (Figs. 7 and 8c).
Stomach fullness analyses indicated that the main foraging period
was the afternoon and first part of the night (Fig. 5b). Anchoveta
were then primarily in the zooplankton patch for foraging, but re-
mained well into the night. Espinoza and Bertrand (2008) showed
that even if anchoveta mainly feed during day, they will also feed
at other times as long as prey are available. The zooplankton patch
probably developed in response to a sub-mesoscale oceanographic
feature (e.g. eddy, plume) that we could not identify (see Cotté and
Simard, 2005; Croll et al., 2005; Fossheim et al., 2005, for examples
of physical forcing on plankton leading to predator concentration
or recruitment success). This patch was also characterized by a
peak in dissolved CO2 concentration (Fig. 7) that we relate to res-
piration by organisms. Indeed, a dense aggregation of organisms
has been shown to deplete DO concentration (e.g. McFarland and
Moss 1967; Dommasnes et al., 1994); the inverse, increased CO2

as a result of respiration follows. We think this might be the first
observation of this kind.

After dawn, zooplankton migrated down below the oxycline,
while anchoveta aggregated in schools. Gerlotto et al. (2006), work-
ing with multibeam sonar data obtained after SMSS2 observed that
sea birds and sea lions attacked these schools intensively. Indeed
sea lions were observed with the multibeam 58% of the time and
the attack rate was very high. Schools were in constant reorganiza-
tion (Gerlotto et al., 2006) and no more spatial structures were evi-
denced at a scale of 100 s of m to km (Figs. 6 and 7).

4.2. Habitat-based BMF and 3D fish distribution

In an attempt to synthesize the information we adapted the ba-
sin model framework (BMF, MacCall, 1990, see also Fréon et al.,
2005). As described in Section 1, under our ‘habitat-based BMF’,
the theoretical basin increases in ‘depth’ with habitat suitability
(i.e. not a literal depth but an index of habitat suitability) as deter-
mined by physical (e.g. temperature, depth of the oxycline), and
biotic (e.g. predation, prey abundance, and spatial distribution)
features, independent of density-dependent effects. As the diel cy-
cle is a key factor in anchoveta patterns of aggregation, we con-
structed a diurnal and a nocturnal representation of the adapted
BMF; each BMF being characterized by three different spatial
scales: large (100s of km), meso (10s of km) and sub-meso (100s
of m to km) (Fig. 9).

The larger basin (100s km) is defined by anchoveta tolerance
limits and corresponds to the zone of possible population distribu-
tion defined by overall abiotic conditions. The SMSSs took place
near the centre of anchoveta species distribution. During the whole
cruise survey track (Fig. 1) temperature was not limiting (range of
tolerance for anchoveta: �13–25 �C, Bertrand et al., 2004a; Gut-
iérrez et al., 2008).

At a mesoscale (10s km), the SMSS1 was performed in aged up-
welled waters and SMSS2 in freshly upwelled waters. In both
SMSS1 and 2, productivity was high and a shallow oxycline
(Fig. 2) limited the depth of anchoveta and prevented diel vertical
migration. Zooplankton was abundant (Table 2) and patchily dis-
tributed. During the day, part of the zooplankton escaped the
anchoveta by migrating into and below the oxycline. The conse-
quence was lower habitat suitability for anchoveta (‘shallower’ ba-
sin, Fig. 9). Predation by seabirds and sea lions also reduced

http://www.imarpe.gob.pe


Fig. 9. Synthetic representation of the diel variation of the quality of anchoveta habitat across scales and its consequences on the 3D spatial distribution of anchoveta, adapted
from the ‘habitat-based basin model framework’ of MacCall (1990). The depth of the basin increases with habitat quality in terms of oceanographic (e.g. temperature, depth of
the oxycline) and biotic (e.g. predation, prey abundance, and spatial organization) features. The larger basin corresponds to the zone of anchoveta distribution. Inside this
general zone, habitat quality increases in areas rich in prey surrounding an upwelling zone for example. Inside the rich areas, sub-mesoscale structures (i.e. internal solitary
waves, eddies) can concentrate prey, further increasing habitat quality. During the day (upper figure), the depth of the basin is shallower than during the night since prey are
less accessible (some of the plankton have migrated below the oxycline) and predation by visual apex predators (e.g. seabirds) is higher. Anchoveta form schools that are
attacked by predators (see Gerlotto et al., 2006). During the night (lower figure) the depth of the basin increases as prey become more available and predation is reduced. Fish
are no longer able to construct polarised collective structures (schools) but are concentrated in prey patches or internal waves, when present. Encapsulated figures above the
basin figures show anchoveta distribution as evaluated during an acoustic survey performed just after the experiment illustrating the range of distribution of anchoveta off
Peru (left) and a zoom in to an upwelling area (right). Encapsulated figures below the basin figures show typical examples of fish collective structure in each case as observed
with the multibeam sonar (3D plots and plot showing a sea lion attacking anchoveta schools) or with the echo-sounder.
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anchoveta habitat suitability during day. During the day anchoveta
was in highly concentrated schools that were irregularly distrib-
uted (Figs. 6–8), a response to predators (Gerlotto et al., 2006). Dur-
ing night the vertical upward migration of zooplankton and
reduced predation on anchoveta (no seabird attacks) created a ‘dee-
per’ (i.e. more suitable) BMF basin (Fig. 9). At night, anchoveta were
distributed as loose shoals and scattered fish. It is during the night
that the tight coupling between organisms (anchoveta and zoo-
plankton), and their chemical signature (i.e. respiration) develops
(Figs. 6 and 7); during the day these relationships dissipate.
At sub-mesoscale (100s m to km) physical processes (internal
waves and frontogenesis) concentrated plankton into patches and
impacted anchoveta habitat suitability and spatial distribution. In-
side the zooplankton patches, conditions were favourable for an-
chovy so the ‘depth’ of the BMF basins was high (Fig. 9). During
the night, anchoveta cluster size corresponded to zooplankton
patch size, suggesting that the size of fish clusters depends on
the environment rather than on the total abundance of the fish
population. On first order apex predators, fishers included, tend
to search for fish clusters, rather than individuals or schools, to for-
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age (Bertrand et al., 2004b; Fréon and Misund, 1999). Surface zoo-
plankton patches were not observed during the day because zoo-
plankton migrated below the oxycline and were less affected by
the physical processes. Solitary internal waves (Fig. 3) modified
the habitat by deepening the mixed layer and concentrating partic-
ulate matter (Haury et al., 1978; Mann and Lazier, 1996; Pineda,
1999; Francks, 2005). Anchoveta habitat suitability was increased
by internal waves for at least two reasons. First, solitary internal
waves create convergences that concentrate prey above the oxy-
cline, which was particularly important during the day when most
zooplankton would otherwise be distributed below the oxycline.
Secondly, they increased the available habitat by deepening the
oxycline allowing anchoveta to form larger and more elongated
(vertically) schools (Fig. 3b).

4.3. Synthesis

We linked levels of fish aggregation (schools, clusters, layers),
on a diel basis, to different oceanographic and biological features
such as upwelling, zooplankton patches, solitary internal waves,
and predators. Based on the observations reported here and pub-
lished literature we propose a conceptual view of the relative
importance of social behaviour and environmental (biotic and abi-
otic) processes on the spatial distribution of anchoveta. Our ecolog-
ical space has two y-axis; one based on self-organization (social
behaviour), and the other based on the environment processes.
The importance of the axis to the patterns of fish aggregation de-
pends on spatial scale (Fig. 10). At scales from the individual (10s
cm), to the nucleus (m), which are very high density patches inside
fish schools that are small enough to allow quasi-instantaneous
communication on predator presence, change of direction (Gerlot-
to and Paramo, 2003), to the school (10s m), social behaviour (e.g.
the need to school) drives spatial organization (Fig. 10). At this
scale, individual based models, in which individual action is gov-
erned by the actions of the individual’s immediate neighbours, pro-
duce realistic schools (Huth and Wissel, 1994; Couzin and Krause,
2003; Grimm et al., 2005), indicating that inter-individual interac-
tions are crucial. At the school scale or below, social interactions
with neighbours (which produce collective structures, e.g. schools,
through self organization) are the first priority for an individual.
For gregarious fish, the school is ‘‘an essential life unit in which fish
feed, breed, rest, and flee” (Aoki, 1980).
Self-organization

Individual School CluNucleus

10s cm 1s m 10s m 100s 

Sub-mePhysical forcing features

Self-organization

Individual School CluNucleus

10s cm 1s m 10s m 100s 

Sub-mePhysical forcing features Sub-meSub-mePhysical forcing features

Fig. 10. A conceptual model describing the relative importance of factors regulating agg
self-organization, the other on environmental forcing. The importance of these on fi
mechanisms are likely to be dominant; at larger-scales adaptation and response to the
School size, shape, and location depends (i) on the local habitat
characteristics, in particular the presence of prey and their distri-
bution (e.g. Nøttestad et al., 1996; Mackinson et al., 1999; Bertrand
et al., 2006), physical forces, like the presence of strong vertical
gradients in oxygen (or other ‘‘fronts”), or the presence of preda-
tors (e.g. Axelsen et al., 2001; Nøttestad et al. 2004; Gerlotto
et al., 2006), and (ii) on behaviour related to physiological needs,
for instance reproduction in the presence of predators (e.g. Axelsen
et al., 2000). At scales larger than the school, environmental forces
(from physics to organisms, see Bertrand et al., 2008) are the main
driver of fish distribution (Fig. 10). Cluster size depends on sub-
mesoscale physical features (e.g. upwelling plumes, eddies) that
shape the distribution of zooplankton patches (given that there is
motivation for feeding). If the size of the fish cluster depends di-
rectly on the physical structures, the number and the internal den-
sity of clusters may be more related to intrinsic populational
aspects such as total abundance. The size and distribution of larger
aggregative units, such as the cluster of clusters, or fish stocks are
determined by mesoscale (�100 km) physical features increasing
and concentrating productivity such as upwelling cells (high abun-
dance of anchovy in the upwelling cell in our case). Finally, the le-
vel of the fish population depends on large scale basin-wide
conditions favourable or unfavourable to anchoveta (Chavez
et al., 2003) that manifest themselves locally in the physical area
occupied by the upwelled cold coastal waters (Swartzman et al.,
2008).

Recent advances in space-based real time sensors, high perfor-
mance computing, robust ecosystem theory, and very high-resolu-
tion coupled physical–biological models (e.g. ROMS, Penven et al.,
2005) now permit relating the different scales of fish population
dynamics over a broad range of scales and make possible opera-
tional forecasts of fish availability. Accurate and timely forecasts
can provide the information needed to maintain long-term sus-
tainability of fish stocks and protect the ecosystem of which the
fish are an integral part, while maximizing social and economic
benefits and preventing wasteful overinvestment of economic re-
sources. This new power has been won by hard earned advances
in technology and science. Previously, forecasting of how environ-
mental variability and fishing pressure affected fish stocks and
their ecosystem was impossible because we lacked efficient,
high-resolution ocean observing systems to provide the data for
assimilation into operational physical–biological models and final-
Environmental forcing

ster Stock Population

m  kms 10s km   100s km           1000s km

so-scale Meso-scale Large scale
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ster Stock Population

m  kms 10s km   100s km           1000s km

so-scale Meso-scale Large scaleso-scale Meso-scale Large scaleso-scale Meso-scale Large scale

regation of gregarious fish as a function of scale. There are two y-axis one based on
sh distribution depends on the spatial scale. At smaller scales, self organization
environment are more important.
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ly the ecosystem theory to relate physical forcing all the way from
phytoplankton to fish. The conceptual ecosystem models pre-
sented in this paper may provide the final links.
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Because climate change challenges the sustainability of important fish populations and the fisheries they
support, we need to understand how large scale climatic forcing affects the functioning of marine ecosys-
tems. In the Humboldt Current system (HCS), a main driver of climatic variability is coastally-trapped
Kelvin waves (KWs), themselves originating as oceanic equatorial KWs. Here we (i) describe the spatial
reorganizations of living organisms in the Humboldt coastal system as affected by oceanic KWs forcing,
(ii) quantify the strength of the interactions between the physical and biological component dynamics of
the system, (iii) formulate hypotheses on the processes which drive the redistributions of the organisms,
and (iv) build scenarios of space occupation in the HCS under varying KW forcing. To address these ques-
tions we explore, through bivariate lagged correlations and multivariate statistics, the relationships
between time series of oceanic KW amplitude (TAO mooring data and model-resolved baroclinic modes)
and coastal Peruvian oceanographic data (SST, coastal upwelled waters extent), anchoveta spatial distri-
bution (mean distance to the coast, spatial concentration of the biomass, mean depth of the schools), and
fishing fleet statistics (trip duration, searching duration, number of fishing sets and catch per trip, fea-
tures of the foraging trajectory as observed by satellite vessel monitoring system). Data sets span all or
part of January 1983 to September 2006. The results show that the effects of oceanic KW forcing are sig-
nificant in all the components of the coastal ecosystem, from oceanography to the behaviour of the top
predators – fishers. This result provides evidence for a bottom-up transfer of the behaviours and spatial
stucturing through the ecosystem. We propose that contrasting scenarios develop during the passage of
upwelling versus downwelling KWs. From a predictive point of view, we show that KW amplitudes
observed in the mid-Pacific can be used to forecast which system state will dominate the HCS over the
next 2–6 months. Such predictions should be integrated in the Peruvian adaptive fishery management.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Because climate change challenges the sustainability of impor-
tant fish populations and the fisheries they support, we need to
understand how large scale climate/ocean fluctuations affect the
functioning of marine ecosystems (Stenseth et al., 2002; Edwards
and Richardson, 2004; Worm and Myers, 2004; Burkett et al.,
2005; Perry et al., 2005; Lehodey et al., 2006). The Humboldt Cur-
rent upwelling system (HCS) provides an ideal opportunity to
examine the effects of remote climate forcing on a coastal ecosys-
tem as it is influenced by well-described multi-scale climatic forc-
ing (seasonal, inter annual and decadal as well as local, regional
ll rights reserved.

, Miraflores, Casilla 18-1209,

d).
and global dynamics, e.g. Chavez et al., 2003). Moreover, owing
to the economic importance of the Peruvian anchovy or anchoveta
(Engraulis ringens) fishery, the world largest monospecific fishery,
many components of the ecosystem have been monitored for a rel-
atively long period.

Understanding the response of marine ecosystems to large scale
forcing is a difficult task, as climate variability has a stochastic
component and biological responses are often non-linear (Hsieh
et al., 2005). Such complexity can produce apparently chaotic
dynamics at the regional scale, and the responses or evolution of
regional systems can appear unpredictable (i.e. deterministic equa-
tions cannot describe or predict the succession of states). Still, sys-
tem states having a high probability of occurrence, or scenarios
(Link et al., 2002, use indifferently ‘state’, ‘regime’ and ‘stanza’),
can be statistically characterized (e.g. Knowlton, 2004).

One of the main sources of variability in the Humboldt Current
system derives from the passage of coastally-trapped Kelvin waves
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(KWs), themselves originating in the western and central Pacific as
oceanic equatorial KWs (Pizarro et al., 2001). Equatorial KWs are
large-amplitude, long-period waves which travel eastwards within
the ocean along the equatorial wave guide (Delcroix et al., 2000).
They are mostly forced in the central equatorial Pacific by varia-
tions in the wind and propagate at 1–3 m s�1. According to the
type of wind anomaly (easterlies or westerlies), an equatorial KW
can rise (upwell) or deepen (downwell) the thermocline (often
10s of meters) and the sea surface height (centimeters). Because
the equatorial thermocline is shallow, especially in the eastern Pa-
cific, non-linear processes affect the speed and the vertical struc-
ture of the KW while propagating eastward. These changes in the
KW properties can be analytically described by changes in the rel-
ative contribution to the overall signal of several linear compo-
nents, the baroclinic modes (Dewitte et al., 1999). They are
obtained by a mathematical decomposition of the KW signal and
are the solutions of the linearized dynamical equations of move-
ment on the vertical axis (Cane and Sarachick, 1976). Each of the
baroclinic modes has distinct characteristics in terms of propaga-
tion, phase speed and meridional scale. As the KW propagate east-
ward, the relative contribution of each baroclinic mode in the
global KW signal changes: KW energy projects more on the first
baroclinic mode in the central Pacific, and on the third baroclinic
mode close to South America coasts. Because the different baro-
clinic modes have different speeds and meridional scales (higher-
order baroclinic modes propagate slower and are smaller in merid-
ional extent), each may explain better the KW impact on different
processes in the coastal ecosystem.

When equatorial KWs reach South America, part of their energy
is deflected north and south along the coast where it is trapped by
the earth’s rotation (Coriolis) force, along the continental shelves
or slope (Clarke, 1983, 1992). These coastally-trapped KWs impact
the vertical structure of the isotherms along the coast and the loca-
tion of the upwelling front. They also introduce energy for turbu-
lent flow in the coastal ecosystem and are then likely to impact
meso-scale activity and then the spatial structuring of many living
communities. Downwelling KWs deepen the thermocline, making
coastal upwelling ‘inefficient’ in terms of nutrient enrichment
(brings to surface oceanic warm and low nutrient water; Barber
and Chavez, 1983) and is associated with warm conditions (an
El Niño-like scenario). Conversely, an upwelling KW raises the
thermocline and allows coastal upwelling to bring cold and nutri-
ent-rich water towards the surface. As a consequence, the cold
coastal water (CCW) domain expands (a La Niña-like scenario).

The response of populations to climate forcing may be multidi-
mensional: e.g. changes in abundance, in physiology of reproduc-
tion, in patterns of migration, in spatial distribution, etc. (e.g.
Stenseth et al., 2002; Walther et al., 2002). The response in terms
of organism abundance — the most commonly used metric —
may be complex and delayed, as abundance is an indirect result
of many interacting constraints: e.g. physical conditions, prey
availability, reproductive success, competition, and others. Geo-
graphic distribution or organism movements are population fea-
tures that can represent more direct responses to physical
forcing (e.g. Perry et al., 2005; Bertrand et al., 2005). Climatic forc-
ing primarily affects the physical habitat and, among other effects,
may induce passive (plankton) or active (nekton) spatial redistri-
butions of the living communities (Cotté and Simard, 2005; Croll
et al., 2005; Fossheim et al., 2005; Bertrand et al., 2008). Patterns
of space occupation, whether for individuals or populations (Mar-
galef, 1979), control ecological interactions such as predation,
competition and reproduction which, in turn, feed back to popula-
tion abundance (e.g. Frontier et al., 2004). Analyzing the spatial
redistributions of populations in response to climatic forcing may
provide a valuable intermediate step towards understanding
changes in population abundance (Keitt et al., 2002).
The purpose of this paper is to define ecological scenarios for
the Peruvian coastal ecosystem under varying oceanic equatorial
KW forcing. To address these questions, we explore through bivar-
iate lagged correlations and multivariate statistics the relation-
ships between a variety of time series of oceanic KW amplitude
(TAO mooring data and model-resolved baroclinic modes) and
coastal Peruvian oceanographic data (SST, coastal upwelled waters
extent), anchoveta spatial distribution (mean distance to the coast,
spatial concentration of the biomass, mean depth of the schools),
and fishing fleet statistics (trip duration, searching duration, num-
ber of fishing sets and catch per trip, features of the foraging trajec-
tory as observed by satellite vessel monitoring system). Data sets
span all or part of January 1983 to September 2006. In particular
we (i) describe the spatial reorganizations in the coastal HCS as af-
fected by oceanic KWs forcing, (ii) quantify the strength of the
interactions between the dynamics of the physical and biological
components of the system, (iii) formulate hypotheses on the pro-
cesses driving the redistributions of the organisms, and (iv) synthe-
size the scenarios of space occupation in the HCS under varying
KWs forcing.
2. Materials and methods

To quantify oceanic KW forcing, Peruvian coastal oceanography,
anchoveta distribution and the foraging behaviour of fishermen,
we gathered a large variety of field measurements and model out-
puts (Table 1). The different data sets were collected over different
periods, but always between January 1983 and September 2006
(Table 1, Figs. 1 and 2).

2.1. KW forcing

A proxy for Kelvin wave activity in the equatorial Pacific can be
observed through the depth of the 20 �C isotherm (D20) as mea-
sured by the TAO/TRITON moorings (Tropical Atmosphere/Ocean,
http://www.pmel.noaa.gov/tao/data_deliv/deliv.html). D20 is a ro-
bust proxy for KW activity; nevertheless the signal contains also a
contribution from reflected Rossby wave (generated by the reflec-
tion of part of the KW energy when they hit the South America
shore). We analyzed the times series provided by the moorings lo-
cated at 0�N–95�W and 0�N–155�W. The 95�W mooring was cho-
sen as closest to the coast and the HCS. Data were available from
January 1983 to September 2006, with some gaps. The 155�W
mooring was chosen as representative of the mid-Pacific, closer
to the location of the initiation of the KWs. Data were available
from August 1991 to September 2006.

Because the different baroclinic modes of each KW may impact
different processes in the coastal ecosystem, it is relevant to ana-
lyze their respective contribution to coastal ecosystem variability.
Following earlier works (Dewitte et al., 1999, 2003), we consider
the first three baroclinic modes (referred hereafter as ak1, ak2
and ak3 for the first three baroclinic modes, respectively); these
are the most energetic propagating modes. Their contribution to
the total KW amplitude can be resolved from observational data
(e.g. wind) input into an ocean model either through direct forcing
or through assimilation. For this work we used two model output
products.

First, we used output from the simple ocean data assimilation
reanalysis of ocean climate variability (SODA, Carton et al., 2000).
SODA is an ocean reanalysis product that combines observations
(historical archive of hydrographical profiles supplemented by ship
intake measurements, moored hydrographical observations, and
remotely sensed SST and sea level) with an ocean general circula-
tion model (Geophysical Fluid Dynamics Laboratory MOM2 phys-
ics). It creates a grid dataset of ocean features (e.g. temperatures,

http://www.pmel.noaa.gov/tao/data_deliv/deliv.html


Table 1
Acronym, description, data type and time series available for each parameter used in the analysis.

Variable
acronym

Description Data type Time series available

ak1 SODA 85�W First, second and third KW baroclinic mode
calculated from SODA at 85�W

Ocean model outputs January 1983–December 2004
ak2 SODA 85�W
ak3 SODA 85�WP

ak SODA 85�W Total KW amplitude from SODA at 85�W
(sum of the three first baroclinic modes)

ak1 SODA 160�W First, second and third KW baroclinic
mode calculated from SODA at 160�Wak2 SODA 160�W

ak3 SODA 160�WP
ak SODA 160�W Total KW amplitude from SODA at 160�W

(sum of the three first baroclinic modes)
ak1 LM 80�W First, second and third KW baroclinic mode

calculated from linear model at 80�W
January 1983–September 2006

ak2 LM 80�W
ak3 LM 80�WP

ak LM 80�W Total KW amplitude from linear model at
80�W (sum of the three first baroclinic modes)

ak1 LM 160�W First, second and third KW baroclinic mode
calculated from linear model at 160�Wak2 LM 160�W

ak3 LM 160�WP
ak LM 160�W Total KW amplitude from linear model at

160�W (sum of the three first baroclinic modes)

D20 95�W 20 �C isotherm depth at 95�W and 155�W TAO moorings January 1983–September 2006, with gaps
August 1991–September 2006D20 155�W

SST Monthly averaged sea surface temperature
off Chicama

IMARPE specific sampling January 1983–September 2006

DCCCW Mean distance to the coast of the cold coastal waters centroïd IMARPE acoustic surveys October 83–December 2005 Discrete data
MSD Mean schools depth of anchoveta
DCanch Anchoveta mean distance to the coast
ISO Percentage of positive (anchoveta sA > 0)

elementary sampling distance units
TD Monthly averaged travel duration IMARPE observers at sea

aboard fishing vessels
December 1995–September 2006 with
gaps (fishery closed)SD Monthly averaged searching duration

NFS Monthly averaged number of fishing sets
TC Monthly averaged trip catch
l Sinuosity and diffusion index from random walk modelling Model output from satellite

fishing vessel monitoring system
November 1999–June 2006, with
gaps (fishery closed)
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ocean salinities, ocean currents) from which the Kelvin wave con-
tribution to the sea level anomaly for the first three baroclinic
modes can be derived (see Dewitte et al., 1999 for more details
on the method). To cover 1983–2004, we used two SODA reanaly-
sis experiments which differ by the atmospheric forcing used (see
Carton and Giese, 2008): the basic reanalysis, SODA1.4.2, spans the
44 year period from 1958 to 2001; a second reanalysis experiment,
SODA1.4.3, spans the period of QuikSCAT scatterometer winds
from 2000 to 2004. Carton and Giese (2008) have shown that the
agreement between the two products over the 2-year overlapping
period (2000–2001) is good. We then built composite time series of
monthly mean sea level anomaly originating from the first three
baroclinic modes (ak1 SODA, ak2 SODA and ak3 SODA), spanning
1983–2004.

Second, the contribution of these three baroclinic modes was
derived from linear model (‘LM’; Dewitte et al., 2002) simulations
forced by in situ (FSU) and satellite-derived (ERS1 and 2 and Quick-
SCAT) winds to produce time series spanning January 1983-Sep-
tember 2006 (ak1 LM, ak2 LM and ak3 LM). The LM assumptions
are less realistic than SODA (it does not include thermocline
dynamics), but this model is much less computationally intensive
and allows to generate longer time series of baroclinic modes
amplitude from wind product only. As a consequence, LM spans
the entire time series from January 1983 to September 2006.

2.2. Coastal oceanography

We used two indicators to describe the physical state of the
coastal ocean off Peru. First, the monthly averaged sea surface
temperature (SST) off Chicama (collected by IMARPE) presents a
long and complete time series and was used as a proxy of the aver-
age coastal temperature (Gutiérrez et al., 2007). Second, we esti-
mated offshore extent of the cold coastal waters (CCW) resulting
from coastal upwelling. Water masses including CCW were defined
with an algorithm using temperature, salinity, season and latitude
data collected at regular stations during the scientific surveys per-
formed by IMARPE (see next paragraph and Swartzman et al., 2008
for details). We calculated the mean distance to the coast of the
CCW centroid (DCccw) and take this distance to estimate the range
of extension or width of the CCW.

2.3. Anchoveta distribution

In Peru, annual acoustic surveys of fish population distribution
and abundance have been conducted since 1983 by IMARPE. Sur-
veys occupied on/offshore parallel transects averaging 90 nautical
miles (167 km) offshore, with inter-transect distance varying be-
tween 14 and 16 nautical miles (26–30 km). Acoustic data were
collected by Simrad echosounders (EK, EKS, EK400 before 1995,
and EY500, EK500 thereafter, except an EK60 was used 2001–
2005 in one vessel). Calibration and intercalibration of the echo-
sounders were undertaken before each survey according to Foote
et al. (1987). The acoustic nautical area scattering coefficient (sA),
an index of fish abundance, was recorded in each geo-referenced
elementary sampling distance unit (ESDU) of 2 n.mi. (1983–
1993) or 1 n.mi. (1994–2006). Anchoveta were identified in the
acoustic data with trawl samples. From the acoustic data, we ex-
tracted for each survey three metrics of anchoveta distribution:



Fig. 1. Time series for the variables describing the Kelvin wave amplitude: first three baroclinic modes (ak1, ak2, ak3) and their sum (
P

ak) from SODA and linear model (LM)
outputs, and depth of the 20 �C isotherm from TAO moorings (D20).
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(i) mean distance to the coast (DCanch; see Swartzman et al.,
2008); (ii) an index of spatial occupation (ISO) of fish biomass de-
fined as the percentage of positive (anchoveta sA > 0) ESDU (Ber-
trand et al., 2004a); and (iii) the mean depth of anchoveta
schools (MSD).

2.4. Fishing activity

The description of fishing activity relies on two observation
platforms. First we used information collected daily by an onboard
IMARPE observers program running since 1996. When the fishery
is open, about 25 vessels carry an observer (Bertrand et al.,
2004c). Observers record the trip duration (TD), the searching
duration (SD), the number of times the net was set (NFS), and
the trip catch (TC). These variables, collected for each fishing trip,
were averaged by month. Second, we used an index (l) describing
the movements of fishing vessels when foraging for anchoveta
(Bertrand et al., 2005, 2007). This index is derived from a Lévy ran-
dom walk modelling of the fishing trip trajectories as observed by a
satellite vessel monitoring system (VMS). This index, whose values
range between 1 and 3, describes both the sinuosity and the area
explored (diffusion) by a vessel trajectory. When l is high, the
search is close to random, with high sinuosity and low diffusion.
In others terms, time allocated to searching and fishing is high
and time allocated to steaming is low. When l is low, the search
is close to ballistic or directed, with low sinuosity and high diffu-
sion (Bertrand et al., 2005, 2007). In that case, time allocated to
steaming, between fish aggregations, is higher. Data from observ-
ers at sea are available from December 1995 to September 2006;
data from VMS from November 1999 to September 2006.
2.5. KW impact on coastal ecosystem dynamics: data analysis

We used 18 variables to describe the characteristics of the KWs
and their baroclinic modes: (i) the amplitude of baroclinic modes
ak1, ak2, ak3, and their sum (

P
, showing the global amplitude of

the wave and therefore the amplitude of the sea level anomaly)
as estimated from SODA at 85�W and 160�W and from LM at
80�W and 160�W, and (ii) D20 at 95�W and 155�W. In addition,
‘coastal ecosystem’ dynamics were described by 10 variables as de-
fined above: SST, DCccw, MSD, DCanch, ISO, TD, SD, NFS, TC and l.
2.5.1. Bivariate correlations
The relationships between KW forcing and coastal ecosystem

dynamics were explored through two different statistical ap-
proaches. First, we used bivariate Pearson correlation tests to
quantify the strength of the relationship between each KW baro-
clinic mode and each coastal ecosystem variable and to identify
if these coastal ecosystem variables responded (with delay) to
the KW forcing. Each of the coastal ecosystem variables was corre-
lated with 1–4 months lags to SODA at 85�W, LM at 80�W and D20
at 95�W and with 1–6 months lags to SODA and LM at 160�W and
D20 at 155�W. Because many variables were only available on a
discrete basis (acoustic surveys) and others had a significant num-
ber of missing data, no systematic treatment could remove season-
ality or autocorrelation. This is not a serious problem for several
reasons. First, the raw time series (Figs. 1 and 2) show that, in gen-
eral, the seasonal cycle is not strong enough to blur lower fre-
quency signals (El Niño 1997–98 event for instance). Second,
according to Pyper and Peterman (1998), removing autocorrelation



Fig. 2. Time series for the variables describing the Peruvian coastal ecosystem dynamics: mean distance to the coast of the cold coastal waters (DCccw), sea surface
temperature off Chicama (SST), mean depth of anchoveta schools (MSD), spatial concentration of anchoveta biomass (ISO), mean distance to the coast of anchoveta (DCanch),
mean fishing trip duration (TD), mean searching duration (SD), mean number of fishing sets by trip (NFS), mean catch by trip (TC), and the synthetic index describing fishing
trip trajectories (l).
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(for example by ‘prewhitening’, by first differencing) makes impli-
cit assumptions that low-frequency variability is unimportant or
may add noise to the time series. The same authors propose an
alternative method to account for autocorrelation, which consists
of reducing the degrees of freedom with a modified Chelton
(1984) method, estimating a lower critical p-value. However, be-
cause many of our variables have missing data, we could not esti-
mate the autocorrelation functions required for this method, so we
simply considered test results with p < 0.01 as significant. As we
performed a large number of correlations (1080), we applied the
false discovery rate (FDR) multitest correction to avoid inflating
Type I error (Benjamini and Hochberg, 1995). For this test, p-values
of the n tests are ranked in ascending order. The null hypothesis is
rejected for all the tests of rank j inferior to k, k being the rank
satisfying:

pk <¼ k � a � n�1 ð1Þ

Finally, the overall adequacy of linear modelling (an underlying
assumption for a parametric bivariate correlation test) was
checked using non-parametric cubic spline smoothers with S-Plus
(Insightful Corporation, Seattle, WA, USA).

2.5.2. Multivariate statistical approach
Second, to identify the major scenarios of the coastal ecosystem

and to examine its multivariate trajectory in the phase-space of the
KW forcing, we completed the investigation through multivariate
statistics. We built a principal component analysis (PCA, e.g. Lebart
et al., 2000) with the KW forcing variables (ak1, ak2, ak3, SODA
85�W and LM 80�W, D20 at 95�W) as continuous active variables.
We projected all the other variables (illustrative) on the factorial
space built by the continuous variables to investigate the effect
of KW forcing on the coastal ecosystem dynamics. To facilitate
the interpretation and to search for non-linear processes, we cate-
gorised each illustrative variable in three modalities: low (1), med-
ium (2) and high (3). We finally projected the 285 study months on
the factorial space to identify the main scenarios for this ecosystem
and to follow the multivariate trajectory of the system through
time (Link et al., 2002).

3. Results

Raw time series for the 18 metrics describing the KWs forcing
and the 10 metrics describing the coastal ecosystem dynamics
are presented in Figs. 1 and 2, respectively. These figures highlight
the different time span covered by each of these metrics and
clearly show extreme events such as the El Niño of 1997–98.

3.1. Correlations between TAO observations and models outputs

Table 2 synthesises results of correlation tests performed be-
tween the data describing the KWs: D20 at 95�W and 155�W,
and the corresponding outputs of SODA and LM. SODA output data
(
P

ak SODA) were globally more correlated to TAO observations
(D20; q = 0.90 and q = 0.80 for the eastern and western time series,
respectively) than LM output (

P
ak LM, q = 0.79 and q = 0.77 for

the eastern and western time series, respectively). This result is
consistent with the more realistic assumptions made by SODA on
the ocean structure compared with LM (no thermocline dynamics
in LM).

Correlation between SODA and LM outputs was approximately
the same for the eastern and western time series for ak2
(q = 0.66 and q = 0.67, respectively) and ak3 (q = 0.69 and
q = 0.68, respectively). There was more difference for the first baro-
clinic mode between the eastern and western time series (ak1;



Table 2
Equatorial KWs forcing, correlations between observations and models outputs:
depth of the 20 �C isotherm from TAO moorings (D20), first three baroclinic modes
(ak1, ak2, ak3) and their sum (

P
) from SODA and the linear model (LM).

Type of test Variable 1 Variable 2 q
Pearson

p-
Value

df

Correlations
between
models outputs
and
observations

P
ak SODA

85�W
D20 depth
95�W

0.90 0 96

P
ak LM 80�W D20 depth

95�W
0.79 0 115

P
ak SODA

160�W
D20 depth
155�W

0.80 0 158

P
ak LM 160�W D20 depth

155�W
0.77 0 168

Correlations
between
SODA outputs
and linear
model
outputs

ak1 SODA 85�W ak1 LM 80�W 0.48 0 262
ak2 SODA 85�W ak2 LM 80�W 0.66 0 262
ak3 SODA 85�W ak3 LM 80�W 0.69 0 262P

ak SODA
85�W

P
ak LM 80�W 0.76 0 262

ak1 SODA
160�W

ak1 LM 160�W 0.58 0 262

ak2 SODA
160�W

ak2 LM 160�W 0.67 0 262

ak3 SODA
160�W

ak3 LM 160�W 0.68 0 262

P
ak SODA

160�W

P
ak LM 160�W 0.67 0 262
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q = 0.48 and q = 0.58 for the eastern and western time series,
respectively). The difference between the two models is reduced
in the oceanic domain (western time series) where non linear pro-
cesses are less important. The correlation between SODA and LM
was lower for ak1 than for ak2 and ak3. The LM estimate of the first
KW baroclinic mode (ak1) also contains over-energetic sub-sea-
sonal variability due to the overestimation of reflection of the Ross-
by waves at the western boundary (idealized boundaries in LM
versus realistic coastline and topography for the SODA model;
and simplified formulation for friction in LM).

3.2. Bivariate correlations

Correlations were explored between the 18 metrics describing
the KW forcing and the 10 metrics describing the Peruvian coastal
ecosystem dynamics, these being lagged either 1–4 or 1–6 months
lags for the eastern and western KW forcing, respectively. A total of
414 of 1080 correlations were significant (at p < 0.01) after FDR
multitest correction. The linear assumption underlying those cor-
relations (see Fig. 3 for examples of bivariate relationships) was
acceptable for most of the variables.

Results of significant correlations are synthesised for the east-
ern KW time series (D20 95�W, SODA 85�W and LM 80�W) in Table
3, and western KW time series (D20 155�W, SODA 160�W and LM
160�W) in Table 4. Only those results corresponding to the baro-
clinic mode and the time lag maximizing the correlation for each
time series are presented. In most cases, significant correlations
were also obtained for close lags or modes. Overall trends for each
dependent variable are symbolised in the column 3 of Tables 3 and
4.

A downwelling KW near the coast [i.e. a high positive anomaly
for the D20 depth at 95�W and high positive anomaly of the sea
surface height from SODA (85�W) or LM (80�W)] leads to (Table
3): (i) an increase in SST (max q: 1 month lag with D20); (ii) a de-
crease in the extent of cold coastal waters (DCccw, max q: 3
months lag with D20 and

P
ak LM); (iii) a deepening of the mean

depth of anchoveta schools (MSD, max q: 1 month lag with
D20); (iv) a reduction in the extent of anchoveta distribution
(DCanch, max q: no lag with ak3 SODA); (v) an increased spatial
concentration of anchoveta biomass (lower ISO, max q: 3 months
lag with ak3 SODA); (vi) a decrease in the mean fishing trip dura-
tion and the time allocated to searching by fishers (TD and SD, max
q: no lag with ak2 SODA); (vii) a decrease in the mean number of
fishing sets per trip (NFS, max q: 2 months lag with ak1 SODA);
(viii) a decrease in the total catch per trip (TC, max q: 3 months
lag with ak3 SODA); and (ix) an increase in the sinuosity by fishing
trip trajectories (l, max q: 1 month lag with ak2 LM). The strength
of these correlations (mean q values) generally decreases from the
coastal oceanography indices to the fishing activity indices, proba-
bly illustrating the increasing complexity or indirect nature rela-
tions between the physical forcing and the impacted processes.
The trends obtained under an upwelling KW forcing are symmetri-
cally opposite.

A downwelling KW detected far from the coast (155–160�W)
leads to similar trends at the coast (85–95�W) but with longer lags
(Table 4). The only difference in the overall trends is a decrease in
spatial concentration of anchoveta (ISO positive). This result
should be considered with caution because only one correlation
was significant for ISO. As for the eastern time series, the situation
is symmetrically opposite under an upwelling KW forcing.

3.3. Multivariate statistics

The first two factors of the PCA built with ak1, ak2, ak3 from
SODA at 85� W and from LM at 80�W and D20 depth from TAO
at 95� W represent 63.7% and 12.9% of the total variance, respec-
tively (Fig. 4a). The first factor can be interpreted as a global
descriptor of the KW signal and sets the warm events (left panel
of the multifactorial plane corresponds to downwelling KWs asso-
ciated with elevated sea surface and deepened thermocline)
against the cold events (right panel of the multifactorial plane cor-
responds to upwelling KWs associated with reduced sea level and
shallowed thermocline). The second factor, which explains much
less variance than factor 1, sets mainly the baroclinic modes of
higher order (ak3) against the ones of lower order (ak1).

The projections of the modalities of the 10 variables describing
the dynamics in the Peruvian coastal ecosystem on this space
(Fig. 4b; categorised in three modalities, with time lags maximiz-
ing their coordinates on the first factor) shows generally similar
patterns to those described by bivariate correlations (Tables 3
and 4), with slightly different lag periods. A warm event, character-
ized by a downwelling KW (left panel of the multifactorial space) is
associated with: (i) an increased SST (modality 3, 1 month lag); (ii)
a lower mean distance to the coast of the coastal cold water (CCW;
modality 1, 3 months lag); (iii) a increased mean school depth
(MSD, modality 3, 3 months lag); (iv) a reduced mean distance to
the coast of anchoveta (DCanch, modality 1, no lag); (v) an in-
creased spatial concentration of the fish biomass (ISO, modality
1, 1 month lag); (vi) low fishing trip duration (TD, modalities 1
and 2, no lag); (vii) low searching duration (SD, modalities 1 and
2, 1 month lag); (viii) low number of fishing sets (NFS, modality
1, 1 month lag); (ix) low total catches (TC, modalities 1 and 2, 3
months lag); and (x) fishing trip trajectories characterized by high-
er sinuosity and lower diffusion (l, modalities 2 and 3, no month
lag). The situation for a cold event, characterized by an upwelling
KW forcing, is symmetrically opposite.

The projection of the 285 study months on this multivariate
space shows the ecosystem trajectory in the phase-space of the
oceanic KW forcing (Fig. 5). A main cloud of points is projected
on the central-right part of the first factorial plane and represents
the dominant ‘cold’ ecological scenario where the Peruvian ecosys-
tem has mainly laid for the study period. Apart from this cloud a
series of isolated points lie on the left part of the factorial plane.
These represent El Niño warm extreme events. When these points
are linked through their succession in time (Fig. 5), the trajectories
over three El Niño’s: 1982–83, 1991–92, 1997–98) are revealed.



Fig. 3. Examples of non-parametric cubic Spline smoothers applied to the bivariate relationships that maximized the correlation between oceanic KWs signal (D20 at 95�W,
SODA 85�W and linear model 80�W) and metrics describing the Peruvian coastal ecosystem dynamics.

Table 3
Synthesis of the bivariate Pearson correlations between the eastern KWs indexes (D20 at 95�W, SODA at 85�W and linear model (LM) at 80�W) and the metrics describing the
Peruvian coastal dynamics, each of these being lagged up to 4 months: sea surface temperature off Chicama (SST), mean distance to the coast of the cold coastal waters (DCccw),
mean depth of anchoveta schools (MSD), mean distance to the coast of anchoveta (DCanch), index of surface occupation by anchoveta (ISO, lower is ISO, higher is the spatial
concentration of anchoveta), mean total duration of the fishing trips (TD), mean time allocated to search for fish (SD), mean number of fishing sets (NFS), mean catch by trip (TC),
and an synthetic index of the fishing vessel trajectory (l). All these results were significant at p < 0.01 after multitest correction. Only the statistical results corresponding to the
baroclinic mode and the time lag maximizing the correlation for each parameter are presented. In most of cases, close significant results were obtained for a close time lag and/or
mode. These overall results are synthesised in the column presenting the general trend of the correlations for each dependent variable.

Impact of oceanic KWs forcing on General trend D20 at 95�W SODA 85�W LM 80�W

q df Lag KW baroclinic mode q df Lag KW baroclinic mode q df Lag

Peruvian coastal oceanography SST % 0.85 111 1 ak3 0.80 258 0 ak3 0.74 279 0
DCccw & �0.54 38 3 ak3 �0.51 80 2

P
ak �0.54 85 3

Anchoveta distribution MSD % 0.80 22 1 ak3 0.53 56 1
P

ak 0.65 56 2
DCanch & �0.50 37 1 ak3 �0.55 78 0 ak2 �0.46 84 0
ISO & – – – ak3 �0.32 87 3 – – – –

Fishing fleet behaviour TD & – – – ak2 �0.34 89 0 – – – –
SD & – – – ak2 �0.31 89 0 – – – –
NFS & �0.35 61 3 ak1 �0.40 91 2 ak2 �0.28 103 0
TC & – – – ak3 �0.35 95 3 ak2 �0.26 105 0
l % – – – – – – – ak3 0.32 69 1
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Table 4
Synthesis of the bivariate Pearson correlations between the western KWs indexes (D20 at 155�W, SODA at 160�W and linear model (LM) at 160�W) and the metrics describing the
Peruvian coastal dynamics, each of these being lagged up to 4 months: sea surface temperature off Chicama (SST), mean distance to the coast of the cold coastal waters (DCccw),
mean depth of anchoveta schools (MSD), mean distance to the coast of anchoveta (DCanch), index of surface occupation by anchoveta (ISO, lower is ISO, higher is the spatial
concentration of anchoveta), mean total duration of the fishing trips (TD), mean time allocated to search for fish (SD), mean number of fishing sets (NFS), mean catch by trip (TC),
and an synthetic index of the fishing vessel trajectory (l). All these results were significant at p < 0.01 after multitest correction. Only the statistical results corresponding to the
baroclinic mode and the time lag (in months) maximising the correlation for each parameter are presented. In most of cases, close significant results were obtained for a close
time lag and/or mode. These overall results are synthesised in the column presenting the general trend of the correlations for each dependent variable.

Impact of oceanic KWs forcing on General trend D20 at 155�W SODA 160�W LM 160�W

q df Lag Baroclinic KW mode q df Lag Baroclinic KW mode q df Lag

Peruvian coastal oceanography SST % 0.46 160 4 ak3 0.39 258 6 ak3 0.62 276 3
DCccw & – – – – – – – ak2 �0.42 85 5

Anchoveta distribution MSD % 0.51 38 6 ak3 0.41 56 5 ak3 0.53 56 5
DCanch & �0.33 63 5 ak3 �0.44 80 5 ak3 �0.45 84 2
ISO % – – –

P
ak 0.28 86 2 – – – –

Fishing fleet behaviour TD & �0.57 96 2
P

ak �0.48 92 3 ak3 �0.33 105 2
SD & �0.48 96 2 ak1 �0.39 94 5 ak1 �0.26 105 3
NFS & �0.28 96 2

P
ak �0.32 92 3 ak2 -0.32 103 3

TC & – – – – – – – ak2 �0.34 105 2
l % – – – – – – – ak2 0.35 69 6
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The difference in trajectories illustrates the difference in magni-
tude of the El Niño events (lower for the event of 1991–92).

4. Discussion

Our main objective has been to describe how large scale oceanic
forcing via Kelvin waves (KWs) affects the coastal Peruvian ecosys-
tem. How is the global energy of a basin-scale process released
when arriving at the coast? It is usually admitted that the arrival
of oceanic upwelling or downwelling KWs may have two types
of consequences in the coastal domain. First, by changing the ther-
mocline depth, KWs increase or decrease nutrient supply to the
surface via upwelling (Barber and Chavez, 1983). If the upwelling
pump is less efficient, the consequence is a reduction of the extent
of rich and cold coastal surface waters and as a consequence, an
apparent intrusion of warm oceanic waters. Additionally, passage
of coastally-trapped KWs modifies the cross-shore temperature
gradient (upwelling front), may change the stability of the upwell-
ing currents (Morel et al., 2007) and can trigger extra-tropical
Rossby waves that radiate offshore. Near the upwelling front,
KWs induce meso-scale mixing and diffusion.

This work quantifies the direction and the strength of interac-
tion between oceanic KW forcing and coastal ecosystem dynamics.
SODA’s underlying assumptions are more realistic than those of LM
and in better agreement with TAO observations (D20). However
when considering the western oceanic forcing signal, the LM was
almost as good as SODA and even better correlated with the coastal
parameters (Table 4). The LM time series also identified a correla-
tion between KWs and the spatial behaviour of fishers (l). This re-
sult is probably due to a better coherence between the time series
(data allowing l estimation were only available from 1999). De-
spite these minor inconsistencies between KWs descriptors, the
two statistical approaches — bivariate lagged correlations and mul-
tivariate statistics — produced coherent and complementary
results.

We could portray contrasting coastal scenarios according to the
nature of the oceanic KW forcing (Fig. 6). A downwelling KW, by
depressing the thermocline, makes that coastal upwelling brings
to surface warmer, low nutrient waters (Barber and Chavez,
1983). Then, the extent of cold and nutrient-rich waters, CCW, is
reduced (& DCccw), and sea surface temperature increase (%SST)
in the coastal domain. With these changes anchoveta tend to dis-
tribute (i) closer to the coast (& DCanch), remaining in the CCW
(Bertrand et al., 2004b; Swartzman et al., 2008), and (ii) deeper
in the water column (% MSD) beneath the warm and less produc-
tive surface waters (e.g. Arntz and Fahrbach, 1996). Under these
conditions anchoveta are concentrated in space (& ISO, see Gut-
iérrez et al., 2007) and the time needed by fishers to find anchoveta
aggregations is reduced (& SD) and fishing trips are briefer (& TD).
The number of fishing sets by trip also decreases (& NSF) as does
the catch per trip (& TC). When fish are concentrated in the very
coastal fringe the decreased TC seems surprising but may have sev-
eral explanations: (i) when operating close to the coast, fishers off-
load more frequently, even when only partly loaded; (ii) anchoveta
may be less available to the industrial fleet which, by law, cannot
fish nearshore (<5 n.mi.); (iii) anchoveta may move too deep to
be available to the purse seine (Bertrand et al., 2004b). Finally,
the trajectories followed by the fishing vessels are more sinuous,
random-like, and explore smaller areas (% l). This ‘Brownian’-like
motion occurs because the ships do not need to steam offshore (di-
rected travel) and between clusters when anchoveta are concen-
trated near the coast in highly contagious aggregations (Clark,
1976; Bertrand et al., 2005). The scenario under the arrival of an
upwelling KW is symmetrically opposite to what was described
for downwelling KWs (Fig. 5).

Several of these patterns have been described previously (e.g.
McPhaden, 1999; Escribano et al., 2004), but the contribution of
oceanic KW forcing to the changes in the coastal ecosystem had
not been quantified. This work shows that the effect of large scale
oceanic KW forcing is detectable and significant in the spatial orga-
nization of the ecosystem, including anchoveta and one of their top
predators, man. This is an evidence for a bottom-up transfer of the
behaviours and spatial structuring (Frontier, 1987; Russel et al.,
1992): physics structures the oceanscape and drives the distribu-
tion of particles and passive organisms (plankton); then, because
living organisms have to meet their prey, they tend to track their
distribution (e.g. Frontier et al., 2004) and by the succession of
predator–prey relationships, the spatial structuring originally dri-
ven by physical forcing tends to be transmitted along the trophic
levels of the ecosystem (Fig. 7). Attenuation of the correlations
from the oceanographic descriptors (most correlations being in
the order of 0.65) to the fishery descriptors (most correlations
being in the order of 0.35) reflects the increasing complexity of
the factors driving the spatial distributions from physics (water
masses redistribution obeying fluid mechanics rules) to living
organisms (interplay between physical forcing, biological and eco-
logical constraints).

The multivariate representation of the ecosystem in a factorial
plane founded on KW oceanic forcing also showed one state dom-
inated the ecosystem (1983–2006), corresponding basically to an



Fig. 4. Results from the PCA analysis: (a) variables describing the large scale oceanic forcing as active variables to build the multifactorial space and (b) the metrics describing
the coastal ecosystem dynamics were categorised in three modalities (low = 1, medium = 2 and high = 3) and projected on this factorial plane: sea surface temperature off
Chicama (SST), mean distance to the coast of the cold coastal waters (DCccw), mean depth of anchoveta schools (MSD), mean distance to the coast of anchoveta (DCanch),
spatial concentration of anchoveta biomass (ISO), fishing trip mean duration (TD), fishing trip mean searching duration (SD), mean number of fishing sets by trip (NFS), mean
catch by trip (TC), synthetic index of the vessels trajectories (l).
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average cold or ‘upwelling dominant’ scenario, with extreme tra-
jectories corresponding to warm but punctual events (El Niño’s),
generated by downwelling KWs. We hypothesize that one pseu-
do-stable (cold and productive) state largely dominated our study
period because the time series data falls (i) mainly in a cold decadal
phase or ‘anchovy era’; (ii) the end of a warm regime for the very
first years of the time series (Alheit and Ñiquen, 2004; Gutiérrez
et al., 2007) and (iii) more generally because whatever is the dec-
adal context (warm or cool), temperature anomalies associated La
Niña events (temperature anomaly for Niño 3.4 usually less than
2.5 �C) are on average less than for El Niño events, (temperature
anomaly for Niño 3.4 usually less than 4 �C). It would be interesting
to extend the multivariate description of the ecosystem to the dif-
ferent Viejo-Vieja decadal periods and anchovy–sardine alternative
eras (Chavez et al., 2003). We could then test if during warm dec-
adal periods, upwelling KWs would induce ‘cold’ events within
background warm conditions (see also An, 2004). Additionally,
other descriptors could be added in the future to this analysis, such



Fig. 5. Projection of the scores for each study month on the first factorial plan. The systemic trajectory for three extreme events in the ecosystem is indicated: El Niño 82–83
(dark grey), El Niño 91–92 (light grey), El Niño 97–98 (black).

Fig. 6. Synthesis of the warm and cold ecological scenarios driven by oceanic KW forcing observed in the coastal Humboldt Current system. The qualitative response of the
metrics describing the coastal ecosystem dynamics are presented for (i) Peruvian coastal oceanography: sea surface temperature (SST), mean distance to the coast of the cold
coastal waters (DCccw); (ii) anchoveta distribution: mean distance to the coast (DCanch), index of anchoveta spatial distribution (ISO), mean depth of the schools (MSD); (iii)
fishing fleet behaviour: mean travel duration (TD), mean searching duration (SD), mean number of fishing sets (NFS), mean trip catch (TC), synthetic index of fishing trip
trajectories (l).
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Fig. 7. Schematic representation of the concept of bottom-up transfer of behavious and spatial structuring. The physical forcing structures the pelagic landscape by
introducing turbulence in the water mass. The dissipation of this turbulence is fractal by nature and generates a hierarchical structuring of the water mass. The inert particles
(nutriments) and part of living organisms (phytoplankton and most of the zooplankton) are passively organized in space by this physical forcing. Then, biological interactions
such as predator–prey relationships transmit to a certain extent this spatial structuring along the trophic chain.
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as oxycline depth or plankton community or top predator abun-
dances. Using a similar methodology with three decades-long
study period, Link et al. (2002) produced a powerful representation
of three ecosystem scenarios for the Northeast US continental
shelf. As emphasized by Link et al. (2002), if fisheries managers
can be more informed of overall ecosystem status they will be
empowered to better make operational predictions regarding fluc-
tuations of the resources they are charged with protecting (Pitcher,
2001).

The statistics also showed the existence of a delay between KW
signal and coastal ecosystem response. The Eastern Time series
that characterized KWs are located on the Equator at 85–90�W.
KWs reach and pass along the Peruvian coast from this longitude
in less than a week, depending on the relative contribution of the
baroclinic modes (�240 km day�1 for the ak1 mode). However,
the effects of such KWs remain strong in the Peruvian ecosystem
over the next 1–3 months. The existence of these lags may be
partly explained by the meso-scale effects of mixing and diffusion
mentioned above, or by a ‘biological’ delay, with the biological sys-
tem responding over time. However, the details of these lags re-
main difficult to understand. Lags were not longer for fishing
activities than for fish distribution or local physical measures
(Fig. 6). For instance, anchoveta reacted (in terms of mean distance
to the coast) to a warm event even before that the water masses
redistribution was detected (lag 0 for DCanch, 3 months lag for
DCccw). If this is not an artifact of the analysis (monthly discreti-
zation of the time series, averaging data over the entire Peruvian
coast), it may suggest that the KW signal is detected by organisms
before the oceanography was substantially impacted or observable
(see McFarlane et al., 2000).
Fishery managers need to forecast dynamics of the coastal eco-
system (e.g. Broad et al., 2002). KWs predictably affect coastal pro-
cesses even when measured 2–6 months in advance in the central
Pacific (see western KW time series). The detection of a downwel-
ling KW for instance should be considered as a warning signal of
forthcoming adverse conditions for anchoveta (reduced habitat
and high vulnerability to the fishing fleet) and fisheries managers
should then be prepared to decide temporary management mea-
sures reducing fishing pressure (closure or other). This is a piece
of answer to Clark who stated as early as 1976 that ‘‘to manage
the anchoveta stock properly under all the environmental condi-
tions that occur in Peru, particularly during El Niño events, the
Peruvian authorities would need to be able to predict environmen-
tal changes and their effects on the stock. Variations in upwelling
strength along the coast of Peru result from large scale changes
across the Pacific Ocean, and may soon be predictable from leading
indicators (. . .)”. Not so soon, but thirty years later, we are finally
able to propose that KWs amplitude (direct observations and mod-
el-resolved baroclinic modes) should be used in the dashboard of
the Peruvian fishery adaptive management. Taking into account
this large scale oceanic forcing signal should provide a few pre-
cious months of anticipation - months indispensable in the deci-
sion making process to make anchoveta fishery sustainable.
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The marine ecosystem located off the coast of central and northern Peru has stood as the ‘‘world’s cham-
pion” producer, by far, of exploitable fish biomass, generally yielding more than 20 times the tonnage of
fishery landings produced by other comparable regional large marine ecosystems of the world’s oceans
that operate under similar dynamic contexts and are characterized by comparable, or even greater, basic
primary production. Two potentially contributing aspects are discussed from a framework of interre-
gional comparative pattern recognition: (1) the advantageous low-latitude situation that combines
strong upwelling-based nutrient enrichment with low wind-induced turbulence generation and rela-
tively extended mean ‘‘residence times” within the favorable upwelling-conditioned near-coastal habitat
and (2) the cyclic ‘‘re-setting” of the system by ENSO perturbations that may tend to interrupt malignant
growth of adverse self-amplifying feedback loops within the nonlinear biological dynamics of the ecosys-
tem.

There is a developing scientific consensus that one of the more probable consequences of impending
global climate changes will be a general slowing of the equatorial Pacific Walker Circulation and a
consequent weakening of the Pacific trade wind system. Since the upwelling-favorable winds off Peru
tend to flow directly into the Pacific southeast trade winds, a question arises as to the likely effect on
the upwelling-producing winds that power the productivity of the regional coastal ecosystems of the
Peru–Humboldt Current zone. It is argued that the effects will in fact be decoupled to the extent that
upwelling-favorable winds will actually tend to increase off Peru. Data demonstrative of this decoupling
are presented. A tendency for less intense El Niño episodes in the future is also suggested. These conclu-
sions provide a framework for posing certain imponderables as to the future character of the Peruvian
marine ecosystem and of the fisheries it supports.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Major regional coastal upwelling ecosystems exist in each of the
eastern ocean boundary current zones of the Pacific and Atlantic
Oceans (Fig. 1). The marine ecosystem off Peru, comprising the
northern segment of the Humboldt system, is unequaled in sheer
tonnage of fishery landings. In terms of producing fish biomass,
it is truly ‘‘heavyweight champion of the world”.

The rather steady alongshore winds that blow in the equator-
ward direction along the Peruvian coast drive strong wind-induced
coastal upwelling. Just downwind of the upwelling zone, the
upwelling-favorable wind flow separates from the coast and turns
offshore to feed into the westward trade wind flow that character-
izes the near-equatorial band of the Pacific Ocean. As a result, the
Peruvian upwelling has been traditionally described as being dri-
ll rights reserved.

un).
ven by the trade winds (e.g., Paulik, 1971). The nutrient enrich-
ment and resulting primary productivity associated with this
strong upwelling is generally understood to constitute the essen-
tial basis for the area’s remarkable fishery production.

Growing evidence, modeling findings, and resulting scientific
consensus (e.g., Vecchi et al., 2006; Vecchi and Soden, 2007) pre-
dict that, as a result of continued buildup of greenhouse gases in
the earth’s atmosphere, the Pacific trade wind system will tend
to decline in intensity. This has led to questions as to whether this
implies a simultaneous slowing of the Peruvian upwelling system.
Somewhat counter to this idea is a theory (Bakun, 1990), corrobo-
ration of which appears to be unfolding as the record of observa-
tions continues to lengthen (see Section 5.1), predicting that
coastal upwelling should intensify as greenhouse gases increase.
These considerations have led to serious questions about the pros-
pects for the Peruvian upwelling ecosystem and its associated fish-
eries productivity in a future expected to be characterized by (1)
greenhouse gas-mediated global climate change and (2) ever
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Fig. 1. Locations (shaded rectangles) of major regional eastern ocean upwelling systems; darker-shaded rectangles denote the quasi-separated Peruvian and northern
Benguela near-equatorial sub-systems of the respective Humboldt Current and Benguela Current regional upwelling ecosystems.
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increasing demand for fisheries products leading to increasing
pressures for massive overfishing of a sort that has already ad-
versely impacted other marine ecosystems, notably the northern
Benguela upwelling ecosystem which we use in this paper as a log-
ical analog to the Peruvian system (see below).

The great evolutionary biologist, Ernst Mayr, has called the
experimental method and the comparative method ‘‘the two great
methods of science” (Mayr, 1982). The experimental method,
where a series of multiple realizations of a process needed to draw
scientific inference is assembled from a sequence of controlled
experiments, is the one that most people think of first when con-
sidering the scientific method. However marine ecosystems, on
the scales of large mobile fish populations and the coupled dy-
namic ocean–atmosphere systems in which they are imbedded,
are not amenable to deliberate experimental controls. Fortunately,
the comparative method, where the required set of realizations is
gathered from naturally occurring spatial or temporal variability,
offers an available alternative (Mayr, in fact, credits the power of
the comparative method for ‘‘nearly all of the revolutionary ad-
vances in evolutionary biology”, another area where the enormity
of scale, notably temporal in that case, tends to preclude applica-
tion of experimental controls).

In this paper, we apply the comparative method to attempt to
identify the specific factors underlying the fishery productivity of
the Peru system. We focus particularly on unique characteristics
that might potentially explain its unrivaled status as a producer
of exploitable fish. Obvious comparative analogs are the other sim-
ilar eastern ocean boundary upwelling regions (Fig. 1). Of these, the
northern Benguela region, being similarly situated as the equator-
ward sub-region of the other major southern hemisphere regional
upwelling system could be considered in many respects to be the
most parallel comparative analog to the Peru system. Moreover,
having already experienced durable decimation of its fishery pro-
ductivity, it also might offer an instructive example of what those
concerned with the Peru system may wish fervently to avoid.

2. The ‘‘world’s champion fish-producing ecosystem

The ability of the Peruvian marine ecosystem to produce unpar-
alleled quantities of fish is truly remarkable. For example, in the
late 1960s, one single country, Peru, routinely landed more ton-
nage of one single fish species, the Peruvian anchoveta (Engraulis
ringens), than the combined total of all the other fished species,
both marine and freshwater, landed by all the other countries of
North and South America combined. In seeming paradox, the Hum-
boldt system appears to be no more productive in terms of primary
productivity than either the Canary or Benguela systems. For
example, a recent study by Carr (2001) indicates that it may be
only half as productive as the Benguela system. Nevertheless, the
Humboldt system routinely has produced more than 20 times as
much fish as either of these other two similar systems. Moreover,
the Peru system, the smaller near-equatorial sub-segment of the
Humboldt Large Marine Ecosystem, often generates the major por-
tion of the entire Humboldt system’s fish production.

The northern Benguela system, located off the coasts of the Afri-
can countries of Namibia and southern Angola, is a logical compar-
ative analog to the Peru system, likewise constituting a more or
less connected near-equatorial sub-system of one of the two major
southern hemisphere eastern ocean boundary current upwelling
regions. It also likewise appears to be the more productive segment
of a larger regional LME (the Benguela Current LME) of which it is a
component (Carr, 2001). Comparing examples of satellite images of
the two regions reveals strong similarities in the pronounced near-
coastal ocean surface cooling and high near-coastal phytoplankton
production characteristic of intense coastal upwelling zones
(Fig. 2). Lüderitz, Namibia, the site of the strongest zone of sus-
tained upwelling in the world, appears as somewhat an analog to
Punta San Juan, the location of the strongest upwelling core of
the Peru system.

The fact that the Peru system may generate considerably less
primary production than the northern Benguela (Carr, 2001), while
clearly generating enormously more fish production, demonstrates
that higher primary production does not necessarily lead to greater
fish production. This conclusion is worth emphasizing. For exam-
ple, sardines in the eastern Pacific often grow population during
El Niño episodes, which are noted for strikingly lowered ocean pro-
ductivity; using the CalCOFI data set, Agostini et al. (2007) found
sardine recruitment to actually be inversely correlated with zoo-
plankton abundance in the larval habitat. This emphasizes the no-
tion that in the ocean, ‘‘food heaven” generally coincides with



Fig. 2. Satellite imagery examples: (a) SST, Peru system, 7–14 April 2005; (b) SST, N. Benguela system, 7–14 April 2005; (c) Chlorophyll, Peru system, 7–22 April 2005 and (d)
Chlorophyll, N. Benguela system, 7–22 April 2005.
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‘‘predation hell” (Bakun, 2006). Fish production usually depends
more on recruitment success (i.e., successful reproduction) than
on food availability (i.e., growth rate). Lowered predation on early
life stages appears often to outweigh food availability as a determi-
nant of reproductive success.

Fish production in the Peru system appears normally to be dom-
inated by anchoveta, a particularly efficient species with extremely
rapid population responses, even though from time to time (e.g.,
the late 1970s following the famous initial anchoveta collapse) it
has become temporarily dominated by sardines of the genus Sar-
dinops. The northern Benguela, on the other hand, appears to have
usually been dominated by sardines (Sardinops), although follow-
ing the collapse of the sardine resource in the 1970s, anchovies
(Engraulis capensis) briefly predominated in fishery landings before
likewise collapsing. In the mid-1960, the biomass of Namibian sar-
dines is estimated to have been about 10 million metric tons
(Boyer, 1996); annual catches were near 1.5 million MT. Then, in
response to intense ‘‘pulse” fishing by the Soviet Bloc and other na-
tions, the population collapsed to a much lower level characterized
by much reduced productivity, with a biomass of about 1 million
MT, and annual catches of 50,000–100,000 MT. More recently,
there appears to have been a ‘‘regime shift” in which the omnivo-
rous sardines seem to have been largely replaced by zooplankti-
vores, notably medusae of several species and pelagic gobies
(Boyer and Hampton, 2001; Lynam et al., 2006). In remarkable con-
trast, the Peru system (besides producing 20–100 times as much
fish) has managed to repeatedly rebound from multiple declines
and from major alternations of dominance between anchovies
and sardines.

What could be the secret behind the Peru system’s unrivaled
capacity to produce fish, and to sustain this production under the
continuing pressure of a massive industrial fishery? As has been
discussed above, the trophic basis represented by its primary pho-
tosynthetic production seems not to be uniquely rich. Evidently,
we must thus look beyond such considerations as ‘‘bottom-up” tro-
phic flows, ultimate trophic carrying capacities, etc., and seek the
answer in other characteristics that represent unique aspects that
may separate the Peru system from its potential comparative ana-
logs, notably the other similar eastern ocean boundary upwelling
regions (Fig. 1).

3. Unique factor #1: Peru is the system nearest to the equator

Of the major regional eastern ocean boundary upwelling re-
gions, the Peru system is the one located at lowest latitudes. This
has very important consequences for its physical dynamics. For a
given intensity of upwelling-favorable wind, the intensities of
wind-driven Ekman transport and resulting upwelling increase
rapidly toward lower latitudes, while the input of turbulent mixing
energy, which is roughly proportional to the third power (or
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‘‘cube”) of the wind stress (Elsberry and Garwood, 1978), has no
dependence on latitude (Fig. 3a). Specifically, a given wind speed
will yield about four times as much Ekman transport and associ-
ated intensity of upwelling at 9� latitude (the latitude of Chimbote,
Peru) as at 39� latitude (the latitude of the center of maximum
upwelling on the California coast near Cape Mendocino). To pro-
duce a similar rate of upwelling at 39� latitude as at 9� latitude
the wind speed would have to double. However, this would entail
an eightfold increase in wind-driven turbulent mixing. Thus, the
same intensity of wind-driven coastal upwelling would correspond
to eight times the rate of turbulence generation in the upwelling
center of Northern California (�39� latitude) as in the heart of
the anchoveta habitat off Peru (�9� latitude). As a result, the
low-latitude location of Peru allows strong continuous enrichment
by upwelling with much less disadvantageous turbulence genera-
tion than would be a byproduct at higher latitudes (Table 1,
column ‘c’).

Moreover, the offshore extent of a coastal upwelling zone,
determined by the baroclinic Rossby radius of deformation (Yos-
hida, 1967; Mooers and Allen, 1973), likewise increases rapidly to-
ward lower latitudes (Table 1, column ‘d’). We can consider this to
be a width scale for the favorable near-coastal habitat of organisms
adapted to an upwelling zone. An estimate of the average residence
time within this favorable habitat of neutrally-bouyant, passively
drifting planktonic particles (phytoplankton cells, copepod naplii,
fish larvae, etc.) entrained in the Ekman layer, is given by the prod-
uct of the layer depth and the habitat width scale (Rossby radius:
Table 1, column ‘d’) divided by the Ekman transport (Fig. 3b). If
one avoids the issue of potential-latitude dependence of Ekman
layer depth (i.e., assumes a constant layer depth in the relative
estimation), one sees that the residence time increases dramati-
cally in near-equatorial latitudes (Table 1, column ‘e’). But since
there would in any case be a tendency for less rapid rotational
deflection at lower latitudes, some sort of significance latitude
dependence of Ekman layer depth seems intuitively likely. As a
very rough gauge of potential latitudinal effects on Ekman layer
depth, we can examine the latitude dependence of the theoretical
Fig. 3. (a) The ‘‘w3” wind mixing index (3rd power, or ‘‘cube”, of the wind speed), which i
values of wind speed (after Bakun, 1996). (b) Diagram illustrating the computation of th
(shaded area).
‘‘Ekman depth” (Table 1, column ‘f’), the derivation of which pre-
sumes a homogenous fluid and depth-independent eddy viscosity
(Ekman, 1905), both of which are tenuous assumptions in a real
ocean situation. If one accepts this estimate of the layer depth,
the increase in residence time at near-equatorial latitudes is even
more dramatic (Table 1, column ‘g’).

Residence times of water parcels and entrained passively drift-
ing particles can be particularly important to the ecosystem
dynamics within an upwelling zone. For example, short residence
times present great problems to planktonic organisms with com-
plex life cycles, for example making it difficult for copepods, which
undergo a fairly lengthy sequence of pre-adult stages prior to
becoming reproductively capable, to maintain resident populations
in intense upwelling zones; copepod nauplii are important food for
fish larvae, which is a probably reason that intense upwelling cores
(e.g., Punta San Juan, Lüderitz, Cape Medoncino) are avoided as
spawning habitat by mobile fish species. Planktonic herbivores
such as copepods are also vital in recycling nutrients in the zone,
and in thereby preventing nutrient trapping and sinking of unoxi-
dized organic matter to the sea floor, which may produce hypoxia,
etc. Very short residence times tend to shift dominance to the very
shortest-lived organisms (e.g., diatoms) that generally represent
less nutritious food for other organisms.

The considerations summarized in Table 1 thus appear to pres-
ent a picture of the Peruvian marine ecosystem as a particularly
rich, non-turbulent, ‘‘benign” environment, in which relatively
weak winds result in large volumes of water being transported off-
shore and an associated high rate of upwelling which continually
enriches a very wide, deep, non-turbulent upper ocean habitat.
The associated average offshore transport of larvae and larval food
distributed through this thick, slowly moving upper layer would be
relatively small, and their loss from a very wide coastal habitat
would be minimized. This same ease in maintaining standing stock
in the upwelling-enriched environment and lack of exposure to in-
tense turbulent mixing that could exceed critical depth (Sverdrup,
1953) would be of similar benefit to primary producers, leading
to high concentrations of nutritious food organisms for both larval
s an indicator of wind mixing energy production, versus Ekman transport for several
e renewal rate of water in the upper layer of the divergent coastal upwelling zone



Table 1
Latitudinal dependencies of various ecologically-significant factors. Selected coastal locations in various eastern ocean boundary upwelling systems are arrayed at the left
according to their geographical latitudes.

a b c d e f g

Latitude
(�)

Wind Speed
(m s�1)

Mixing index
(m3 s�3)

Rossby radiusa

(km)
Residence timeb

(days)
Ekman depth
(m)

Residence timec

(days)

55 12.3 1842 12.2 1.4 15.6 l.l
50 11.9 1665 13.1 1.5 16.2 1.2

Vancouver Island )
Colombia River )

45 11.4 1477 14.1 1.6 16.8 1.4
40 10.9 1280 15.6 1.8 17.7 1.6

Lisbon )
Talcahoano )

35 10.3 1079 17.4 2.0 18.7 1.9
S. California Bight )
Essaouira (Morocco) )

30 9.6 878 20.0 2.3 20.0 2.3
Lüderitz )

25 8.8 682 23.7 2.7 21.8 3.0
Walvis Bay )

20 7.9 497 29.2 3.4 24.2 4.1
15 6.9 327 38.6 4.5 27.8 6.2
10 5.6 180 57.6 6.7 34.0 11.3

Chimbote )
5 4.0 64 114.7 13.3 48.0 31.9

a Scale width of the coastal habitat.
b Time required to traverse a distance of one Rossby radius ‘‘habitat width” assuming a latitudinally-constant Ekman layer depth.
c Time required to traverse a distance of one Rossby radius assuming a theoretical (homogeneous fluid, constant eddy viscosity) Ekman Mayer depth.
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and adult fishes. Nutrient recycling would be efficient and nutri-
ents would thus be effectively retained within the productive
upper layers. These considerations, while speculative, provide at
least some degree of explanation for the fact that the pelagic fishes
of north–central Peru seem to have been able to avoid the apparent
reproductive difficulties experienced by fishes attempting to
reproduce in other intense upwelling regions and to reach much
higher population biomasses than are found in any of the other
systems.

Anchovies such as the Peruvian anchoveta possess relative
coarse-meshed gillrakers (van der Lingen, 1994). This apparently
allows them to deploy a particulary large ‘‘filter basket” and thus
to efficiently filter quite large water volumes relative to their body
size. In addition, other aspects of the anchovy life style enable
other efficiencies leading to very rapid population responses (Bak-
un and Broad, 2003; Bakun, 2006). Moreover, the unique condi-
tions off Peru evidently enable the development of rich
concentrations of particularly large multi-celled chains of large
diatoms. As a consequence, Peruvian anchoveta may be able to di-
rectly filter and consume phytoplankton cells, an ability that in
other upwelling systems tends to be possessed only by sardines,
while also efficiently consuming the correspondingly large zoo-
plankton either by filtering or particle-feeding (van der Lingen
et al., 2006). In contrast, while sardines possess finer filters they
incorporate other life-style characteristics that render them less
efficient in taking advantage of highly enriched conditions (Bakun
and Broad, 2003; Bakun, 2006), even while making them more
resilient to, and opportunistic under, less productive, perturbed
conditions.

4. Unique factor #2: Being located nearly directly at the
terminus of the Pacific equatorial wave guide

However, one still wonders if the favorable aspects that are due
primarily to its unique low-latitude position can in themselves be
enough to account for the extraordinary fishery productivity of the
Peru system. One is led to ponder whether perhaps the other un-
ique aspect of the Peru system, its unique susceptibility to extreme
inter-annual ecosystem perturbations associated with El Niño and
other ENSO-related episodes could be also an important key to the
puzzle (i.e., whether something that at the time is perceived as
something extremely bad, might actually in the long run be some-
thing extremely good). Being geographically situated very near the
eastern terminus of the Pacific equatorial wave guide, the Peru sys-
tem bears the full immediate brunt of El Niño–Southern Oscillation
phenomena, as well as the eventual brunt of every other major per-
turbation in the enormous Pacific Ocean basin, the remnants of
which, through Rossby and Kelvin wave dynamics, must finally ar-
rive to the intersection of the equator with the South American
continental coast. These various arriving anomalies are then in-
jected by coastally-trapped wave dynamics directly into the mar-
ine ecosystem off Peru, which is thereby subjected to
intermittent drastic environmental rearrangements that are more
extreme than are known to occur in any other large marine ecosys-
tem on earth.

How could such a situation be viewed as being favorable? Well,
for one thing, the extraordinary fishery productivity of the Peru
system provides abundant proof that, at the least, it cannot be
highly unfavorable. The available explanation would appear to lie
in the idea that periodic extreme changes in habitat characteristics
may exclude longer-lived, relatively non-productive, suppressive
components (predators, competitors, etc.) from the system, as well
as interrupt the development of nonlinear ‘‘adverse feedback” se-
quences (Bakun and Weeks, 2006). Such recurrent disruptions
could thereby shift the advantage to rapidly-responding popula-
tions of small pelagic fishes over more specialized species that in
other similar ecosystems may be able to establish and maintain
themselves, feeding at a somewhat higher trophic level (i.e., less
efficiently with respect to the primary organic production of the
ecosystem) than anchovies, while suppressing the growth of lower
trophic level populations through their incessant predation. If the
impact of El Niño and similar disturbances is such as to expunge
such less productive long-lived predatory components from the
system, it seems conceivable that much larger biomasses might
be attained by a low-trophic-level species having a much shorter
life cycle and more rapid population response.
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As a counter-example, the California system contains some
sixty species of very long-lived predatory rockfish that, as adults,
establish themselves in the system, grow very slowly, and remain
ever present to immediately predate upon and extinguish incipient
outbreaks of more productive, faster growing species (i.e., creating
such a deep predator pit, according to the terminology of Bakun
(1996), that significant population breakouts may be essentially
impossible). In terms of tonnage landed, the fishery production of
the entire California system is miniscule compared to that of Peru,
and even compared to the other major eastern ocean upwelling re-
gions of the world. Moreover, there is an increasingly evident glo-
bal pattern (Bakun and Weeks, 2006) that suggests that once
suppressive effects of predators are sufficiently interrupted so as
to permit highly productive small pelagic components of an eco-
system to reach a dominant biomass level, these can then exert
feedback effects that act to maintain their own dominance and to
prevent reestablishment of the formerly dominant predators.

4.1. The Namibian experience

Bakun and Weeks (2006) have recently presented a hypotheti-
cal reconstruction of the events that appear to have led to the dura-
ble transformation and decimation of the fishery productivity of
the northern Benguela marine ecosystem that we have identified
in Section 2 as perhaps the most apt comparative analog to the
Peru system. To exemplify the sort of negative feedback sequence
that has not occurred in the Peru system, we briefly abstract the
progression of reconstructed events as follows:

(1) The sardine population off Namibia was subjected to mas-
sive overfishing that was imposed in a geographically-biased
exploitation pattern (concentrated in the primary reproduc-
tive habitat),

(2) fragmenting adapted migrational patterns linking favorable
reproductive/nursery and adult feeding,

(3) depriving the population of linked synergistic usage of vari-
ous favorable segments of the regional ecosystem,

(4) one result being cessation of adult feeding near the intense
upwelling core off Lüderitz (Fig. 2b and d).

(5) Without the grazing controls formerly applied by the nek-
tonic omnivorous sardines this allowed phytoplankton to
bloom essentially unchecked in the intensely divergent
upwelling zone (in which alternative zooplanktonic herbi-
vores tend to be swept out of the system),

(6) causing increased deposition of unoxidized phytoplankton
cells on the floor of the continental shelf, and associated
increases in hypoxia, toxic gas production, etc.,

(7) as well as massive phytoplankton accumulation in the fron-
tal systems that exist just offshore of the divergent upwell-
ing zone (Fig. 2b and d),

(8) where it was available to nourish growing accumulations of
herbivorous zooplankton that are also concentrated in the
convergent frontal structures but now freed from the preda-
tion pressure formerly applied by the enormous sardine
populations that previously concentrated feeding activity
in the frontal zones.

(9) this provided a food resource for an explosive outbreak of
zooplanktivores (medusae, pelagic gobis, etc.) that are vora-
cious predators not only on larval food-producing zooplank-
ton such as copepods, but also directly on fish eggs and
larvae themselves,

(10) that then spread through the entire system, including the
favorable reproductive habitats,

(11) durably trapping the northern Benguela system in a trans-
formed, fish-adverse regime, in which fishery productivity
has remained drastically depressed to the present day.
4.2. Hypothesis: El Niño — a favorable factor

A marine ecosystem operates as a complex adaptive system (Le-
vin, 1998, 1999; Hsieh et al., 2005). In such systems, nonlinear pro-
cesses interact in intricate ways to move the systems to
configurations that may be much more difficult to reverse than
to establish. One can make an analogy to an old Windows com-
puter system that after a period of use begins to bog down and
run slower and slower, and essentially cease to operate produc-
tively, until one hits the ‘‘re-set” button, and re-starts the system
from an initial state. According to this hypothetical analogy, El
Niño can be considered to represent a figurative ‘‘re-set” button
for the Peru marine ecosystem of a sort that is not available in
the same degree in any of the other similar systems of the world.

Stating the hypothesis more specifically, periodic extreme
changes in habitat characteristics may exclude longer-lived, rela-
tively non-productive, suppressive components from the system,
as well as interrupt the development of nonlinear ‘‘adverse feed-
back” sequences, continually re-setting the system to initiate a se-
quence of highly productive transient population responses (note
that the following suggested sequence may not be precisely
repeatable in all El Niño episodes).

For example, during an El Niño year, sardine may utilize evolved
opportunist adaptations to take advantage of the relative distress
of other competing or suppressive ecosystem components to find
a ‘‘loophole” (Bakun and Broad, 2003), particularly in the fields of
predation on its early life stages, and produce a major population
surge. More tropically-adapted organisms, including shrimp, scal-
lop species, etc., may also arrive under the anomalous warm tem-
perature and poleward flow contexts of an El Niño event.

The year following the El Niño, with many of the normal sup-
pressive organisms having been expunged from the system and
the typically rich upwelling-based nutrient supply reestablished,
primary production may resume with vigor. Often, rapidly-
responding opportunists (scallops, shrimps, etc.), including the
temporary tropical immigrant species, may temporarily explode
in abundance. Meanwhile, large reproductively-ready anchoveta
may be re-arriving from refuges far to the south, and any that
may have survived locally (at depth, etc.) will have reemerged into
the newly productive upper layer conditions, and local anchovy
population re-growth will be re-initiated.

By the second year after the El Niño, the rapidly-responding
anchoveta population may already be filtering the water column
at such a rate that it may no longer a very viable place for shrimp
and scallop larvae, etc. Sardines that may have been hatched in the
reproductive surge of the El Niño year will be growing in size and
population biomass, even while tending to be outstripped in that
respect by the later starting, but exceedingly rapidly-responding,
anchoveta. Predatory organisms (seabirds, marine mammals, and
predatory fishes) may begin also to respond, but not rapidly en-
ough to appreciably slow the growth of the productive small pela-
gic fishes. Juvenile jack mackerel, spawned by a resident adult
population in the less perturbed wider Pacific, may enter the sys-
tem in large numbers to share the same role as mobile small pela-
gic planktivore.

Finally, by the time suppressive ecosystem components are able
to build sufficient biomass to begin to pare down this unrestrained
production, a new El Niño episode arrives to re-set the system,
thereby reinitiating the quasi-repeatable sequence of highly pro-
ductive transient events.
5. Climate change and upwelling systems

So the Peru system seems to lie within what might be called a
‘‘sweet spot” in the spectrum of marine ecosystem configurations.
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Moreover, that ‘‘sweet spot” appears to be pretty robust, having
more than once rebounded from major declines that occurred un-
der exploitation by the largest fishery that has ever existed on
earth. But it also appears inevitable that the earth’s climate is
undergoing accelerating radical changes as a result of unrestrained
industrial inputs of greenhouse gases. And climate, as reflected in
ENSO variability (Section 4) and latitudinally-regulated balances
of enrichment, turbulence, and transport (Section 3), is the inferred
basis of the Peru marine ecosystem’s ‘‘sweet spot”. Will the climate
changes that appear to be rapidly unfolding be sufficient shift the
Peru system out of its current ‘‘sweet spot” such that, in the great
marine ecosystem ‘‘shake-up” that appears to loom just ahead, it
may lose its preeminent position and recede back into the mixed
crowd of winners and losers?

5.1. Coastal upwelling intensification

One of the reasons that coastal upwelling tends to be a spring-
summer phenomenon in the subtropics, and a more year-round
phenomena in more near-equatorial regions such as Peru, is that
a strong pressure gradient forms between a thermal low-pressure
cell that develops over the heated land surface and higher pressure
existing over the more slowly warming waters of the ocean. This
cross-shore pressure gradient supports an alongshore geostrophic
wind that drives an offshore-directed Ekman transport of the ocean
surface layer (Fig. 4a). When the surface waters are thereby forced
offshore from the solid coastal boundary on spatial scales too large
for them to be replaced by waters moving horizontally along the
coast, mass balance is maintained by upwelling of subsurface
waters.

Eastern sides of oceans are characterized by much drier atmo-
spheres than western sides. Because the most important green-
house gas in the earth’s atmosphere is water vapor, eastern
ocean boundary regions tend naturally to experience a much re-
duced greenhouse effect. Consequently, local nighttime cooling
by long wave radiation is rapid and efficient. This tends to relax
the thermal low-pressure cells that had built up over the coastal
landmass during the day.

As atmospheric greenhouse gas content increases, nighttime
radiative cooling will be increasingly suppressed. The average rate
Fig. 4. Diagram of upwelling intensification mechanism: (a) a ‘‘thermal” low-pressure
relative to the more slowly heating ocean, exerting equatorward geostrophic wind stress
surface water and corresponding upwelling of deeper waters required to replace the surf
inhibits nighttime cooling of the heated coastlands, increasing average intensity of the
drives quadratic (or greater) increases in offshore surface transport and resulting upwe
of heating over the land will be further enhanced relative to that
over the ocean, causing intensification of the low-pressure cells
over the coastal interior. This will generate a feedback sequence
as the resulting pressure gradient increase is matched by a propor-
tional wind increase, which correspondingly increases the inten-
sity of the upwelling in a nonlinear manner (by a power of 2 or
more under these strong wind conditions (Trenberth et al.,
1990)) which, in concert with ocean surface cooling produced by
the intensified upwelling, further enhances the land-sea tempera-
ture contrast, the associated cross-shore pressure gradient, the
upwelling-favorable wind, and so on (Fig. 4b). Moreover, an addi-
tional potentially contributing set of feedback mechanisms in-
volves greenhouse-associated effects on the vegetal land cover
that may regulate the heating of the coastal landmass (Diffenbaugh
et al., 2004).

A variety of observational evidence indicates that this projected
increase in upwelling intensity is even now unfolding in the major
upwelling regions of the world (Bakun, 1990, 1992; Shannon et al.,
1992; Schwing and Mendelssohn, 1997; Mendelssohn and Sch-
wing, 2002; Field et al., 2006; Vargas et al., 2006).

5.2. Equatorial relaxation

Countering the prognosis for upwelling intensification is the
emerging scientific consensus that a result of impending global cli-
mate changes will be a general slowing of the equatorial Pacific
Walker circulation (Fig. 5a) and a consequent weakening of the Pa-
cific trade wind system (Vecchi et al., 2006). As stated in Section 1,
the major upwelling-favorable wind flow off Peru separates from
the South American coast to merge directly into the Pacific south-
east trade wind system nearly immediately after exiting the Peru-
vian upwelling zone. So, is there a paradox? Obviously, for both (1)
an increase in upwelling-favorable winds and (2) a decrease in
trade winds to occur according to projections, some type of ‘‘dis-
junction” in phases of intensity variation must occur between the
two inter-connected systems.

Juxtaposing a low-passed time series of upwelling-favorable
winds off Peru (Bakun and Mendelssohn, 1989) published in the
‘Peru Upwelling Ecosystem’ volumes assembled by Daniel Pauly
and his collaborators, with a similar series of the Southern
cell builds up over the coastal landmass due to heating of the continental surface
on the sea surface that, in turn, drives offshore-directed Ekman transport of ocean

ace waters transported offshore; (b) buildup of greenhouse gases in the atmosphere
coastal low-pressure cell and associated upwelling-favorable wind, which in terms
lling.



Fig. 5. Diagrams of Pacific Walker circulation: (a) typical La Niña configuration; (b) future climate change tendency predicted by the IPCC model ensemble (Vecchi and Soden,
2007).
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Oscillation Index (SOI), which is an index of Pacific trade wind
strength (Bjerknes, 1966; Quinn et al., 1978), makes it obvious that
such a disjunction does indeed occur (Fig. 6). The strengths of
upwelling-favorable winds off Peru and the large scale Pacific trade
wind system of the tropical Pacific Ocean are clearly negatively
correlated on multi-annual time scales. Moreover, comparison to
the sequence of El Niño periods (shaded vertical bars in Fig. 6)
makes it also clear that the disjunction occurs on the ENSO time
scale. El Niño episodes tend to correspond to reduced strength of
the trade winds. This is well known. Less well known is the fact
that upwelling-favorable wind off Peru appears to consistently in-
crease, rather than decrease, during virtually all El Niño episodes.

Computed correlations of respective annual- and quarterly-
mean series of unfiltered monthly values are not notably high
(Fig. 6, right panel) given the obvious synchronies visible in the left
panel of Fig. 6, suggesting that the ENSO-scale may be the only
scale on which the anti-correlation operates, i.e., suggesting that
there may be suppression of the ENSO-related anti-correlation by
the more expected opposite positive correlation between the in-
ter-connected wind systems that might be the rule on shorter than
ENSO, or longer than ENSO (i.e., the long-term trends visible in
Fig. 6) time scales. This idea is supported by the fact that the neg-
ative correlations are highest during the austral spring and sum-
mer seasons, the seasons when the El Niño mechanisms act with
greatest effect.
We propose that this association of increases in locally wind-in-
duced Ekman upwelling off Peru with El Niño constitutes, in itself,
a verification of the upwelling intensification hypothesis dia-
grammed in Fig. 4. Water vapor is the most important of all the
greenhouse gases in the earth’s atmosphere (Houghton, 2001).
The atmosphere of the tropical eastern Pacific boundary zone be-
comes much more moist during El Niños, implying a much larger
combined load of greenhouse gases. Accordingly, this mechanism
could reasonably account for the evident increases in upwelling-
favorable wind that regularly occur off Peru during El Niño epi-
sodes (Fig. 6).
6. Climate change and Peruvian fisheries

So it seems that, beyond the more vague temperature-related
prognoses often offered for other types of regional marine ecosys-
tems, there does appear to be some logical and empirical frame-
work on which to base considerations of effects of impending
greenhouse-gas-mediated climate change on the Peru marine eco-
system. First, locally wind-induced Ekman upwelling may be ex-
pected to increase. Second, the Pacific equatorial system, due to
relaxation of the trade wind circulation, may become more chron-
ically ‘‘El Niño”-like in its underlying mean background state. If so,
the more vigorous local upwelling expected off Peru might have



Fig. 6. Left panel: Anti-correlation, on the ENSO time scale, of low-pass-filtered (12-month running means of monthly values) Pacific trade wind strength (Southern
Oscillation Index) and intensity of upwelling-favorable wind stress off Peru (as reported by Bakun and Mendelssohn (1989)). Right panel: Correlation coefficients between
series of annual and quarterly means of unfiltered monthly values of the two time series. Significance levels (two-tailed tests) are indicated.
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less effect due to a deeper thermocline/nutricline structure charac-
teristic of El Niño conditions off Peru.

However, the IPCC model ensemble studies indicate a striking
feature in the thermocline response to the weakened trade wind
circulation. Rather than simply relaxing the tilt of the trans-Pacific
thermocline structure in a linear manner, it appears that the
changes will be most intense in the western Pacific, but only rather
minor in the eastern Pacific (Vecchi and Soden, 2007). A simplified
explanation of this prediction may be posed as follows. The hori-
zontal frictional stress exerted on the ocean surface by the trade
winds produces divergence and upwelling in the near vicinity of
the equator. But slightly further away from the equator, there is
convergence of Ekman transport due to the rapid decline of the
coriolis parameter with increasing latitude (Cane and Zebiak,
1985; Philander and Lau, 1988). This produces downwelling to
both sides of the near-equatorial zone that, because of the very
large baroclinic Rossby radius of deformation (Charney, 1955;
Yoshida, 1967; Walin, 1972) at very low latitudes, affects the entire
equatorial band, including the near-equatorial zone itself. The
projected decrease in trade wind strength would decrease this
downwelling tendency produced by the off-equatorial Ekman con-
vergence. Consequently, in terms of ‘‘anomaly” (i.e., the future
state subtracted from the present state), the expected trade wind
relaxation should produce an anomalous upwelling that effects
the near-equatorial zone essentially across the entire Pacific, rein-
forcing the anomalous upward tilt of the near-equatorial thermo-
cline in the western Pacific but tending to counter its anomalous
downward tilt in eastern Pacific (Fig. 5b). Accordingly, the effect
of the predicted chronic ‘‘El Niño”-like state of the tropical Pacific,
while leading to a significant shallowing of the thermocline struc-
ture in the western equatorial Pacific, may produce only a minimal
change in depth of the thermocline structure in the eastern Pacific.
Thus effects on the rate of supply nutrients and cooler temperature
waters to the local Peruvian upwelling zone may be correspond-
ingly minimal, perhaps even overbalanced by the envisaged in-
creases in locally wind-driven coastal upwelling intensity, such
that nutrient inputs and upwelling-induced surface cooling may
actually be enhanced.

However, if local coastal upwelling intensifies (Section 5.1) the
rates of offshore transport and wind-driven turbulent mixing
would increase accordingly. Could that shift Peru’s marine ecosys-
tem out of its current ‘‘sweet spot”? Could the currently evident
tendency for anchoveta dominance give way to the sardine domi-
nance that seems to characterize the other eastern boundary
upwelling systems that are currently subject to relatively stronger
winds and more intense turbulence generation? If so, the more
wide-ranging sardines would tend to spread the essential fishery
productivity of the Peru system beyond the local area, as well as
perhaps be less efficient in growing population biomass between
ecosystem perturbations.

Moreover, while the potential effect of climate change on the
frequency of El Niño episodes remains unclear, the predicted less-
ened trans-Pacific contrast in depth of the thermocline structure
(Fig. 5) suggests that when they do occur they may on average
be less intense than currently (i.e., the thermocline-depressing
Kelvin waves arriving from the western equatorial Pacific will have
lower amplitudes). How would this impact the ‘‘re-set button” con-
siderations discussed in Section 4? Could this adversely impact the
viability of sardines in the Peru system, which seem to be favored
by perturbed conditions (Bakun and Broad, 2003; Agostini et al.,
2007). More importantly, could Peru suddenly become subject to
growth of debilitating nonlinear feedback instabilities, such as out-
lined in Section 4.1 as having had devastating effects in the north-
ern Benguela marine ecosystem?

While we are not able with any confidence to answer these last
crucial questions, the analysis presented above may offer, at least,
a more specific framework for posing them. Moreover, it may sug-
gest the value of widening one’s scope of attention beyond one’s
own local system, to a more global view, wherein viewing the fu-
ture progression of events in the comparative context of a number
of regional systems. Each exhibiting varying degrees of similarity
and difference, may help to more correctly apprehend and inter-
pret the meaning of the events observed in one’s own ‘‘home” mar-
ine ecosystem of immediate interest.
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In this study we examine physiological responses of Peruvian hake (Merluccius gayi peruanus) to changes
in their population structure and physical environment during the period 1971–2004. In particular, we
assess the relative investment of energy in growth and/or reproduction of small (20–35 cm) and large
(35–50 cm) hake. We calculated the (i) condition (Fulton’s K), (ii) gonad and (iii) gut fullness indices
for 42,761 female hakes sampled from commercial landings; these indices indicate fish somatic, repro-
ductive and feeding condition, respectively. Using Generalized Additive Models we then examined poten-
tial relationships between these indices and sea surface temperature anomalies and date. Drastic energy
exhaustion and a decrease in female hake fecundity were observed during El Niño events. The long-term
trend showed a general increase in condition factor and a decrease in gonad index for large hake between
1971 and 2004. Small hake exhibited a different trend with an increase in reproductive activity, which
was accompanied by an earlier maturation. We hypothesise that the observed low investment of energy
in reproduction by large female hake might be related to the lack of large males, due to a sex-selective
fishery and the impact of El Niño. We suggest that fishing diminished hake reproductive capacity, mod-
ified the sex ratio in favour of females and increased population vulnerability to environmental stress, in
particular to the El Niño. The impact of multidecadal variability and predators like the squid, Dosidicus
gigas, remain unresolved until longer time series become available.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction months in 2004 and total allowable catches and individual non-
Peruvian hake (Merluccius gayi peruanus) is the most abundant
commercially exploited demersal fish in the northern Humboldt
Current System (Peru). Intense fishing pressure was exerted on
hake since the early 1970s. Fishing effort increased from an aver-
age of 40 active vessels per year before the 1990s to 74 in the
early 2000s (Guevara-Carrasco and Lleonart, 2008). It has been
hypothesized that fishing caused radical declines in biomass lead-
ing to the change of fishery status from fully exploited to over-
fished and to the closure of the fishery in 2002 (Guevara-
Carrasco, 2004). During this period, the population structure
changed, exhibiting a drastic reduction in mean hake size
(Fig. 1). Large hake (>35 cm) dominated the landings until the late
1980s; after that, smaller hake represented the bulk of the
catches. This change was accompanied by an early age of matura-
tion with the percentage of mature hake at the age of 2 years
passing from almost zero during the 1980s to more than 60% in
the early 2000s (Fig. 1; Wosnitza-Mendo et al., 2004; Guevara-
Carrasco and Lleonart, 2008). The fishery was reopened after 18
ll rights reserved.

del Perú, Esquina Gamarra y
56 1 4202000.
allón).
transferable quotas were implemented to control the exploitation
of hake. Although there has been a reduction in fishing effort,
hake mean size and abundance remain reduced (Guevara-Carras-
co and Lleonart, 2008).

The Peruvian coast is strongly affected by El Niño that alters the
physical (e.g. upwelling efficiency, temperature, salinity, oxygen,
vertical stratification), and biological (species composition, abun-
dance, distribution and concentration) environment off Peru (Arntz
and Fahrbach, 1991; Wolff et al., 2003). El Niño thus affects hake by
(i) extending the distribution of hake eggs, larvae (Sandoval de Cas-
tillo et al., 1989), juveniles and adults southwards (Samame, 1985),
(ii) changing the diet from fish to crustaceans (Sanchez et al.,
1985), and (iii) decreasing fishing mortality due to a lower avail-
ability (Espino et al., 1985). Many aspects of these changes remain
unclear. Indeed, Espino (1990) suggested that El Niño was respon-
sible for the recovery of Peruvian hake population in the 1980s,
whereas Wosnitza-Mendo et al. (2004) argued that El Niño was
one of the main causes of the decline in hake size during 1991–
1992. These opposing views of the possible effects of El Niño on
hake (see Espino, 1990; Tam et al., 2006; Wosnitza-Mendo et al.,
2004) persist at least partly because of a lack of reliable estimates
of natural mortality, making it difficult to separate the effect of the
natural environment from that of fishing.

mailto:michballon@googlemail.com
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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Fig. 1. (a) Annual hake landings by size classes (histograms), and percentage of mature hake of age 2 (solid line with empty triangles; redraw from Wosnitza-Mendo et al.
(2004) and Guevara-Carrasco and Lleonart (2008)). (b) Hake mean length in catch over time (smooth black solid line), and median, maximum and minimum hake female
proportion in catch for the 37.5–42.5 cm length interval (solid line with empty square).
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To determine any overall El Niño effect and to separate it from
the long-term effect of fishing we assess the overall condition and
reproductive health of hake over time. We assume that El Niño’s
effect on hake biology can be isolated if an El Niño event provokes
a sudden and short term deviation from the long-term trend in
hake’s condition and reproduction. In this study hake condition
and energy investment in reproduction have been assessed using
Fulton’s condition factor (CF) and gonad index (GI), respectively.
Fulton’s condition factor indicates the energy budget of the fish
(Dutil and Lambert, 1997b), and decreases as a result of starvation
(Dutil et al., 2006), investment of energy in reproduction (Lambert
and Dutil, 2000), and adverse physical (Takasuka et al., 2005) con-
ditions. The gonad index assesses fish fecundity (Takasuka et al.,
2005; Murua et al., 2006). Since fecundity and fish condition are
positively correlated (Brooks et al., 1997; Kurita et al., 2003), CF
and GI can serve as indices of environmental or feeding conditions
(Dutil and Lambert, 1997a). When used in conjunction with fish
size data, a compensatory response of small fish to a reduction in
overall population size (Trippel, 1995) can be detected.

In this study we calculate the CF, GI and gut Fullness (FI) indices
of 42,761 female hake which were sampled between 1971 and
2004, the largest data set ever published on hake. Large and small
size classes were assessed to determine if they respond similarly to
El Niño and fishing pressure.
We first discuss the effects of El Niño and fishing on CF and GI.
Then, long-term trends of fish condition and gonad index are
examined with regard to the different responses of large and small
hake to a reduction in overall population size and in population
size structure, and to the changes in the sex ratio.

2. Materials and methods

Hake mean length in catches and catch size structure by size
class (<20 cm; 20–35 cm; 35–50 cm; >50 cm) were determined
from sampling performed by IMARPE (Ballón et al., 2007). The
female proportion of adult hake in catches between 1980 and
2003 was estimated by the Demersal Fish Department of IMA-
RPE. The median of the female proportion in catches, as well
as the minimum and maximum proportions of 37.5–42.5 cm
long fish were plotted against time to observe their respective
trends (Fig. 1).

The hake biological indices were derived from biological sam-
pling of female hake captured by commercial trawlers off Paita
(05� S) from 1971 to 2004. Most of the samplings were performed
over the whole year (see electronic supplementary material). Total
length, body weight, stomach weight, sex and gonad weight were
recorded. Fish smaller than 20 cm and larger than 50 cm were ex-
cluded because hake smaller than 20 was almost absent from
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observations until the mid 1990s and very large hakes were very
scarce in samples at the end of the analysed period.

Three indices were calculated for each fish:

1. An indicator of overall health or condition, Fulton’s condition
factor (CF), with W; the total body weight (in g), and L; the total
length (in cm)

CF ¼W�L�3

2. An indicator of reproductive health or condition, the gonad
index (GI), with Wg; the gonad weight (in g)

GI ¼Wg�W�1; and

3. An indicator of recent feeding, the fullness index, with Ws; the
stomach weight (in g)

FI ¼Ws�W�1

In addition to the fish indices, monthly anomalies of sea surface
temperature (SSTA) at a coastal station in front of Paita (5� S) were
used to assess the physical environment. GI and CF for the entire
fish sample and for hake smaller and larger than 35 cm were plot-
ted as monthly averages with their confidence intervals for the
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Fig. 2. Monthly mean condition factor (black full squares) ± confidence intervals (black
trends (black and red solid lines) for (a) all sizes, (b) small (<35 cm) and (c) large (>35 cm
El Niño periods.
period 1971–2004 (Fig. 2). El Niño periods were also indicated in
the same graph to visualize the trends of GI and CF during these
periods. Regression lines for each series were adjusted to deter-
mine the long-term trend of GI and CF.

We sought potential relationships between CF and the other
parameters GI, FI, SSTA and date (year–month) using Generalized
Additive Modelling (GAM, Hastie and Tibshirani, 1990); a tech-
nique that can detect non-linear and multivariate relationships be-
tween variables. Cubic spline smoothing was used to estimate the
non-parametric function of CF versus the other parameters using
S-Plus (Insightful Corporation, Seattle, WA, USA). Since all sets of
variables were incomplete before 1980, the GAMs were con-
structed for 1980–2004. As hake’s diet and relative body, gonad
and digestive tract weights are known to depend on fish size
(Fuentes et al., 1989; Chouinard and Swain, 2002; Lloret et al.,
2002), and because large individuals are known to invest more en-
ergy in reproduction than small ones (Scott et al., 2006), fish length
was not considered in an overall model. Instead a different model
was constructed for each 5 cm fish length interval. Results from a
first set of GAM analyses performed by 5 cm fish length interval
showed that results were similar for fish size ranging from 20 to
35 cm, and from 35 to 50 cm. For this reason, and to avoid repeti-
tive results, we collapsed the six size classes into two larger classes
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bars), gonad index (red empty triangles) ± confidence intervals (red bars) and lineal
) female hake from 1971 to 2004. The overlaid areas in salmon colour correspond to



Table 1
Statistical characteristics of GAMs based on Fulton’s condition factor (CF) and gonad
index (GI) for the small (<35 cm) and large hake (>35 cm).

Variable Source d.f. P Resid. d.f. Residual deviance % Explained

Small hake (20–35 cm)
CF NULL 21,699 0.0164

GI 1 0.00004 21,698 0.0150 8.70
FI 1 0.00000 21,697 0.0138 6.87
SSTA 1 0.00000 21,696 0.0130 5.00
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(20–35 and 35–50 cm), which encompassed and revealed the main
trends.

The GAM described above was repeated using the gonad index
(GI) as a dependent variable and CF, FI, SSTA and date as indepen-
dent variables. Although the relationship between CF and GI was
evaluated in the first GAM, it was examined again with GI as the
dependent variable, in order to provide the complete matrix of
independent variables for each GAM.
Time 13 0.00000 21,683 0.0120 6.44
Model 21,683 0.0120 27.01

GI NULL 21,699 14.2039
CF 1 0.00000 21,698 12.9676 8.70
FI 1 0.00037 21,697 12.9047 0.44
SSTA 1 0.00000 21,696 12.9012 0.02
Time 13 0.00000 21,683 12.5235 2.66
Model 21,683 12.5235 11.83

Large hake (35–50 cm)
CF NULL 15,168 0.0118

GI 1 0.00000 15,167 0.0110 6.59
FI 1 0.00000 15,166 0.0100 9.03
SSTA 1 0.00000 15,165 0.0097 1.85
Time 13 0.00000 15,152 0.0080 14.56
Model 15,152 0.0080 32.03

GI NULL 15,168 16.2778
CF 1 0.00000 15,167 15.2059 6.59
FI 1 0.00000 15,166 14.6550 3.38
SSTA 1 0.00000 15,165 14.6140 0.25
Time 13 0.00000 15,152 11.7009 17.90
Model 15,152 11.7009 28.12
3. Results

3.1. Hake size structure and female proportion in catches

Hake size structure in landings showed drastic changes be-
tween 1971 and 2003. During this period, hake mean size de-
creased from over 40 cm to about 25 cm (Fig. 1b). Hake landings
were dominated by fish larger than 35 cm during the 1970s–
1980s, then by hake smaller than 35 cm. In recent years, hakes lar-
ger than 35 cm represented a very small proportion of the catches
(Fig. 1a). These changes in size structure coincided with (i) an in-
crease in the female proportion in catches from about 40% at the
beginning of 1990 to almost 100% at the beginning of 2000
(Fig. 1b; for more details on changes in sex ratio, see Guevara-Carr-
asco and Lleonart, 2008), and (ii) an increase in the percentage of
mature hake of age 2 from almost zero to about 60% in the early
2000s (Fig. 1a).

3.2. Time series of condition factor versus gonad index

Time series of Fulton’s condition factor (CF), gonad index (GI)
for all hake showed different trends depending on the time period
(Fig. 2a). CF was positively correlated with time (p < 0.05) whereas
GI was negatively correlated with time (p < 0.05). However, it is
important to note that the range of hake length has not been con-
stant over time. Samples were dominated by large hakes during
the first two decades and by small hakes during the last decades
(Fig. 1a), and GI values have been low since the early 1990s. These
overall results are similar to those obtained for large hake (35–
50 cm) (Fig. 2c). Results for small hake (20–35 cm) are different
(Fig. 2b), because both CF and GI increased according to time even
if these trends were not statistically significant (p > 0.05). Over
shorter periods, CF and GI vary in phase, in particular during El
Niño events, which had a strong negative effect on both parame-
ters, whatever the size class considered (Fig. 2).

3.3. Generalized additive models

GAM results show that GI, FI, SSTA and time explained 32% and
27% of the deviance of CF for the large and small size classes,
respectively. The four tested variables each had significant effects
(Table 1). The relationships between CF and the biological indices
GI and FI were linear and positive for both size classes (Fig. 3a
and b), i.e., large GI and FI values predicted a high CF. The SSTA
had negative effects on the CF for both large and small hake
(Fig. 3c): positive SSTA, corresponding to El Niño, coincided with
reduced CFs for both size classes. To a lesser extent, negative
anomalies associated with La Niña might reduce CF. The highest
CFs for both size classes occurred with small positive temperature
anomalies (�0.3� C). The trend in CF for large hake (Fig. 3d) was
similar to that for all hake, with low CF values during the 1980s
which increased from the early 1990s. CF for small hake decreased
during the 1980s, increased during the 1990s, and then decreased
again after 2000 (Fig. 3d).

GAM analysis of gonad index versus CF, FI, SSTA and date ex-
plained 28% and 12% of the deviance of the GI for large and small
hake, respectively. Significant effects were found for all indepen-
dent variables (Table 1). Date had a positive effect on GI for small
hakes and a negative effect on GI for large hakes. Fish CF had a po-
sitive effect on GI whatever the size, while FI negatively affected GI
(Fig. 4). As for CF, the lowest GI values for both size classes (Fig. 4c)
were related to large positive El Niño-related SSTA. The relation be-
tween SSTA and maximum GI varied according to fish size; it was
1� C for large hake and close to 0.3� C for small ones (Fig. 4c). GI
variations over time for the two size classes (Fig. 4d) differed. Large
hake had a high GI at the beginning of the 1980s which decreased
during the mid 1990s and has remained low. Small hake showed a
slow increase in GI from the 1980s through 2000; GI then in-
creased more rapidly (Fig. 4d).

4. Discussion

4.1. Reproduction, starvation and El Niño

Fish in good condition (high CF) had large gonads (high GI), but
fish with large gonads had nearly empty stomachs (FI; Figs. 3 and
4). This result suggests that the amount of energy devoted to
reproduction depends on overall fish condition, and further sug-
gests that hake with the largest gonads do not feed actively or well.
The slope of these relationships was steeper for large hake than
small hake, which might be the result of a lower proportion of
immature fish in the large size class in comparison to the small size
class (Fig. 1a). This indicates that, on average, large hake invests
more energy in reproduction and feeds less than small hake, sug-
gesting a higher sensitivity to environmental perturbation (e.g. El
Niño) than small hake.

Hake distribution is restricted by the presence of the oxygen
minimum zone. During El Niño, the oxygen concentration near
the bottom increases, expanding hake’s range of distribution
and favouring the development of new macrobenthic production
(Gutiérrez et al., 2008), in particular the crustaceans that account
for a large part of hake diet during El Niño (Tam et al., 2006). Un-



Fig. 3. Cubic spline fits (solid lines) of GAMs based on Fulton’s condition factor (CF) according to: Gonad index (a), fullness index (b), sea surface temperature anomaly (c) and
date (d) for large (black lines) and small (red lines) hakes. Each panel shows the kind of relationship that exists between the transformed condition factor (y-axes) and the x
variable (x-axes). The transformed condition factors are in relative scale and they correspond to the spline smoother that was fitted on the data so that a y-value of zero is the
mean effect of the x variable on the transformed condition factor. Positive and negative y-values indicate positive and negative effect respectively on the transformed
condition factor. The dotted lines show the 95% confidence limits of GAMs.
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der El Niño conditions, apparently favourable, hake condition and
reproduction output should improve. However, we observed that
El Niño has a strong negative effect on hake biology (depressed CF
and GI; Figs. 2–4). The low GI and CF observed during El Niño
contradict the idea that these events favour hake (Espino,
1990). Additionally, low hake CFs during El Niño suggest that
hake feeding was affected during these events and challenge
the idea that hake fully compensates for the lack of small pelagic
fish by feeding on alternate prey, for instance by feeding more on
crustaceans than fish (Sanchez et al., 1985; Tam et al., 2006).
Even if hake adapts foraging during El Niño, the overall effect
on CF is negative. Studies on Atlantic cod (Gadus morhua) high-
lighted that extreme environmental conditions, in which food is
scarce for a long period, reduce condition factor and reproductive
output (Dutil et al., 1999; Dutil and Brander, 2003). A very low
condition of adult fish is also associated with a reduction in
fecundity (Lambert and Dutil, 2000) and an increase in adult mor-
tality due to reproduction (Dutil and Lambert, 2000). Indeed,
reproduction investment could be maintained (even if lower than
during favourable periods) at the expense of somatic condition, in
which case, the risk of mortality due to exhaustion of energy re-
serves would increase (Lambert and Dutil, 2000). If hake repro-
duction took place during or immediately after El Niño, when
hake condition and fecundity were minimum and more severe
for large hake (Figs. 2–4), mortality and a decrease in recruitment
success would likely occur. In any case, El Niño represents a
strong environmental stress.
4.2. Overfishing

Overfishing primarily affects large fish (e.g. Pauly et al., 1998)
and can aggravate the low abundance periods due to natural vari-
ability. If fish concentrate to keep certain density levels in order to
form functional spatial aggregation (i.e., for schooling, mating,
spawning), a fishery can continue to exploit fish patches even at
a low stock level (Rose and Kulka, 1999). Consequently, both mean
fish size and distribution area decrease. Indeed, high predation
(or fishing) pressure increases the risk of a population collapse
(Shoener et al., 2001). This seems to apply to Peruvian hake as
intense fishing depleted the population, especially the adult
proportion (Fig. 1), and reduced its area of distribution (Guevara-
Carrasco and Lleonart, 2008). The probable higher vulnerability
of large hake to fishing and to El Niño combined with its depleted
population and diminished distribution area could explain the
disappearance of adults during and following the El Niños of
1991–1992 and 1997–1998 (Wosnitza-Mendo et al., 2004).

4.3. Long-term changes

The overall trend shows that CF increased and that GI decreased
from 1971 to 2005 (Fig. 2a). This trend was observed for large fish
but not for small hake (Figs. 2–4). Small hake’s reproductive activ-
ity increased over time, especially during the last years (Fig. 4), and
was accompanied by a decrease in condition factor. A high propor-
tion of immature fish composed the small size class during the



Fig. 4. Cubic spline fits (solid lines) of GAMs based on gonad index (GI) according to: Fulton condition factor (a), fullness index (b), sea surface temperature anomaly (c) and
date (d) for large (black lines) and small (red lines) hakes. Each panel shows the kind of relationship that exists between the transformed gonad index (y-axes) and the x
variable (x-axes). The transformed gonad indices are in relative scale and they correspond to the spline smoother that was fitted on the data so that a y-value of zero is the
mean effect of the x variable on the transformed gonad index. Positive and negative y-values indicate positive and negative effect respectively on the transformed gonad
index. The dotted lines show the 95% confidence limits of GAMs.
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early years, and it has substantially reduced in the last years
(Fig. 1a; Wosnitza-Mendo et al., 2004; Guevara-Carrasco and
Lleonart, 2008). The observed opposite trends of GI and CF suggest
that an immature fish reaches a higher CF than a mature fish of
similar size. Why did small hake invest relatively more in repro-
duction than large hake, even with low CFs?

When population biomass is high and close to the carrying
capacity, food limitation can lead to a reduction in reproductive
output (Hilborn and Walters, 1992). The hake population, however,
has been at a low level since the late 1990s (Guevara-Carrasco and
Lleonart, 2008) and has exhibited high CFs. Smaller size at maturity
(Fig. 1; Wosnitza-Mendo et al., 2004; Guevara-Carrasco and Lleon-
art, 2008) could compensate for the lack of large adults. Some fish
can mature at a smaller size if well-nourished (Trippel, 1995). It is
also possible that fishing produces evolutionary pressure for a
reduction in size at first maturity (Conover and Munch, 2002; Rez-
nick and Ghalambor, 2005; Swain et al., 2007). These processes
may explain the increasing reproductive activity observed in small
hake during the last years. They do not, however, explain the still-
perplexing low investment in reproduction by those large hakes
that have been sampled.

Long term environmental oscillation of the oceanographic con-
dition could have also influenced the CFs and GIs of small and large
hake. Warm-to-cool regime shifts have occurred throughout the
eastern Pacific during the late 1980s early 1990s and coincide with
the changes in the population of several marine organisms (e.g.
Chavez et al., 2003; Alheit and Niquen, 2004; Gutiérrez et al.,
2007). A change in the trends of CFs and GIs for large and small
hake also accured at the beginning of the 1990s (Figs. 3 and 4d),
when the last decadal cooling began (‘La Vieja’ conditions, see Cha-
vez et al., 2003). However, the change in the trends is not ‘consis-
tent’ (e.g. U-shape for small hake CF, Fig. 3d) indicating that
decadal variation is probably not the main effect observed in our
data. Furthermore, in this study, neither CF nor GI have been
strongly affected by negative SSTA (Figs. 3 and 4c).

Another environmental factor that has not been considered in
this study is the expansion of the jumbo squid (Dosidiscus gigas),
a potential predator for hake, whose biomass increased dramati-
cally during the 1990s off Peru (Taipe et al., 2001). Indeed, off wes-
tern North America, the expansion of the jumbo squid population
coincided with the decline in abundance of the Pacific hake (Mer-
luccius productus) (Zeidberg and Robison, 2007), which is the main
prey of the jumbo squid over the shelf and slope in this region
(Field et al., 2007). However, the evidence for high predation of
jumbo squid on the Peruvian hake is inconclusive (Tam et al.,
2008). Taylor et al. (2008), in a modelling study, concluded that
predation from jumbo squid did not influence the trend in hake
abundance. There is a need for further studies to determine if jum-
bo squid has impacted the Peruvian hake population.

Large fish have higher fecundity (Takasuka et al., 2005; Murua
et al., 2006), better egg quality and higher egg viability than small
fish (Brooks et al., 1997). For instance, larger Atlantic cod have
much higher fecundity and hatching rates than smaller fish (Trip-
pel, 1998). Large individuals contribute disproportionately to the
reproductive potential of a stock (i.e. Argentinean hake, Merluccius
hubbsi; Macchi et al., 2004). Mean length in landings of Peruvian
hake decreased from around 40 cm during the 1970s and 1980s
to 25 cm in early 2000s (Fig. 1). Thus, the rarity of large female
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Peruvian hake and their low GIs since the late 1990s likely indicate
diminished reproductive capacity.

4.4. Reproductive failure: a male affair?

Females need males to reproduce, but it has always been as-
sumed that female reproduction does not depend on the number
and/or the size of males. Studies on the reproductive behaviour
of Atlantic cod (Morgan and Trippel, 1996) and Argentinean hake
(Pájaro et al., 2005) have shown that males arrive first, are in high-
er proportion in the spawning areas and stay longer than females.
Females enter the area when ready to spawn and leave it after. This
behaviour could make males more vulnerable to fishing. If so,
exploitation can alter the sex ratio and potentially reduce the prob-
ability that females will encounter mates (Moller and Legendre,
2001).

Trawl data (Paita harbour, 05� S) show that male hake ac-
counted for the majority of the catch early in the fishery. The
proportion of females in catch increased from about 40% during
the 1980s and early 1990s to 80% in the late 1990s and almost
100% in the early 2000s (Fig. 1; Guevara-Carrasco and Lleonart,
2008). This lack of males could lead to sperm limitation (Rankin
and Kokko, 2006). Perhaps more importantly, the shortage of
sperm or male pheromone could inhibit females from spawning
(Rideout et al., 2005). According to Rowe and Hutchings (2003),
individuals unable to gain access to mates might benefit by
reallocating energetic resources from reproduction to growth,
which might improve reproductive success in subsequent years.
We assume that this is the case for large female Peruvian hake,
which exhibited high CFs and low GIs when large males were
scarce.

We suggest that fishing has diminished hake’s reproductive
capacity, has modified the sex ratio in favour of females, in-
creased population vulnerability to environmental stress, in par-
ticular El Niño, and has lowered population resilience to such an
extent that hake population recovery could take longer or even
fail altogether if the increase in stock spawning biomass alone
(based on a reduction in fishing effort) is to be the main indica-
tor of recovery.
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Changes in population structure of the jumbo flying squid Dosidicus gigas in Peruvian waters were studied
based on size-at-maturity from 1989 to 2004. From 1989 to 1999, mature squid belonging to the med-
ium-sized group prevailed, but from 2001 on, mature squids were larger. This change is not related to
the changes in sea surface temperature and we hypothesized that it was caused by the population
increase of mesopelagic fishes as prey.
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1. Introduction been reported (Schmiede and Acuña, 1992). In the Gulf of Califor-
The jumbo flying squid Dosidicus gigas (family Ommastrephi-
dae) is one of the most abundant squids in the eastern Pacific
Ocean (Nesis, 1970, 1983; Klett, 1996; Anderson and Rodhouse,
2001; Nigmatullin et al., 2001), and is distributed in the Eastern Pa-
cific from California (USA) to Chile (Nigmatullin et al., 2001). It
inhabits a wide range of habitats from epipelagic to mesopelagic
(up to 1200 m depth). Like other squid species, D. gigas is short-
lived with longevity about 1 year (Arkhipkin and Murzov, 1986;
Masuda et al., 1998; Argüelles et al., 2001; Markaida et al., 2004)
with highly labile populations that exhibit large fluctuations in
abundance in response to environmental variability (Waluda
et al., 2006). D. gigas is an important opportunistic predator in
the pelagic ecosystem of the southeastern Pacific Ocean (Nesis,
1970, 1983); myctophid fish compose a large portion of its diet
but D. gigas also preys on hake, anchovy, mackerel, crustaceans,
squid and other organisms (Shchetinnikov, 1986, 1989; Markaida
and Sosa-Nishizaki, 2003; Markaida, 2006; Field et al., 2007).

Off Peru, D. gigas has been targeted commercially by the arti-
sanal fleet since 1961 (Yamashiro et al., 1998), mainly in the north,
and by industrial fleets since 1991 (Taipe et al., 2001). For Chile,
landing data of D. gigas are available since 1957 (Rocha and Vega,
2003) and there are even older records of stranded individual (Wil-
helm, 1954). In Chile D. gigas was formerly used as bait in Genypte-
rus fisheries due to its very low commercial value. Catches of D.
gigas were sporadic before 1970, although high abundances have
ll rights reserved.

lles).
nia the artisanal fishery targeting D. gigas started in 1974 (Ehrhardt
et al., 1983), but between 1983 and 1987 the fishery disappeared,
perhaps due to the recruitment failure from overfishing or unfavor-
able environmental conditions following the 1982–1983 El Niño
event (Klett, 1996).

The population structure of D. gigas is difficult to be assessed due
to variability in length-at-maturity. Three sizes of sexually mature
squid were defined by Nigmatullin et al. (2001) on the basis of the
mantle length (ML) of adult males and females: a small-sized group
(13–26 cm and 14–34 cm, respectively), a medium-sized group
(24–42 cm and 28–60 cm, respectively) and a large-sized group
(>40–50 cm and 55–65 cm to 100–120 cm, respectively). Speci-
mens of the small-sized group are primarily found in the equatorial
areas. Individuals of the medium-sized group are found throughout
the whole species range (except in the most high-latitudinal parts);
while those of the large-sized group occur primarily at the northern
and southern peripheries of the range (usually poleward of 10–15�
latitude). However, large squids sometimes are found in equator-
ward-flowing nearshore cold currents, particularly in the coastal
branch of Humboldt Current System (Nigmatullin et al., 2001).

In this paper we examine the changes in the size-at-maturity of
D. gigas adult females off the Peruvian coast during 1989–2004. In
particular we test the hypothesis that sea surface temperature con-
trols the size-at-maturity in D. gigas.

2. Methods and data

D. gigas biological data (mantle length, sex, maturity) were col-
lected in Peruvian waters (i) during research cruises performed by

mailto:jarguelles@imarpe.gob.pe
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Fig. 2. Annual size structure of mature female of Dosidicus gigas in Peruvian waters from 1989 to 2004. Ranges of size-at-maturity according to Nigmatullin et al. (2001) are
indicated by different areas, small sized (horizontal lines), medium sized (vertical lines) and large sized (grey).
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Fig. 3. Annual variation of length-at-maturity (ML) of females in Peruvian waters.
Each box shows the median, quartiles, smallest and largest not atypical values.
Circles and asterisks indicate extreme and atypical values, respectively.
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the Peruvian Institute of the Sea/Instituto del Mar del Perú (IMA-
RPE–http://www.imarpe.gob.pe) and (ii) from the artisanal and
industrial fisheries from 1989 to 2004. For the industrial fishery,
an observer aboard each vessel collected biological and fishery data.
For the artisanal fishery, biological data were obtained from the
landings. Mantle length (ML) was measured to the nearest mm.
Sexual maturity was assessed with the macroscopic scale proposed
by Nesis (1970) and modified by Tafur and Rabí (1997). This scale
defines four stages for females: I (immature), II (maturation), III
(mature), and IV (spawned). In this paper, mature individuals were
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Fig. 4. Monthly time series of SSTA (sea surface temperature anomalies) in
those assigned to stages III or IV. The mantle length (ML) of adult
females was used to identify the three different length-at-maturity
population groups described by Nigmatullin et al. (2001). Length-
at-maturity was determined during the main spawning season
from October to January (Tafur et al., 2001).

We used monthly sea surface temperature anomalies (SSTA) as a
proxy of environmental conditions for the period 1989–2004 in the
region El Niño 1 + 2 (0–10� South, 90� west–80� west) and two coast-
al areas in Peru (Paita: 05�04.9’S–81�06.7’W and Callao: 12�03.3’S–
77�08.8’W) (Fig. 1). SSTA for the Niño 1 + 2 were obtained from
http://www.cpc.ncep.noaa.gov/data/indices/ssta.indices, while SSTA
from Peruvian coastal areas were obtained from IMARPE.

We used classification and regression trees (CART, Brieman et al.,
1984) to assess the relative importance of year, month and the dif-
ferent time series of SSTA to length-at-maturity. In CART the depen-
dent variable is modelled as a function of covariates. CART divides
the data set through a sequence (tree) of binary splits on the values
of one of the covariates at a time such that the overall variance in the
dependent variable is minimized at each split. The resulting CART
tree is usually simplified (‘pruned’) for the clarity of explanation.
3. Results

3.1. Female length-at-maturity

During the study period the mantle length (ML) of mature fe-
males ranged between 14 and 113 cm (Figs. 2 and 3). According
to the length-at-maturity population groups described by Nigma-
tullin et al. (2001), from 1989 to 1999 a majority of females
reached maturity at medium-sizes (28–60 cm). During 2000 med-
ium and large groups of size-at-maturity were observed, but from
2001 on, the large-sized maturing groups were dominating Peru-
vian waters. Large squid also occurred during 1990 and 1992 but
in a lesser frequency. The small-sized maturing group was only
abundant in 1990.
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3.2. Sea surface temperatures anomalies

The time series of SST anomalies (Fig. 4 shows the time series of
SSTA in Paita and Callao) illustrates the strong El Niño of 1997–
1998 (Wolter and Timlin, 1998; Morón, 2000), with positive anom-
alies (>+1 �C) from March 1997 to July 1998 (16 months). Positive
SST anomalies also occurred from February to June of 1992, corre-
sponding to moderate El Niño conditions (Morón, 2000). Cool peri-
ods were observed, principally during the 1996 La Niña (Morón,
2000), when negative SST anomalies (<�1 �C) occurred from April
to December. Negative anomalies were also predominant in Peru-
vian coastal waters and in the Niño 1 + 2 region after the 1997–
1998 El Niño. In the northern coastal waters near Paita, short peri-
ods of positive anomalies occurred from 2001 to 2004 (Fig. 4).

3.3. CART analysis

CART results (Fig. 5) indicate that the parameter having by far
the strongest effect on the length-at-maturity is year. During
2000 the population transitioned from small to large squid (Figs.
2 and 3). Before January 2001, mature females were medium sized
(mean ML 37.4 cm) while after this, the mean mantle length was
much larger (mean ML 86.1 cm). In CART the year 1999 and SSTA
off Callao had the second most important effects, but these results
are much weaker, inconsistent, and not readily interpretable. There
was thus no clear link between the length-at-maturity and SSTA.
4. Discussion

The results reported in this paper show a dramatic increase in
the length of mature female D. gigas in Peruvian waters over the
period 1989–2004. From 1989 to 1999 the mean length-at-matu-
rity of females (37.4 cm) fell within the medium-sized group of
Nigmatullin et al. (2001). From 2001 on, mean length (85.9 cm)
fell within Nigmatullin’s et al. (2001) large-sized group. We did
not observe the small-sized group reported by Nigmatullin et al.
(2001) except in 1990 (Fig. 2). The dominance of the medium-
sized group during the 1990s agrees with Nigmatullin et al.
(2001) who found this group in the entire distribution area of
the jumbo squid except in the most extreme parts of its distribu-
tion. We found medium-sized mature squids over a wide range of
environmental and temperature conditions, for instance during
Yea

YearMonth<1999.88
SSTA Callao<-0.3 

ML 33.8 ML 41.6 
ML 42.0

Fig. 5. Result of the classification and regression tree assessing the relative importance o
split off on the values of one of the covariate at a time such that the overall variance in
the El Niño 1992 and 1997–1998 and the La Niña 1996 and
1999 (see Fig. 4 for SSTA). We could not evidence any direct rela-
tionships between size-at-maturity and SST, at least at the scale of
our study. In the case of the Peruvian waters characterized by their
high productivity, in particular in terms of fish (Bakun and Weeks,
2008), other factors such as food availability (Mangold, 1987)
could be determined. The increase in length-at-maturity and
abundance from 2000 on (Fig. 6) is concomitant with the signifi-
cant changes for the spatial distribution of anchovy and sardine
and the beginning of the ‘full anchovy era’ in Peruvian waters after
1999 Gutierrez et al. (2007). From 2000 to 2004 the Peruvian
upwelling system was characterized by (i) increased areal extent
of the upwelled cold coastal waters (Swartzman et al., 2008), (ii)
high coastal productivity and recovery of the annual primary pro-
duction (>0.2 Gt C year�1) after the 1997–98 El Niño (Carr, 2002),
(iii) increased in secondary production (Ayón et al., 2008), and
(iv) an increased population of one of the most important preys
of D. gigas (Fig. 6), lanternfish of the genus Vinciguerria (Shchetin-
nikov, 1989; Markaida and Sosa-Nishizaki, 2003). The parallel lan-
terfish and jumbo squid population trajectories may suggest that
an increase in prey availability caused the increase in the
length-at-maturity of D. gigas off Peru.
rMonth<2001.3

YearMonth<2003.2
SSTA Callao<-0.55

ML 84.9
ML 78.3 ML 92.1

f year, month and the different time series of SSTA to length-at-maturity. The tree is
the dependent variable is minimized at each split.
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Fisheries can also affect population size structures, and for jum-
bo squid a purely industrial fishery slowly changed to a mixed
industrial/artisanal fishery from 2000 on (Taipe et al., 2001; IMA-
RPE, unpublished data). But fishing typically produces decrease
in size at maturity, in opposition to the abrupt size increase ob-
served in 2000. Additionally, similar large mature groups were also
observed off Chile from 2000 on (Zúñiga, 2006), off Mexico from
1995–2004 (excepting 1998–1999; Markaida, 2006; Bazzino
et al., 2007), in the northernmost part of the distribution in Oregon
in 1997 (Pearcy, 2002), and off the coast of British Columbia in
2004 (Cosgrove and Sendall, http://www.thecephalopodpage.org/
Dosidicusgigas.php). In these widely distributed regions the his-
tory of the fisheries on D. gigas is completely different from that
off Peru, suggesting a basin-scale environmental forcing.
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a b s t r a c t

We used an individual-based model of anchovy (Engraulis ringens) early life history coupled with
hydrodynamic outputs from the regional oceanic modeling system (ROMS) to investigate the factors
driving variability in egg and larval survival rates in the northern Humboldt upwelling region off Peru.
Individuals were released within a coastal area and followed for a period of 30 days. Those that were
still in the coastal area at that time were considered as retained. We investigated the spatial and tem-
poral variability in the release locations of the individuals retained, and compared these to observed
egg concentration patterns reconstructed from a 40-year period of monitoring. A first set of simulations
using passive particles to represent anchovy eggs and larvae revealed a large sensitivity of the results to
the initial vertical distribution of particles. We then conducted two additional sets of simulations that
included the effect of egg buoyancy, larval vertical swimming behavior and lethal temperature. We
obtained (1) maximal coastal retention close to the surface in winter and in deeper layers in summer,
(2) a large influence of egg buoyancy and of larval vertical behavior on coastal retention in all seasons,
(3) a partial match between dates and locations of enhanced retention and observed egg concentration
patterns and (4) a low effect of lethal temperature on survival except when associated with high egg
density. The model suggests that an optimal temporal spawning pattern for maximizing coastal reten-
tion would have two maximums, the most significant in austral winter and the second in summer. This
pattern agrees roughly with observed spawning seasonality, but with temporal discrepancy of about
two months in the peaks of both series. Spatially, we obtained higher retention from 10 S to 20 S,
whereas the observed maximum egg concentration was located between 6�S and 14�S. Among the
three sets of simulations, the one taking into account larval vertical swimming behavior lead to the
best match with the data.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Upwelling ecosystems support large populations of small pela-
gic fish, particularly clupeoids like anchovy and sardine (Fréon
et al., 2006). These species are believed to control the trophic
dynamics of these systems (Cury et al., 2000) and are often
exploited by industrial and artisanal fisheries (Fréon et al.,
2005). High levels of recruitment variability make anchovy and
sardine stocks particularly difficult to manage (Jacobson et al.,
ll rights reserved.

(T. Brochier), christophe.
e.Freon@ifremer.fr (P. Fréon),
b.pe (P. Ayón).
ary Physics (IGPP), University
2001). As these fish are short-lived and often heavily exploited
the bulk of the biomass comes from one (anchovy) to three (sar-
dine) year-classes. Consequently, fluctuations in recruitment suc-
cess translate rapidly into fluctuations in population sizes. It is
generally accepted that recruitment dependence on the spawning
biomass is low, except at very low levels of parental biomass (Fo-
garty, 1993; Myers, 1998; Myers et al., 1999), and that it depends
mainly on survival during the first life stages. Survival is thought
to be mainly mediated by environmental conditions rather than
by density-dependent processes. Environmental conditions which
could influence the survival of the early life stages have been well
described (Bakun, 1996; Cury and Roy, 1989; Lasker, 1985). How-
ever, forecasting environmentally driven fluctuations in recruit-
ment remains problematic.

The Humboldt Current system is one of the world’s major
eastern boundary current upwelling systems, and it currently
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sustains a huge stock of anchovy (Engraulis ringens), also called
anchoveta, that is exploited by thousands of purse-seiners
whose annual landing exceeds 5 million tons (Ñiquen and Fréon,
2006). This stock has been monitored since the 1960s by the
Peruvian institute IMARPE, providing extensive information on
spawning dates and areas despite their large variability (Santan-
der, 1981; Senocak et al., 1989). Anchovy reproduction usually
displays two annual peaks, with a major spawning in late winter
(August–September) and a secondary spawning in summer (Feb-
ruary–March). On average, the winter spawning season is much
more intense than the summer one, and the main spawning area
is located between 6�S and 14�S. However, inside this large area
spawning is both spatially and temporally very irregular. Muck
(1989) found a strong negative relationship between the propor-
tion of mature females and temperature but the data were not
spatialized. Another study suggested that larvae survived better
off the northern coast of Peru during the austral winter season
when motile (swimming) algae are available as food (Walsh
et al., 1980). Understanding the factors driving anchovy spawn-
ing date and location and their impact on eggs and larvae is a
key question for local fisheries management.

Realistic numerical hydrodynamic models at a regional scale
have recently become available as computational power has rap-
idly increased over the last decade (Haidvogel and Beckmann,
1998). These models have increasingly been coupled with indi-
vidual-based models to study the dynamics of early life stages
of marine species (Miller, 2007; Werner et al., 2001) and partic-
ularly small pelagic fish (Lett et al., in press). Recently, a clima-
tological hydrodynamic simulation of the northern Humboldt
upwelling region at a relatively high resolution (1/9�) has been
developed and validated (Penven et al., 2005). Lett et al.
(2007a) used it to build putative maps of Bakun’s triad processes
(concentration, retention and enrichment, Bakun, 1996). They
showed that the area of largest concentration of anchovy eggs
matched the area of optimal simulated enrichment and reten-
tion, and that maximum retention rates occurred in summer
while enrichment was stronger in winter. Although their results
could explain some of the significant anchovy spawning pat-
terns, they could not explain others, like the bimodal seasonal
distribution of anchovy egg production usually observed in Peru.
In this paper, the same climatological hydrodynamic simulation
was used but with a different (and complementary) approach.
Instead of mapping separately Bakun’s triad elements, we stud-
ied the functional impact of anchovy spawning period, vertical
egg and larval movements (buoyancy and swimming), and mor-
tality on anchovy retention, following the methodology de-
scribed by Mullon et al. (2003). We compared the model
output with observed data on spawning patterns, following the
pattern-oriented modelling (Grimm et al., 2005) approach. Field
egg concentration of anchovy eggs as surveyed by IMARPE were
used as a proxy for spawning location and period.

It is generally accepted that clupeoids maximize egg and lar-
val retention by spawning in favorable areas (Bakun, 1996), and
there is no evidence of the Peruvian anchovy being an exception.
Therefore, one of the questions addressed in this paper is
whether it is possible, with a simple condition of larval retention
in the phytoplankton-rich coastal area, to model features of the
observed spawning behavior. In other words, does the Peruvian
anchovy spawning maximize the retention condition? We also
investigated the impact of egg buoyancy and larval swimming
on retention, using different vertical swimming behaviors such
as diurnal vertical migration (DVM) and ontogenic migration.
Finally, being in an area where the presence of upwelled waters
leads to large temperature variations, we also tested different
lethal temperatures to analyze how they might interact with
other factors to modulate retention.
2. Methods

2.1. The model

The individual-based model (IBM) description below follows
the overview-design-details (ODD) protocol for describing individ-
ual- and agent-based models (Grimm et al., 2006; Grimm and
Railsback, 2005) and consists of six subsections below. The first
two subsections provide an overview, the fourth explains general
concepts underlying the model design, and the remaining three
subsections provide details. The present model is a version of a
modeling tool called Ichthyop (Lett et al., 2008) that can be down-
loaded from http://www.eco-up.ird.fr/projects/ichthyop/.

2.1.1. Purpose
We used a coupled model of transport and survival of anchovy

early life stages to assess coastal retention rates depending on
spawning tactics, and compared optimized results with the ob-
served reproduction patterns. We also used the model to investi-
gate the relative importance of environmental and behavioral
factors on retention.

2.1.2. State variables and scales
The model is composed of virtual individuals and their marine

physical environment. Individuals were characterized by the state
variables: age (in days), location (in three dimensions, longitude,
latitude and depth), life stage (egg or larva) and status (alive or
dead). The environment was characterized by three-dimensional
fields of state variables: water velocity (in m s�1), temperature
(in �C) and salinity (PSU).

Environmental conditions were provided by archived simula-
tions of the regional oceanic modeling system (ROMS) (Shchepet-
kin and McWilliams, 2005) configured for the Peruvian region
(Penven et al., 2005). The grid extends from 5�N to 22�S and from
70�W to 92�W with a horizontal resolution of 1/9�. Since ROMS
uses terrain-following curvilinear coordinates with 32 layers in
this configuration, the vertical resolution ranges from 30 cm to
6.25 m at the surface layer and from 31 cm to 1086 m at the bot-
tom layer. To investigate the seasonal variability of the environ-
ment we used a simulation forced with monthly climatological
atmospheric fluxes and boundary conditions. Penven et al.
(2005) validated the modeled seasonal cycle. Since the mesoscale
environment is variable in different simulation years (with the
same climatological forcing) due to intrinsic model variability
(Batteen, 1997; Marchesiello et al., 2003), a set of three years
was chosen randomly among those used by Penven et al.
(2005). Water velocity, temperature and salinity fields were aver-
aged and stored every two days. These fields were interpolated in
time and space in the IBM to determine values of the environmen-
tal state variables at any individual location every two hours.
Every simulation lasted for 30 days.

2.1.3. Process overview and scheduling
Virtual eggs were released in the environment following a deter-

mined spatial (area, depth and patchiness) and temporal (month,
duration and frequency) spawning strategy that constituted the ini-
tial conditions (see Sections 2.1.5 and 2.1.6.1). Once released, each
egg or larva within each time step was moved, tested for mortality
and finally for retention (see Sections 2.1.6.2–2.1.6.4). Depending
on the type of simulation, the movement was a passive Lagrangian
transport with or without addition of a buoyancy scheme for eggs,
or a vertical swimming behavior scheme for larvae.

2.1.4. Design concepts
2.1.4.1. Stochasticity. The release location for each individual was
chosen randomly within the specified spawning areas. It aimed

http://www.eco-up.ird.fr/projects/ichthyop/
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at simulating patchy or uniform distributions depending on a
patchiness parameter (see Section 2.1.6.1). Instead of testing a rep-
etition effect that largely depended on the initial number of re-
leased particles, as did Mullon et al. (2003), the number of
individuals chosen was large enough (3000 individuals) to avoid
effects due to the random initial location. Therefore only one sim-
ulation for each set of parameters was necessary.

2.1.4.2. Observation. A series of simulations were run with different
pre-defined sets of parameters. For each simulation the proportion
of individuals retained within the coastal area was calculated. We
then performed a variance analysis on the proportion of retained
individuals. We also investigated the spatial and temporal variabil-
ity in the release locations of the individuals retained, and com-
pared these to observed egg concentration patterns reconstructed
from a 40-year period of monitoring.

2.1.5. Initialization
In each simulation 3000 particles representing virtual eggs

were released in the spawning area at the beginning of each
month. The spawning area extended from 2�S to 20�S, and from
the coast to the 3000 m isobath, which roughly corresponds to
the zone of maximum chlorophyll concentrations (Fig. 1). The ini-
tial conditions of virtual spawning were defined by year (in the
climatological series), month, spawning frequency, area, patchi-
ness and depth (see Section 2.1.6.1). For each simulation, a set
of individual characteristics was also chosen: lethal temperature,
egg buoyancy and vertical migration behavior (see Sections
2.1.6.2 and 2.1.6.3).

2.1.6. Submodels
2.1.6.1. Spawning strategy. The spawning strategy was defined by
the (virtual) spawning area, depth, time, duration, frequency and
patchiness. The spawning area was a set of sub-areas covering
the coastal zone previously defined (see Section 2.1.5). These
sub-areas were defined by three bathymetric intervals (0–100 m,
Fig. 1. Superficial chlorophyll a concentration annual mean, over the period 1997–
2003 (SeaWiFS) superposed with isobaths 100, 500, 1000, 2000, 3000 and 4000 m.
The higher chlorophyll a concentration is above the continental shelf. Source: ocean
Color Web: oceancolor.gsfc.nasa.gov – processing: interanual means – IRD (D.
Dagorne).
100–500 m and 500–3000 m) and nine latitudes (every two de-
grees from 2�S to 20�S). Depth of spawning was defined by an
interval (upper and lower depth levels, in m). Spawning time
was defined by year and month. Spawning frequency and spawn-
ing patchiness were parameters used to set the time and space dis-
tribution of the released particles. Spawning frequency was the
number of times virtual eggs were released within the spawning
period (one month). For this parameter we used values of 1, 3
and 5 to set that all virtual eggs (3000) were released on day 0,
1/3 of them (1000) on days 0, 10 and 20, or 1/5 (600) on days 0,
6, 12, 18 and 24. Spawning patchiness indicated the number of par-
ticles released around the same location (±1 m for depth, ±1 1/9�
for longitude and latitude). For this parameter we used values of
1, 10 and 100. This last value, for example, indicates that the
3000 particles were released by groups of 100 around any location,
i.e., the distribution of particles was patchy, with 30 patches of 100
particles. Locations were randomly chosen within the spawning
area.

2.1.6.2. Movement. Depending on the type of simulation, the
movement was purely Lagrangian (passive), with buoyancy for
eggs or with vertical swimming behavior for larvae (Eq. (1)).
Egg buoyancy was calculated as a function of egg density and
water density, the latter being calculated as a function of water
temperature and salinity (see Parada et al., 2003 for details).
The buoyancy scheme was only applied before hatching, i.e., dur-
ing the first two days after spawning, as suggested by laboratory
experiments (Ware et al., 1980). Depending on the type of simu-
lation, the vertical swimming behavior consisted in a diurnal ver-
tical migration (DVM) between two fixed depths (scenario 1) or in
maintaining fixed depths at 1, 15 or 30 m (scenario 2, 3 and 4,
respectively). The larval vertical swimming scheme was applied
4 days after hatching, i.e., from day 6, roughly corresponding to
the time of complete yolk resorption (Ware et al., 1980). In sce-
nario 1 the vertical swimming velocity was an age-dependent
function derived from an age-length relationship (Castro and Her-
nández, 2000) and a length–velocity relationship (Hunter, 1977).
The resulting age–velocity relationship was linear for the first
month (Eq. (2)). Anchovy larvae swam approximately a distance
equal to their size in one second (Hunter, 1977). We considered
that this velocity could be applied for vertical migrations

xðt þ DtÞ ¼ xðtÞ þ Vu � Dt;

yðt þ DtÞ ¼ yðtÞ þ Vv � Dt;

zðt þ DtÞ ¼ zðtÞ þ ðVz þ VbuoyðaÞ þ B � VswimðaÞÞ � Dt;

ð1Þ

(x,y,z) = individual’s position; a = individual’s age (days since
spawning); t = time, Vu,v,z = current velocity along u, v or z axis,
Vbuoy(a) = buoyancy velocity depending on egg and water density,
Vswim(a) = swimming velocity in cm s�1, B = vertical migration
behavior ± 1 depending on depth and time for DVM.

for a 6 6 : Vswim ¼ 0;
for a > 6 : Vswim ¼ 0:1þ 0:08 � ða� 6Þ;

ð2Þ

a is the time since spawning in days and Vswim is the swimming
velocity in cm s�1.

2.1.6.3. Mortality. Mortality was temperature-dependent: virtual
eggs and larvae died when they were exposed to temperature be-
low a pre-defined threshold value. Although there are few data
concerning the lethal temperature for anchovy larvae in Peru, lar-
val survival is known to be strongly dependent on length at
hatching, which is usually optimal at intermediate temperature
in a given environment (Llanos-Rivera and Castro, 2006; Pauly
and Soriano, 1989). Off Peru, the observed temperature range
for adults anchovy spawning is 14–21 �C (Jarre et al., 1991),
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without evidence of temperature selection for spawning (Ber-
trand et al., 2004). Here we tested the impact of three different
arbitrary lethal temperature (12, 14 and 16 �C). These values were
selected after preliminary tests in order to obtain contrasted
results.

2.1.6.4. Coastal retention. Individuals were considered as retained
when they were alive and still in the coastal area after the drift
period. We make the generally accepted assumption that the var-
iability of the recruitment is highly correlated to this retention
(Bakun, 1996). Based on in situ observations (e.g, Ayón, 2004),
the coastal area was the same as the spawning area, i.e., the area
where high chlorophyll concentrations were observed (Fig. 1). For
the drift period we used the ‘‘horizontal-current independent
age”, i.e., the age at which larvae can swim fast enough to influ-
ence their horizontal motion within the current field. The Peru-
vian anchovy larval stage duration is about 1.5 months, after
which larvae metamorphose into juveniles and recruits (i.e., fish
of 37.5–47.5 mm) at 3 months (Palomares et al., 1987). The age-
velocity relationship previously described indicated one month-
old larvae can swim >2 cm s�1, which might be sufficient to influ-
ence motion within currents in the coastal area which typically
flow <10 cm s�1 (Fig. 10). Therefore we set the drifting time to
30 days after spawning.
Table 1
Parameters tested in each set of simulation.

Sim I Sim II Sim III

Latitude —2–4 �S, 4–6 �S, 6–8 �S, 8–10 �S, 10–12 �S, 12–14 �S, 14–16 �S,
16–18 �S, 18–20 �S—

Bathymetry —0–100 m, 100–500 m, 500–3000 m—
Month —Every months—
Year 3 1 1
Depth of

spawning
0–15 m, 15–
30 m, 30–45 m

0–50 m 0–50 m

Frequency 1, 3, 5 1 1
Patchiness 1, 10, 100 1 1
Egg density No 1.023, 1.024,

1.025, 1.026,
1.027

No

Lethal
temperature

No 12, 14, 16 �C No

Vertical
swimming
behavior

No No DVM 0–30 m, Target
depth 1 m, 15 m, 30 m

Table 2
ANOVA of IBM’s output for Simulation I show the relative importance of each factor on th

Df Sum Sq

Depth 2 4,074,222
Latitude 8 1,290,999
Bathymetry 2 694,725
Month 11 250,306
Year 2 11,485
Patchiness 2 2490
Frequency 2 387
Depth�latitude 16 385,742
Depth�bathymetry 4 71,194
Depth�month 22 1,040,158
Depth�year 4 5498
Latitude�bathymetry 15 1,092,955
Latitude�month 88 1,827,175
Latitude�year 16 42,677
Bathymetry�month 22 507,748
Bathymetry�year 4 5542
Month�year 22 40,613
Residuals 25,981 6,580,173

Total 17,924,089
2.2. Simulation experiments, sensitivity analysis and pattern analysis

We performed three sets of simulations (Table 1), which tested
the following factors: (1) Considering only Lagrangian drift, the ef-
fects of different spawning strategies (location, date, time, depth,
etc.) on retention pattern (Simulation I); (2) The effects of varying
egg buoyancy (Simulation II) and larval swimming (Simulation III)
on retention pattern.

Because our modeling design was similar to that of many exper-
iments, we chose to perform analysis of variance (ANOVA) using
retention rates as the dependent variable, the different tested ef-
fects (egg density, lethal temperature, spatial and temporal effects)
and their first degree interactions as fixed factors. We checked that
the error distribution was close to a Gaussian distribution and that
the assumption of variance homogeneity was fulfilled. Because the
spatio-temporal autocorrelation in the simulated data resulted
in an overestimation of the number of degrees of freedom of the
ANOVA, and hence of the significance level of the factors, we chose
arbitrarily 2% for the explained variance as threshold to discuss the
effect of the factors.

Finally, we compared retention spatial and seasonal patterns
obtained with the IBM with field observations of anchovy egg con-
centrations. We derived an egg-distribution climatology with field
data from 1961 to 2004. Considering that this observed distribu-
tion reflected the average spawning pattern, we compared it with
the retention patterns resulting from Simulation III, with a target
depth of 15 m, which seems the most realistic in terms of egg
and larval depth regulation. If the natural selection has maximized
retention within the chlorophyll-rich coastal area for Peruvian an-
chovy as modeled here, then one would expect observed spawning
and retention patterns to be similar in time and space.

3. Results

3.1. Sensitivity analysis

3.1.1. Simulation I
Factors included in the analysis of variance of the simulated

retention values were (Table 2): date (year and month) of spawn-
ing, area (latitude and bathymetry) and depth of spawning, spawn-
ing frequency and patchiness. Spawning depth explained more
than 20% of the total variance in the retention values, followed
by latitude (7%) and bathymetry (4%). Year, spawning frequency
and patchiness explained very little of the variance. On average,
e variation of the coastal retention rate.

Mean Sq F value % Expl. Pr(>F)

2,037,111 8043.3 22.7 <2.2e�16
161,375 637.2 7.2 <2.2e�16
347,362 1371.5 3.9 <2.2e�16
22,755 89.8 1.4 <2.2e�16
5743 22.7 0.1 1.45e�10
1245 4.9 0.0 0.0073315
194 0.8 0.0 0.4657411
24,109 95.2 2.2 <2.2e�16
17,798 70.3 0.4 <2.2e�16
47,280 186.7 5.8 <2.2e�16
1375 5.4 0.0 0.0002299
72,864 287.7 6.1 <2.2e�16
20,763 82.0 10.2 <2.2e�16
2667 10.5 0.2 <2.2e�16
23,079 91.1 2.8 <2.2e�16
1386 5.5 0.0 0.0002124
1846 7.3 0.2 <2.2e�16
253 36.7

100.0
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retention increased with spawning depth, from �20% for a spawn-
ing at 0–15 m to �45% at 30–45 m. Retention was higher over the
continental shelf (�40% for particles released from the coast to the
100 m isobath) and decreased offshore (�20% for particles released
in the area between the 500 m and 3000 m isobaths). Five interac-
tions between factors explained more than 2% of the variability but
with high degrees of freedom and therefore relatively low mean
Fig. 2. Hovmuller diagram of the retention rates (Simulation I). The maximu

Fig. 3. Monthly retention rates (Simulation I). Histograms: particles released at three
different position above the continental shelf: coast to isobaths 100 m; 100–500 m; 500–
15 m and the 30–45 m cape, and (2) the higher retention rate in spring and summer ov
square values (Table 2). The most significant was the month�lati-
tude interaction. High (>40%) retention values were found from 8�S
to 14�S from June to October. Low (<20%) values were observed all
year round from 2�S to 6�S (Fig. 2). The month�depth interaction
was observed together with the month�bathymetry interaction
(Fig. 3). For the 30–45 m depth level, retention values peaked dur-
ing late spring (November–January) and were minimal in winter
m of retention does not occur at the same place in winter and summer.

different depth ranges (0–15, 15–30 and 30–45 m). Curves: particles released at
3000 m. This figure shows (1) the opposite seasonal pattern of retention for the 0–

er the shallow shelf (0–100 m).
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(June–September), while the opposite seasonal pattern was ob-
tained for the 0–15 m level. Maximum values of retention were ob-
tained in fall (May–June) for particles released close to the coast
and during late spring (November–January) for particles released
further offshore. Because spawning depth was identified as the
most sensitive parameter, we conducted two additional sets of
simulations which included processes that affected the vertical dis-
tribution of eggs and larvae.

3.1.2. Simulation II
We tested the effect of different values of egg buoyancy (egg

densities of 1.023, 1.024, 1.025, 1.026 and 1.027 g cm�3) and of
lethal temperature (12, 14 and 16 �C) on the simulated retention.
We modeled different values only for the single parameters that
were found as the most sensitive in the previous simulation, i.e.,
month, latitude and bathymetry, but held the remaining factors
constant (Table 1). The spawning depth was set between 0 and
50 m. ANOVA on the retention values (Table 3) showed that egg
buoyancy strongly contributed to the variability in retention values
(�30% of the variance) while the lethal temperature contributed
only 7.6%. Increased egg density in the range 1.024–1.026 g cm�3

strongly increased retention values (Fig. 4). Temperature-depen-
dent mortality was only significant for the highest density class
(1.027 g cm�3). A high lethal temperature threshold was detrimen-
tal in this case (Fig. 4) suggesting that virtual eggs sank into low
Table 3
ANOVA of IBM’s output for Simulation II show the relative importance of each factor on t

Df Sum Sq

Density 4 1,235,548
Lethal temperature 2 323,280
Latitude 8 290,444
Month 11 56,661
Bathymetry 2 51,086
Density�lethal temperature 8 369,698
Density�latitude 32 323,531
Density�month 44 121,762
Density�bathymetry 8 74,890
Lethal temperature�latitude 16 26,367
Lethal temperature�month 22 2726
Lethal temperature�bathymetry 4 17,465
Latitude�month 88 161,927
Latitude�bathymetry 15 107,884
Month�bathymetry 22 36,449
Residuals 4392 1,048,514

Total 42,48,232

Fig. 4. Retention rates for four different egg buoyancy (Simulation II). Histograms: egg
100 m; 100–500 m; 500–3000 m. Retention increases when buoyancy decreases, but let
temperature waters before hatching. To confirm these hypothesis
we analyzed the vertical distribution (averaged over the entire
coastal area and over the year) after 2 days of transport for eggs
randomly released between 0 and 50 m. For density values of
1.023 and 1.024 g cm�3, eggs concentrated close to the surface.
For a density of 1.025 g cm�3 they remained mainly between 0
and 50 m, while for larger values, eggs sank rapidly, reaching
waters deeper than 150 m for a density of 1.027 g cm�3 (not
shown). The large mortality observed for an egg density of
1.027 g cm�3 was consistent with the annual mean depth of the
lethal 16 �C isotherm between 7�S and 13�S from the coast to
500 km offshore, which was about 150 m in the hydrodynamic
model (Penven et al., 2005). The density�month interaction
(Fig. 5) showed maximum retention in winter (June–August) for
densities of 1.023 and 1.024 g cm�3. For larger values there were
two maxima, one in winter (June–August) and the other in summer
(December–February). The density�bathymetry interaction (Fig. 4)
showed that for a egg density of 1.025 g cm�3 and higher the larg-
est retention values were obtained for spawning grounds between
100 and 500 m, while for lower values of density retention was
maximum for the coastal spawning area. Finally, the density�lati-
tude interaction indicated latitudinal variability of retention values
for low density values (1.023 and 1.024 g cm�3). As these densities
were the most superficial, this was certainly due to alongshore
variations of the upwelling strength.
he variation of the coastal retention rate.

Mean Sq F value % Expl. Pr(>F)

308,887 1293.86 29.08 <2.2e�16
161,640 677.07 7.61 <2.2e�16
36,306 152.08 6.84 <2.2e�16
5151 21.58 1.33 <2.2e�16
25,543 106.99 1.20 <2.2e�16
46,212 193.57 8.70 <2.2e�16
10,110 42.35 7.62 <2.2e�16
2767 11.59 2.87 <2.2e�16
9361 39.21 1.76 <2.2e�16
1648 6.90 0.62 6.21e�16
124 0.52 0.06 0.968
4366 18.29 0.41 6.51e�15
1840 7.71 3.81 <2.2e�16
7192 30.13 2.54 <2.2e�16
1657 6.94 0.86 <2.2e�16
239 24.68

100.00

lethal temperatures of 12, 14 and 16 �C; Curves: spawning from coast to isobaths
hal temperature then becomes limitant.



Fig. 5. Monthly retention rate for four egg buoyancy (Simulation II). Heavy eggs (>1.025 g cm�3) retention have two seasonal maxima while light eggs (<1.025 g cm�3) have
only one maximum.
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3.1.3. Simulation III
Simulated larvae were given depth-regulatory behavior: (1) a

diurnal vertical migration (DVM) between 1 and 30 m, or a target
depth of (2) 1 m, (3) 15 m, (4) 30 m. In this simulation vertical
behavior was the main factor contributing to retention variability
(�19%), followed by the latitude (�18%), month (�5%) and
bathymetry ( � 4%) factors (Table 4). On average the simulated
retention values increased with the target depth from �30% (at
1 m) to �55% (at 30 m). The DVM scenario gave an average reten-
tion value of �40%, slightly lower than the scenario using a target
depth of 15 m. The vertical behavior�month interaction ex-
plained a substantial part of the variance (�8%) but again with
a high number of degrees of freedom (33). The retention patterns
also changed much with bathymetry. For the coastal area (until
100 m depth) the retention values were maximal during winter
for all vertical behavior scenarios. More offshore the scenarios
using a target depth of 1 or 30 m showed opposite retention pat-
terns, while the DVM scenario and the 15 m depth one showed
two maximums of retention, one during winter and one during
summer (Fig. 6).

3.2. Pattern analysis

3.2.1. Seasonal pattern
The two peaks observed in the mean seasonal distribution of

collected anchovy eggs could be compared with the two peaks
obtained for retention in the simulation using vertical swimming
Table 4
ANOVA of IBM’s output for Simulation III show the relative importance of each factor on

Df Sum Sq

Vertical_behavior 3 73,278
Latitude 8 70,184
Month 11 17,687
Bathymetry 2 15,911
Vertical_behavior�latitude 24 4994
Vertical_behavior�month 33 31,869
Vertical_behavior�bathymetry 6 1711
Latitude�month 88 53,371
Latitude�bathymetry 15 10,942
Month�bathymetry 22 16,009
Residuals 1035 83,955

Total 379,911
behavior (Simulation III) and a target depth of 15 m with a
spawning over the whole area (0–3000 m), or only over the shelf
(0–100 m). Although the correlation between maximum ob-
served spawning and enhanced simulated retention was not pre-
cise, the main seasonal variation pattern was retrieved (Fig. 7).
For spawning over the whole domain, the summer peak was lar-
ger than the winter one. By contrast, for spawning over the shelf
only, where the majority of the eggs are actually spawned, the
winter peak was larger. In both cases a temporal discrepancy
of about two months was observed with the field data peaks
(for technical reasons the hydrodynamic model started on Janu-
ary 15th so that the temporal shift was actually one month and
a half).
3.2.2. Spatial pattern
Field observations indicated that anchovy eggs were found

mainly between 6�S and 14�S (Fig. 8). In the areas 6�S–10�S and
14�S–20�S anomalies of egg concentrations and anomalies of
retention values were opposite. At 6�S–10�S, the observed egg con-
centration was significant despite relatively low retention simu-
lated by the model. In contrast, from 14�S to 20�S, field data
indicated relatively low egg concentrations despite a high simu-
lated retention (Fig. 8). However, the hydrodynamic model in that
region did not reproduce properly the Paracas upwelling cell (Pen-
ven et al., 2005), which might lead to an overestimation of reten-
tion there.
the variation of the coastal retention rate.

Mean Sq F value % Expl. Pr(>F)

24,426 301.13 19.29 <2.2e�16
8773 108.15 18.47 <2.2e�16
1608 19.82 4.66 <2.2e�16
7956 98.08 4.19 <2.2e�16
208 2.57 1.31 5.53E�05
966 11.91 8.39 <2.2e�16
285 3.51 0.45 0.0019
606 7.48 14.05 <2.2e�16
729 8.99 2.88 <2.2e�16
728 8.97 4.21 <2.2e�16
81 22.10

100.00



Fig. 6. Monthly retention rate for different scenarios of larval vertical migration (Simulation III). Histograms: eggs released from isobaths 100 m to 3500 m. Curves: eggs
released from coast to isobath 100 m. Retention is constant in summer for any vertical swimming behavior while in winter retention is lower for larvae migrating to the near
surface and higher for larvae migrating to 30 m depth. For eggs released over the shallow shelf (<100 m), the retention is much stronger in winter.

Fig. 7. Standard anomalies of the mean monthly anchovy egg concentrations and the retention for larvae migrating to 15 m depth (Simulation III) released (1) from coast to
isobath 3000 m (curve with triangles), (2) from coast to isobath 100 m (curve with squares). The relative importance of the summer and winter peaks of retention depends on
whether spawning was sets over the shelf or not.

Fig. 8. Spatial comparison between retention (Simulation III) and eggs concentration standardized anomalies. The numbers near the curve indicate the number of data
available (square of 1/10� latitude � 1/10� longitude where there is data).
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Fig. 9. Spatio-temporal egg concentrations and retention patterns. (a) Hovmuller diagram of retention (Simulation III, target depth 15 m). (b) Hovmuller diagram of anchovy
eggs concentration (blank indicates no sufficient data).

Fig. 10. Average vertical structure (0–30 m) of the flow obtained from the climatological hydrodynamic model simulations (one year) in summer and in winter from 6�S to
14�S over the coastal area (until isobath 2200 m). (a) Onshore current and (b) Alongshore current component. In summer there is a current shear around 20 m that doesn’t
appear in winter.
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3.2.3. Spatio-temporal pattern
We plotted similar Hovmuller representations for both anchovy

egg concentrations (field data) and retention values derived from
Simulation III with a 15 m depth scenario (Fig. 9). The field data
showed a spawning summer peak from 6�S to 10�S, while the mod-
el indicated a summer maximum of retention further south at
14�S–16�S. There was a winter spawning peak from 7�S to 12�S
and at 18�S, which roughly matched peaks in retention. There
was a high simulated retention for eggs released south of 18�S
from May to September, but not enough field data allowed to make
a comparison, although there was also maximum egg concentra-
tions at 18�S in August. In both egg concentration data and simu-
lated retention values, the summer peak was shorter than the
winter peak, and values were low from March to May all along
the domain.

4. Discussion

In temperate neritic waters the majority of pelagic fish eggs
are spawned at shallow depths (<50 m) and are neutrally or
slightly positively buoyant (Sundby, 1991). Our first experiment
(Simulation I) consisted in releasing virtual eggs at three depth
levels between 0 and 45 m depth all along the Peruvian coast,
and considering larvae as retained if they were still in this area
after a drifting period of 30 days. Spatially, there were two reten-
tion minimums (Fig. 2) corresponding to the abrupt changes in
coastal orientation off Punta Falsa (2�S–6�S) and off Paracas
(14�S–16�S, Fig. 1). Lett et al. (2007a) used a different criterion
for retention, based on the distance traveled by particles from
their initial positions, and found maximum retention in summer.
Differences in these results are due to currents being more along-
shore in winter, which resulted in particles being transported
away from their original locations but remaining in the coastal
area (Fig. 10b), so that particles were considered as retained by
our retention criterion but not by Lett et al.’s (2007a). This was
checked by running the simulations described here with both cri-
teria for comparison. Bakun (1987) showed that while the volume
of Ekman transport off Peru is much larger in winter, the rate of
larval offshore transport is higher in summer. He explained this
counter-intuitive result by pointing out that ‘‘drifting organisms
which are distributed through the upper mixed layer would expe-
rience a faster net offshore drift in the thinner surface mixed layer
of austral summer than in the deeper mixed layer of winter, even
though the winter transport (by volume) is much larger”. Our re-
sults agree with this theory, since on average we obtain better
retention rates during winter. However, this pattern is sensitive
to the spawning depth and location within the upwelling area,
and in particular show a summer maximum of retention for par-
ticles released between 30 and 45 m (Fig. 3). This maximum oc-
curs because the summer mixed layer is shallower and the
offshore Ekman transport layer thinner, with onshore return cur-
rents as shallow as 25 m (Fig. 10a).
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Spawning frequency and patchiness were not significant factors
in the simulations, showing that the non-uniformity in the tempo-
ral and spatial distribution of egg release had no effect on reten-
tion. Regarding frequency, it might be due to the fact that we
used monthly averaged forcing for the hydrodynamic model,
which did not allow reproducing significant circulation variability
within a month. Regarding patchiness, the null effect could mean
that with a patchy spawning, after a short time of drift the eggs
were so mixed all along the coast by the mesoscale structures that
the final results did not significantly differ from a uniform initial
distribution. Clearly these factors would be more important if
small-scale biological factors like predation or feeding were
included.

Since the currents displayed vertical shears near the surface in
the upwelling area (Penven et al., 2005), the vertical distribution
of eggs and larvae was a main factor affecting coastal retention.
Generally, the factors likely to determine the vertical profile of pe-
lagic fish eggs are spawning depth, buoyancy, vertical mixing, and
depth-dependent mortality (Sundby, 1997). Typically, pelagic fish
eggs accumulate at the sea surface and decrease in concentration
exponentially with depth (Sundby, 1983). In the Bay of Biscay, Coo-
mbs et al. (2004) found eggs of both sardine and anchovy predom-
inantly in the upper 20 m of the water column above the
pycnocline, increasing in abundance towards the surface. This dis-
tribution is expected for buoyant particles under the influence of
wind mixing at the surface, by considering the balance of the egg
ascent and vertical diffusion (Sundby, 1991), and is consistent with
other field reports (Coombs et al., 2003; Dopolo et al., 2005; Olivar
et al., 2001). Observations in the northern Humboldt (7�S) for an-
chovy eggs showed a similar pattern (Ayón, 2004).

In Simulation II we used egg densities ranging from 1.023 to
1.027 g cm�3. For a value of 1.023 g cm�3, buoyancy was positive
within the entire spawning area, while for both densities of
1.024 and 1.025 g cm�3, part of the eggs ended up near the surface
and another part (spatially segregated) accumulate around 40–
50 m, probably near the pycnocline. For 1.026 and 1.027 g cm�3,
eggs sank below 50 m. These results suggest that egg densities
leading to the typical observed vertical distribution are between
1.024 and 1.025 g cm�3. Measurements of egg densities for Engrau-
lis ringens are not available. Measurements for Engraulis encrasico-
lus in the Bay of Biscay gave an egg density around 1.023 g cm�3

and a marked increase in density amounting to 1.025 g cm�3 in
the final quarter of egg development (Coombs et al., 2004). Simu-
lation II also showed that coastal retention increased with egg den-
sity. Positive buoyancy of particles led to reduced retention
because offshore transport was always faster near the surface.
Other simulations (not presented) showed that various spawning
depths (0–15, 15–30 or 30–45 m) had no significant effect on
retention when the buoyancy scheme was included. We conclude
that water density and pycnocline depth are significant parameters
for determining egg coastal retention. The incubation time might
also be important, since it determines the time during which eggs
are exposed to the low retention rates occurring near the surface.

The vertical distribution of larvae is influenced by the same
physical factors as for eggs but with the additional variable of
swimming. Off Peru anchoveta larvae are typically found deeper
than eggs, near the thermocline (Palomera and Sabatés, 1990; San-
chez et al., 1999; Shelton and Hutchings, 1979). Depending on the
size of the larvae, they accumulate near the thermocline (Matsuura
and Kitahara, 1995), or perform vertical migration between the
surface and the thermocline (Shelton and Hutchings, 1979). In
the Humboldt upwelling system, oxygen concentrations below
1 ml/l limit the depth of anchovy larvae (Morales et al., 1996)
and adults (Mathisen, 1989). As the oxycline is usually found at
the base of the thermocline in the central Humboldt (Morales
et al., 1999), vertical swimming behavior might be limited by both
the thermocline and the oxycline. Preliminary studies of the verti-
cal distributions of anchovy larvae in the northern Humboldt (at
7�S) suggest that they concentrate near the thermocline, between
30 and 50 m depth (Ayón, 2004).

Simulation III investigated the effect of different larval depth-
regulatory behaviors: target depths of 1, 15 or 30 m and diurnal
vertical migration (DVM) from 1 to 30 m, with age-dependent lar-
val swimming velocities. We found that DVM and a constant depth
of 15 m produced similar patterns of retention, typically with
retention peaks in winter and summer. Constant 1 and 30 m depth
regulation produced opposite seasonal patterns: at 1 m it was
maximal while at 30 m it was minimal in winter. This is under-
standable by looking at the average vertical structures of the flows
from the surface to 30 m depth in summer and in winter (Fig. 10).
At the surface, during winter, the offshore component of the cur-
rents is weaker, leading to a better coastal retention. At 30 m depth
currents flow onshore in summer, which also leads to increased
retention. The thermocline is shallower during summer and deeper
in winter, so that eggs and larvae might be more confined to sur-
face waters during summer. Taking this into account would in-
crease larval retention in winter. Carr et al. (2008) performed
DVM modeling experiments in the Californian current system,
and showed that the offshore transport experienced by individuals
near surface during the night is not compensated by the subsurface
onshore flow where individuals migrate during the day time,
which is also consistent with Fig. 10.

The sensibility test on lethal temperature showed that temper-
ature is probably not a limiting factor for anchovy early life sur-
vival, at least in the climatological case. Of course the actual
effect of cold is to slow swimming and growth and indirectly in-
crease mortality rates, but our results show that eggs and larvae
usually do not experience temperatures lower than the optimal ex-
pected for larval survival. This optimum is given in the literature as
being intermediate in the observed temperature range for adults
anchovy spawning, which is 14–21 �C in this region (Jarre et al.,
1991; Llanos-Rivera and Castro, 2006; Pauly and Soriano, 1989).

Upwelling-favorable wind is generally maximal in winter (Bak-
un, 1987; Lett et al., 2007a). Chlorophyll displays a first maximum
in spring then peaks in summer (Carr and Kearns, 2003; Thomas
et al., 2004). Zooplankton concentration peaks in spring (Carrasco
and Lozano, 1989). Although anchovy eggs are found all around
the year in the northern Humboldt upwelling area, there are usu-
ally two peaks of spawning (summer and winter) with winter
being much more significant (Fig. 7; Santander, 1981). However,
literature (Senocak et al., 1989) and year by year data analysis indi-
cated that the spatio-temporal spawning patterns also showed
interannual as well as interdecadal changes, affecting the locations
of spawning and the relative intensities of the two spawning peaks.
The reason why the major anchovy spawning peak does not coin-
cide with the plankton peak is unclear.

Anchovy eggs are found mostly from the coast to the 100 m iso-
bath, with the greatest abundances from 6�S to 14�S (Ayón et al.,
2004), where the continental shelf is wide (Fig. 1). However, our
model indicated that coastal retention should be higher from 8�S
to 14�S than from 6�S to 8�S, suggesting that eggs spawned south
of 8�S may have better chances of survival (Fig. 8). This is consis-
tent with other findings showing that the best conformity between
egg abundance and recruitment was between 10�S and 14�S
(Einarsson and Rojas de Mendiola, 1966). From 3�S to 6�S little
spawning is generally observed. The simulated retention rates
were low in this region throughout the year (Fig. 9). This might re-
flect adaptive behavior to avoid offshore transport of eggs, but also
could occur because this area is the limit between warm equatorial
waters and cold waters from the coastal upwelling, and is not al-
ways suitable anchoveta habitat. In the southern part of the do-
main, from 14�S to 20�S the model retention rates were good but
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observed egg concentrations are low. This apparent conflict might
be related to the very narrow continental shelf in this region,
which could limit the number of spawners in that area or cause
the model to overestimate retention.

The existence of two seasons and places of best retention could
lead to the existence of multiple anchoveta populations, as sug-
gested by Mathisen (1989). However, the fact that spawning occurs
throughout the year lessens the likelihood of functional allopatry
and may reflect bet-hedging strategy of the older year-classes, as
suggested by McQuinn (1997) in the case of herring. In this case
the older anchovy classes, being more fecund, could have a pro-
tracted spawning season (wave spawning), as a bet-hedging strat-
egy in a variable environment (Lambert and Ware, 1984; McQuinn,
1997; Muck, 1989). Larval retention rates suggest better larval sur-
vival in summer and winter (our results), and generate the corre-
sponding reproduction peaks in the following year with a
positive feed-back. The fact that immature fish, spawned six
months earlier, dominate the catch in summer while in winter
the total biomass is dominated by mature fish (Mathisen, 1989)
suggest that winter spawning leads to a more successful recruit-
ment, which is consistent with the maximum modeled retention
success for spawning in winter in the 0–100 m area.

Our simulations produced impartial and robustness results.
Nevertheless, we have to stress the limitations of the present
study. The hydrodynamic model reproduces the mean seasonal cir-
culation and eddy activity, but does not reproduce the strong inter-
annual variability, characteristic of the northern Humboldt in
relation with ENSO events (Mackas et al., 2006; Strub et al.,
1998). The role of these events on the reproductive success are
likely important and will be explored when adequate interannual
simulations become available and validated. Moreover, although
coastal retention is probably important for larval survival, other
important more direct factors like food availability and predation
need to be considered. In a first attempt to try to match (1)
retention indices derived from a model and (2) IMARPE egg con-
centration data for anchovy, we adopted the principle of the pat-
tern-oriented modelling approach proposed by Grimm et al.
(2005). That approach focused on modeling general pattern rather
than on a quantitative estimation of egg-to-anchoveta production.
It is difficult to make such quantitative comparisons for many rea-
sons: the modeled and observed quantities compared are not the
same, the time series used have different durations, the variability
of the datasets are different, etc. However, a qualitative compari-
son is useful. ‘‘Useful patterns need not be striking; qualitative or
‘‘weak’’ patterns can be powerful in combination.” (Grimm et al.,
2005). Here we used a combination of spatial and seasonal
patterns.

A similar modeling methodology has been applied in the Bengu-
ela Current system to investigate the dynamics of anchovy (Eng-
raulis encrasicolus) and sardine (Sardinops sagax) ichthyoplankton.
Stenevik et al. (2003) used for sardine in the northern Benguela
off Namibia an approach similar to ours. Indeed, because spawning
and nursery areas are overlapping in both cases, the main process
investigated was retention. In contrast, in the southern Benguela
off South Africa, anchovy spawning and nursery areas are about
500 km apart. Therefore, transport between spawning and nursery
areas was the process under focus (Huggett et al., 2003). This is less
clear for sardine in the southern Benguela, and both transport and
retention were considered (Miller et al., 2006). It was shown that
egg buoyancy was a determining factor for transport in the south-
ern Benguela (Parada et al., 2003). In the northern Humboldt, we
found that this factor was also key for egg retention. In the Bengu-
ela, temperature appeared to be an important parameter for ich-
thyoplankton survival (Lett et al., 2007b; Mullon et al., 2003), but
this is not the case in the Canary current system (Brochier et al.,
2008), nor in the northern Humboldt as our results suggest. We
must however keep in mind that we used climatological hydrody-
namic simulations; during a ‘‘la niña” episode, the lower sea tem-
perature could limit egg and larval development. Regarding
spawning temporal pattern, there is in the southern Benguela
one seasonal peak for anchovy and two peaks for sardine (van
der Lingen and Huggett, 2003). There are indications that these
peaks are related with good transport (Huggett et al., 2003),
enrichment and retention (Lett et al., 2006; Miller et al., 2006) con-
ditions in the respective spawning and nursery areas, as we also
found for the two spawning peaks of anchovy in the northern
Humboldt.

In conclusion, considering only a Lagrangian drift, spawning at
different depths (but not frequency, nor patchiness) strongly influ-
enced retention rates (Simulation I); the egg density (Simulation II)
and swimming behavior of larvae (Simulation III) also affected the
retention rates. In future, we would like to use interannual hydro-
dynamic simulations to observe ENSO’s effects on larval anchoveta
early life. This could be done by using a coupled biophysical–bio-
geochemical model to reproduce the oxygen minimum depth and
larval food fields that could enable us to better characterize good
recruitment conditions. Finally, it would be interesting to incorpo-
rate the effect of small-scale turbulence on larval transport and
mortality in the model (Guizien et al., 2006; Lasker et al., 1978;
MacKenzie, 2000; Sundby, 1997).
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In the 1980s, personnel from the Instituto del Mar del Peru collaborated with foreign experts to recon-
struct time series of (1) catch and biomass of the Peruvian anchovy Engraulis ringens back to 1953, along
with parallel time series of (2) abundance of anchovy predators and competitors, and (3) abiotic param-
eters indicative of the dynamics of the Peruvian upwelling system. This contribution documents an
attempt to build an ecosystem model of the Peruvian upwelling ecosystem and recreate the observed bio-
mass trends through the period 1953–1984, using the Ecopath with Ecosim (EwE) software. The time ser-
ies of biomass, particularly of Peruvian anchovy and its various predators, are not reproduced by the EwE
model based solely on the original parameters. Instead, to model the anchovy abundance fluctuations
caused by El Niño and other oceanographic events, it is necessary to include mechanisms that were
not part of the original description of the ecosystem, which focused on mass-balance. For example, a
switch between large and small phytoplankton appears to be required to induce the observed abundance
shifts between sardine and anchovy. Similarly, a ‘mitigating’ relationship must be assumed between
bonito (Sarda chilensis) and seabirds for the 1965 collapse of seabirds to be reproduced by the model.
Mechanisms of this sort, here proposed in a very tentative fashion, will have to be firmly established
and quantified before a model can successfully explain both the older data series (1953–1984) as done
here, and eventually the new series on the Peruvian upwelling system that became available only
recently. With a total of now over 50 years of data, this would represent one of the best documented mar-
ine ecosystems in the world, matching its status as one of the most productive.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In the 1980s, personnel of the Instituto del Mar del Peru (IMA-
RPE) collaborated with foreign experts to construct long (30+
years) monthly time series of catch and biomass of the Peruvian
anchovy Engraulis ringens, along with time series of abundance of
anchovy predators and competitors, and abiotic parameters indic-
ative of the dynamics of the Peruvian upwelling system. These time
series, which spanned the years 1953 to the mid-1980s, were doc-
umented in two ‘data-rich’ edited volumes (Pauly, 1993), which
presented most of the data upon which the analyses in their chap-
ters were based (see Pauly and Tsukayama, 1987; Pauly et al.,
1989). The volume’s contributions, while representing the state-
of-the-art in fish population dynamics at the time (Cushing,
1988) and leading to a fair description of the Peruvian anchovy
ll rights reserved.

t author, at the International
, Ocean Dynamics, Ecosystem

ecember 1, 2006.
: +1 604 822 8934.
énette).
population responses to environmental variability, did not allow
for any measure of predictability.

Simultaneous efforts at constructing an ‘anchovy-centred’ mod-
el of the Peruvian ecosystem based on coupled differential equa-
tions (Jarre et al., 1991; Jarre-Teichmann, 1992) failed. Instead,
modelling emphasis shifted to trophic mass-balance (Ecopath)
models, for which predecessors existed, notably the model of
Walsh (1981). These models could be parameterized for using
the data in the above-cited books and other literature (Jarre
et al., 1991; Jarre-Teichmann and Pauly, 1993). They provided
snapshots of the ecosystem and were useful in that they quantified
the food web and documented the main energy pathways leading
to anchovy production; but again, they did not allow for
predictions.

This contribution has two goals. The first one is to build on pre-
vious modelling efforts with the extensive data gathered over 30
years to verify how they could be used directly to reconstruct the
observed changes in biomass, and make these results usable by
the scientific community. This has now become possible thanks
to the Ecopath with Ecosim (EwE) software, which can fit the mod-
el to reference time series data (Christensen and Walters, 2005).
The second goal is to revisit the original time series (1953–1984)
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in an attempt to provide a different perspective by going back in
time and identify critical processes with today’s perspective. In
doing so, we intend to explore various mechanisms that may be in-
volved and suggest avenues for future research. It is the use of time
series to fit a model and the inclusion of mechanisms of interac-
tions that will allow us to move towards evaluating hypotheses
about what caused the variations in anchovy biomass. In addition,
the use of a long time series provide a better basis to evaluate cur-
rent events with a larger breadth of experience, going back earlier
in time, and thus avoid shifting baselines (Pauly, 1995). We then
discuss how to construct a dynamic model potentially capable of
making useful predictions for fisheries management.

2. Methods

This model of the Peruvian ecosystem encompasses the coast of
Peru between latitudes 4 and 14�S, to 40 nm offshore on average
(Jarre et al., 1991) for a total area of 82,000 km2, and corresponding
to the main distribution area of the North-Central stock of Peruvian
anchovy. During the period considered here, 1953–1984, anchovy
population and catch fluctuated enormously. Major episodes were:
(1) onset of the anchovy fisheries in the early 1950s, (2) the in-
crease of anchovy biomass in the late 1950s and 1960s, (3) collapse
of the fishery in the early 1970s, and (4) a period of low anchovy
catch and biomass. Other species fluctuated similarly, though for
several groups (e.g., sea birds and bonito), this was a one-way trip,
with high biomasses in the early 1950s coinciding with the onset
of the 1973 El Niño, and low biomasses in the 1980s (Muck,
1989b), from which they never recovered.

2.1. The model

Mass-balanced trophic models assign the main species within
an ecosystem to functional groups (single species or of a group of
ecologically similar species), and account for their (1) biomass (in
metric tonnes per square km, t � km�2) (2) diet (percentage in bio-
mass or volumes), (3) prey consumption per year, per unit of bio-
mass (4) natural and fishing mortality per year, (5) rate
accumulation of biomass per year, and (6) net migration. The prin-
ciple behind this ecosystem modelling approach is that energy is
conserved and must be accounted for on a yearly basis (see Walters
et al., 1997). Ecosim is a tool for dynamic simulations based on an
Ecopath model, whose static representation provides some of the
initial-state Ecosim parameters (Walters et al., 1997; Pauly et al.,
2000). Ecosim uses a system of differential equations to describe
the changes in biomass and flow of biomass within the system over
time, by accounting for changes in predation, consumption and
fishing rates (Walters et al., 1997; Christensen et al., 2005). Thus,
the rate of change of biomass of group i (Bi) is described by

dBi

dt
¼ gi

X
j

Q ji �
X

j

Q ij þ Ii � ðmi þ Fi þ eiÞBi ð1Þ

where gi is the net growth efficiency (year�1); Qji and Qij are the con-
sumption rate (year�1) of group j by group i and the consumption of
group i by group j, respectively (year�1); Ii is the immigration flow
in t � km�2; mi is non-predation mortality (year�1); Fi is fishing mor-
tality (year�1); and ei is emigration rate (year�1) (Christensen and
Walters, 2004).

Ecopath with Ecosim (EwE) allows the fitting of the model to
time series of abundance and catch, and thus allow to evaluate
how well the model replicates observed behaviour through time.
The time series are used to tune the model. EwE models are gener-
ally not ‘validated’ in the classical sense of using one dataset to
tune the model, and using another set of independent data for
the validation process. This is not an inherent model problem,
but rather a systematic lack of data for most ecosystems. Ecosim
is able to incorporate multiple stanzas (ontogenic stages) repre-
senting different life history stages of species of special interest
(anchovies and sardines in these models). The stanzas of a species
are linked and their respective production per unit of biomass (P/B
year�1), consumption per unit of biomass (Q/B year�1), and growth
calculated from a baseline estimate for a reference group (the
adults in our case). Growth for each stanza is calculated from
von Bertalanffy growth curves, and a stable survivorship through
ages within stanzas is assumed, while natural and fishing mortality
is allowed to vary between stanzas (Christensen et al., 2005).

The functional predator–prey relationship is based on the forag-
ing arena theory, which divides the biomass of all prey into vulner-
able and invulnerable pools (Walters and Kitchell, 2001). The
transfer rate between these two pools (here called ‘vulnerability’)
can range from one to infinity with higher rates implying that
the behaviour of both the prey and the predator have less effects
on limiting predation rates. A large vulnerability value also means
that the predator initial biomass is low compared to its carrying
capacity, and that a change in predator biomass will cause a corre-
sponding change in the mortality rate of its prey. The system will
thus be more stable when a predator is close to its carrying capac-
ity, and more variable when it is far from it.

Vulnerability values can be specified for each predator–prey
pair. Due to uncertainty about how this parameter might change
between prey species and to reduce the number of parameters that
needs to be estimated, we chose to assume that the vulnerability
setting is the same for all species of prey consumed by a given
predator. This functional predator–prey response equation predicts
changes in diet composition due to changes in relative availability
of prey and alternative prey, but it does not allow switching of the
diet to new prey that were not consumed initially. Switching be-
tween prey items included in the diet can be accommodated.

In addition to the direct trophic relationships mentioned above,
it is possible in Ecosim to account for indirect, non-trophic rela-
tionships, called ‘mediation’, that result from a third species mod-
ifying the trophic relationship between two other species. The
relationships can be negative when increase in biomass of the third
species results in a prey becoming less accessible to the predator
(i.e., decrease of the vulnerability of the prey to the predator). Con-
versely, it can be positive, when an increase in the third species
abundance increases the vulnerability of the prey to its predator.
In the present paper, we explored the hypothesis that bonito feed-
ing activities, which will tend to drive small pelagic fishes to the
surface, will tend to make them more vulnerable to seabird preda-
tion, similar to the situation described by Au et al. (1999). Other
studies have shown that tuna species drive sardines and other
schooling fish to surface waters making them available to boobies
(Anderson and Ricklefs, 1987).

Environmental influence on the productivity of the ecosystem
was also included in the model to improve the fit to time series.
The influence of environmental factors is generally included in
the model by using a climate index to directly influence the produc-
tion of primary producers. We assume that the large quantities of
nutrients lifted into the euphotic zone by strong upwelling results
in the production of larger phytoplankton cells such as diatoms (Iri-
arte and González, 2004), which in turn favours the production of
large zooplankton (calanoids and euphausids) (Alheit and Niquen,
2004). Thus, indices of oceanic changes were included in the model
and modified the productivity of diatoms and benthic macrophytes.
We added mediation between diatoms and dinoflagellates so that
large populations of diatoms would use the nutrients that would
otherwise go to small phytoplankton. We used this mediation as
a simple proxy for more complex dynamics in which dinoflagellates
are favoured over diatoms in less turbulent and warmer tempera-
tures (van der Lingen et al., 2006).
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2.2. Data

We structured our model based on the 1950 model presented
by Jarre et al. (1991), which was composed of 16 functional groups
of organisms including anchovy (E. ringens) and sardines (Sardinops
sargax) and their piscine predators bonito (Sarda chiliensis), mack-
erel (Scomber japonicus), horse mackerel (Trachurus murphyi), and
hake (Merluccius gayi), and other consumers, the guano birds, and
pinnipeds (Table 1). Guano birds included the cormorant (Phala-
crocorax bougainvillii), booby (Sula variegata), and pelican (Pelec-
anus thagus); the pinnipeds species are the fur seals
(Arctocephalus australis) and sea lions (Otaria byronia). We com-
pleted the structure with additional groups: demersal fish (three
groups instead of one), other pelagic fish (small and large instead
of one group), and invertebrates to include all of the reported
catches (Table 1). To this basic structure, we added larval stanzas
for sardine and anchovy, and included predation by adult sardine
and anchovy on each other’s larvae.

Moreover, it soon became obvious that more details in plankton
groups needed to be included to account for the respective feeding
preferences of sardines and anchovies, as in Jarre-Teichmann
(1992). Phytoplankton was divided in two groups, dinoflagellates
and diatoms, to account for the fact that sardines are efficient feed-
ers on smaller organisms (which includes cyclopoid copepods)
while anchovy prefer calanoids, euphausids and chain-forming
diatoms (Jarre-Teichmann, 1992; van der Lingen, 1994). Time ser-
ies data for zooplankton biomass (Carraso and Lozano, 1989) was
assigned to large zooplankton as the sampling has been carried
out with a 300 lm plankton net.

Estimates of P/B and Q/B were taken from Jarre-Teichmann
(1992) for most species. As a starting point, groups not described
in her model, (e.g., demersals and ‘other pelagic fishes’) were
attributed estimates based on values generally used for the species
in question (Table 1). Diet data were based mainly on Jarre-Teich-
mann (1992) and completed with information from the literature
(Table 2). The fractional diet of anchovy, originally assumed to be
Table 1
Parameters of the balanced model and vulnerabilities (Vuln.) used as the basic scenario (#

Group name Trophic level Biomass (t � km�2)

1 Pinnipeds 3.39 0.0044
2 Birds 3.40 0.56
3 Sharks 3.91 0.58
4 Rays 3.77 0.42
5 Bonito 3.47 7.87
6 Mackerel 3.18 2.80
7 Horse mackerel 3.30 12.68
8 Anchovy larvae 2.00 0.23
9 Anchovy 2.22 75.00
10 Sardine larvae 3.00 0.04
11 Sardine 2.98 20.00
12 Pelagic S 3.08 8.36
13 Pelagic L 3.61 2.25
14 Hake 3.33 3.28
15 Demersal L 3.80 0.89
16 Demersal M 3.32 3.08
17 Demersal S 3.20 5.23
18 Cephalopods 3.38 0.69
19 Shrimps 2.79 1.99
20 Lobster crab 2.81 1.99
21 Macrobenthos 2.41 38.29
22 Meiobenthos 2.06 8.00
23 Lg zoopl 2.10 16.00
24 Sm. zoopl 2.00 25.00
25 Dinoflagellates 1.00 71.00
26 Diatoms 1.00 55.00
27 Macroalgae 1.00 19.72
28 Detritus 1.00 900.00

Parameters in bold were estimated by Ecopath; the vulnerabilities were estimated in E
composed mainly of diatoms (Jarre-Teichmann, 1992, see her Table
2), was compared with a revised estimate suggested by the reanal-
ysis of Espinoza and Bertrand, 2008, and set at 0.39 diatoms, 0.60
for large zooplankton and 0.01 to other items. This forced a change
of the biomass of large zooplankton, which had to be increased to
50 t � km2 to re-establish mass-balance.

The biomass time series for anchovy (1953–1984), obtained
from virtual population analysis, were taken from Pauly et al.
(1989). The biomass time series used here for the other species
are documented in Muck (1989b). Fishing mortality series were
calculated as the ratio catch/biomass. Catches, mainly based on
data supplied by Peru to FAO, were obtained from the Sea Around
Us Project database (Watson et al., 2004, see http://www.seaaroun-
dus.ca), assuming that catches from the study area accounted for
80% of the total catch of Peru as the study area represents about
80% of the total coastline. In absence of biomass data for added
demersal and pelagic groups, we derived the biomass estimates
from the catch data using a stock reduction analysis (Kimura,
1985). Catches, assumed to be known quantities, are subtracted
from the simulated stock size for each time step. This approach
is very sensitive to the estimate of initial biomass (or production/
biomass ratio – P/B); if it is too low, there will not be enough pro-
duction (B*P/B) estimated over time and this will cause the popu-
lation to crash. In the fitting, this is seen as an indication that the
initial biomass (or P/B) is too low and should be increased.

The biomass time series of bonito and anchovy were rescaled to
avoid values of the ratio catch/biomass higher than 1 year�1 in the
1970s. In addition, to balance the model, the 1953 anchovy bio-
mass was increased to 75 t � km�2 from an initial value of
68 t � km�2 to increase the available production (B*P/B) to meet
the demands and notably those of the predators.

Time series of biomass and catch were used to fit the model for
the period 1950–1984. The model was driven with fishing mortal-
ity and fitted by varying the vulnerability settings such as to obtain
predicted biomass and catch trajectories similar to those observed
for the various fish groups, sea birds and pinnipeds. The model was
1).

P/B (year�1) Q/B (year�1) EE P/Q Vuln.

0.09 28.0 0.890 0.00 4.82
0.04 62.0 0.000 0.00 2.00
0.20 1.0 0.100 0.20 1.50
0.50 2.5 0.050 0.20 3.16
0.20 1.0 0.266 0.20 3.00
0.85 10.0 0.112 0.09 1.00
0.85 10.0 0.038 0.09 1.00
7.00 102.0 0.015 0.07 2.00
1.80 15.0 0.958 0.12 1.00
7.00 98.0 0.390 0.07 1.19
1.80 12.0 0.486 0.15 1.00
1.80 7.2 0.900 0.25 1.00
0.10 0.5 0.100 0.20 1.78
0.30 1.5 0.110 0.20 1.00
0.20 1.0 0.100 0.20 2.00
0.50 2.5 0.300 0.20 1.17
0.90 4.5 0.900 0.20 4.82
2.00 10.0 0.700 0.20 1.12
2.50 16.7 0.900 0.15 1.57
2.00 13.3 0.900 0.15 1.01
3.00 12.0 0.500 0.25 1.04
9.00 45.0 0.507 0.20 1.74
20.00 100.0 0.824 0.20 1.08
40.00 200.0 0.633 0.20 10.00
70.00 – 0.879 – –
70.00 – 0.797 – –
12.50 – 0.613 – –
– – 0.147 – –

cosim.

http://www.seaaroundus.ca
http://www.seaaroundus.ca


Table 2
Diet composition used in the balanced model as it was in scenario 1, and the sources of information for each functional group.

Prey/predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Source 1 1 2 2 1 3 3 4 5 4 6 2 2 1 2 2 2 4 4 4 4 1 1 4
1 Pinnipeds – – – – – – – – – – – – – – – – – – – – – – – –
2 Birds – – – – – – – – – – – – – – – – – – – – – – – –
3 Sharks – – – – – – – – – – – – – – – – – – – – – – – –
4 Rays – – 0.012 – – – – – – – – – – – – – – – – – – – – –
5 Bonito – – 0.012 – – – – – – – – – 0.020 – 0.002 – – – – – – – – –
6 Mackerel – – 0.012 – 0.02 – – – – – – – 0.020 0.010 0.003 – – – – – – – – –
7 Horse mackerel – – 0.005 – 0.02 – – – – – – – 0.040 0.040 0.003 – – – – – – – – –
8 Anchovy larvae – – – – – – – – – – 0.0001 – – – – – – – – – – – – –
9 Anchovy 0.80 0.88 0.033 – 0.70 0.60 0.65 – – – – – 0.050 0.550 0.161 0.002 – – – – – – – –
10 Sardine larvae – – – – – – – – 0.0001 – – – – – – – – – – – – – – –
11 Sardine 0.12 0.05 0.036 – 0.18 0.09 0.10 – – – – – 0.020 0.050 0.014 0.002 – 0.01 – – – – – –
12 Pelagic small 0.02 0.18 0.071 – 0.08 – – – – – – – 0.090 0.010 0.054 0.052 0.0 0.05 – – – – – –
13 Pelagic large – – 0.012 – – – – – – – – – – – 0.008 – – – – – – – – –
14 Hake 0.01 – 0.012 – – – – – – – – – – 0.020 0.002 – – – – – – – – –
15 Demersal large – – 0.012 – – – – – – – – – – – – – – – – – – – – –
16 Demersal medium 0.02 – 0.036 – – – – – – – – – – 0.002 0.080 – – – – – – – – –
17 Demersal small 0.03 0.05 0.102 0.167 – – – – – – – – – 0.008 0.139 0.134 0.0 0.05 – – – – – –
18 Cephalopods – – 0.012 0.056 – – – – – – – – 0.060 – 0.100 0.007 – – – – – – – –
19 Shrimps – – 0.340 0.222 – – – – – – – – 0.230 – 0.133 0.100 0.1 0.10 – – – – – –
20 Lobster crab – – 0.238 0.222 – – – – – – – – – – 0.170 0.046 0.1 0.05 – – – – – –
21 Macrobenthos – – 0.060 0.333 – – – – – – – 0.200 0.233 0.030 0.103 0.160 0.3 0.34 0.05 0.5 – – – –
22 Meiobenthos – – – – – – – – – – – – 0.233 – 0.042 0.180 0.2 – 0.40 0.1 – 0.01 – –
23 Large zooplankton – – – – – – 0.14 – 0.192 – – 0.466 – 0.280 – 0.100 – – – – – – – –
24 Small zooplankton – – – – – 0.25 0.11 – – 1 0.97 0.285 – – 0.002 0.120 0.1 0.40 0.30 – 0.35 0.10 0.1 –
25 Dinoflagellates – – – – – – – – – – 0.02 – – – – – – – – – 0.10 0.10 0.2 0.8
26 Diatoms – – – – – 0.05 – 1 0.800 – – – – – – 0.060 0.0 – – – 0.10 – 0.7 0.2
27 Macroalgae – – – – – – – – – – – – – – – 0.023 – – – – 0.25 0.10 – –
28 Detritus – – – – – – – – 0.070 – 0.02 0.050 – – 0.004 0.055 0.1 – 0.25 0.4 0.25 0.79 – –
29 Import – – – – – – – – – – – – – – – – – – – – – – – –

1. Jarre-Teichmann (1992); 2. Adapted from Fishbase; 3. Modified from Jarre-Teichmann (1992) to balance the model; 4. Assumed; 5. From Jarre-Teichmann (1992) and Roja de Mendiola (1989); 6. From Jarre-Teichmann (1992)
and Konchina (1992).
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first fitted manually to identify where possible solutions were most
likely. Formal fitting to the time series was then performed using a
non-linear search procedure, allowing vulnerabilities to be modi-
fied. We used the knowledge gained in the manual fitting to start
the search procedure with different initial parameters to avoid
being caught in local optimal solutions. The criterion was a
weighted sum of squares of deviations (SS) between the logarithms
of observed and predicted biomasses and catches.

3. Results

Given the well known link between El Niño events and anchovy
biomass, it was no surprise that fitting the model to time series
based on vulnerabilities alone did not lead to good fit to the bio-
mass and catch series of anchovies and sardines (Fig. 1, Basic fit).
The only two functional groups that were reasonably well fitted
were bonito and pinnipeds. The decrease in bonito seems mainly
linked to fishing, although predicted catches were slightly lower
than observed. Pinnipeds have been dramatically overexploited
since before 1950, their abundance has increased steadily during
the study period. All models and fitting strategies suggested that
given their initial biomass and production, their abundance had
to increase during the study period. The total sum of squares (SS)
for this scenario was 206. In the following scenarios, we will mon-
itor the trends in biomass and landings of the species of interest,
anchovies, sardines, bonito and seabirds.

Several productivity indicators were successively added in the
model, including sea surface temperature, surface NO3 concentra-
tion and flux, upwelling and turbulence (Pauly and Tsukayama,
1987; Pauly et al., 1989) (Table 3), but the index of turbulence
off the coast near Trujillo (Mendo et al., 1987) was retained as pro-
viding the best fit to the anchovy abundance time series. The tur-
bulence index is calculated as the cube of wind velocity (Mendo
et al., 1987). With turbulence index in the model, catches and bio-
masses of anchovies increased slightly, but they did not reach the
peaks observed in the 1960s for anchovies and in the 1980s for sar-
dines (Fig. 1, scenario 1; SS = 188). Note that birds were not influ-
enced directly by the turbulence index.
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Fig. 1. Comparison of the biomass (t � km�2) and catch (t � km�2 � year�1) time series data
Thin lines show the result of the basic fit changing vulnerabilities only. Dash-dot lines s
lines show the impact of adding a mediation between bonito and guano birds (scenar
dinoflagellates and modifying some vulnerability values (scenario 3; see text). There we
We tried to recreate the observed decrease in birds using the
mediation between bonito and birds which increased the vulnera-
bility of anchovy to guano birds in the presence of bonito (Fig. 2).
Considering this mechanism became necessary to model a situa-
tion where seabirds were experiencing lower abundance as a con-
sequence of their ‘competitors’, large pelagics, being fished down
(see Methods section). Without this mediation effect, the model
behaves so that less large pelagics means more small pelagics
and hence more food for the seabirds, which then results in higher
seabird abundance. In the present model, the mediation caused the
bird and bonito biomass’ to decrease in parallel (Fig. 1, scenario 2,
SS = 171). Ecosim predicted a decline in guano birds but it did not
match observations in steepness and in timing. The reduction of
bird predation on anchovy, although small compared to that in-
flicted by other predators, still allowed anchovy biomass to in-
crease slightly at the end of the study period.

We tried to replicate the observed anchovy and sardine biomass
trends by using the mediation and modifying the vulnerabilities.
Vulnerabililities are related to the carrying capacity for a given
consumer and express the factor by which the predation mortality
for a given predator–prey combination can increase if there were
many more predators. Low vulnerabilities means that the predator
is close to carrying capacity, which results in strong density-
dependence for this predator. Vulnerabilities are not completely
unknown. For example, we expect a stock that has been fished
down to have a high vulnerability, i.e. to be able to increase sub-
stantially the predation mortality on its prey. The manipulation
of vulnerability values aim at further tuning the model and to
make the functional groups respond appropriately. We used the
mediation between diatoms and dinoflagellates as a proxy for their
presumed competition for nutrients and light. The sigmoid rela-
tionship used resulted in less access to nutrients for dinoflagellates
when diatom abundance increased, and vice-versa (Fig. 2). By it-
self, the mediation did not influence the biomass trends for these
groups, but this changed when the vulnerabilities were adjusted.
First, when the vulnerability for anchovy larvae was decreased
from 2 to 1.5 (toward bottom-up control) and the vulnerability
for adult anchovy was increased from 1 to 2, an increase in
Data
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Table 3
List and brief description of environmental indices used in the model. The best results were obtained using the turbulence index at Trujillo.

Index name Unit Description Source

Turbulence index at Trujillo m3 � s�3 Cube of wind velocity Mendo et al., (1987), Table 4
Alongshore windstress component

on the sea surface index
m3 � s�1 �m�1 coast Function of the northward and eastward wind and of the angle

of these components from true north
Bakun and Mendelssohn, (1989),
Table 1

Upwelling index at Trujillo m3 � s�1 �m�1 coast Function of Ekman’s transport and the difference between the angle
of the coast and that of the wind direction

Mendo et al., (1987), Table 1

Upwelling index at Callao m3 � s�1 �m�1 coast Function of Ekman’s transport and the difference between the angle
of the coast and that of the wind direction

Mendo et al., (1987), Table 3

Southern Oscillation Index mbars Mean pressure difference between Easter Island and Darwin, Australia Brainard and McLain, (1987),
Table 1

Rossby Radius km Measure the width of the upwelling zone based on SST and the depth
of the 14 �C isotherm

Mendo et al., (1989), Fig. 2

NO3 concentration in the thermocline nM �m�3 Relies on correlation of the depth of the 14 �C isotherm and nitrates
concentration at 60 m depth

Chavez et al., 1989

NO3 concentration inshore (�60 km) nM �m�3 Predicted by using a model that includes a relation between depth and
nitrate concentration, wind speed and its effect on the water masses
moved, and the size of the Rossby radius

Mendo et al., (1989), Fig. 3

Coastal NO3 flux per unit area mmol �m�2 � day�1 Based on Trujillo upwelling index, using constant upwelling depth model.
Closely correlated to the predicted new primary production

Mendo et al., (1989), Fig. 5

Oceanic NO3 flux per unit area mmol �m�2 � day�1 Based on Bakun’s upwelling index (Bakun and Mendelssohn, 1989) Mendo et al., (1989), Fig. 4
Coastal NO3 flux per unit area mmol �m�2 � day�1 Based on Trujillo upwelling index, using variable upwelling depth model Mendo et al., (1989), Fig. 4
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predicted anchovy biomass and catches occurred, but still not to
the levels observed in 1983–1984. Thus, vulnerability was in-
creased to 3 for adult sardine, which resulted in an increase in sar-
dine biomass and a closer fit of predicted and observed anchovy
biomass (Fig. 1, scenario 3; SS = 228). The increased sum of squares
is due to the decreased fit for birds and bonito biomass.

Anchovies represent 70% of bonito consumption; thus anchovy
biomass can be determinant for the trend in bonito biomass. Also,
in absence of real time series of sardine and anchovy larvae bio-
mass, the values of vulnerabilities are only dependent on their link
with the population dynamics of the adult. Hence, we experi-
mented with several values of vulnerabilities, aiming at obtaining
better fits for bonito, sardine and anchovy. We increased the vul-
nerability of sardine larvae to anchovy (from 2 to 3) and that of an-
chovy to bonito (from 3 to 4). The resulting trends in biomass and
landings came closer to the observed values, with the exception of
the bonito which was still overestimated (Fig. 2, scenario 4;
SS = 191). Increasing vulnerability of anchovy to bonito again to a
value of 10 allowed for a better fit of bonito abundance, but flat-
tened the trend in anchovy biomass (Fig. 3, scenario 5; SS = 171).

Recent results indicate that anchovy feed mainly on large zoo-
plankton rather than diatoms (notably euphausiids, see Espinoza
and Bertrand, 2008), and we next attempted to model this. To bal-
ance the model with this new diet, the biomass of large zooplank-
ton, and to a lesser extent, diatoms, had to be increased, while the
Q/B for mackerel and horse mackerel were decreased to reduce
their intake of zooplankton. It was possible to fit the model to
the observed anchovy abundance trends and still obtain the abun-
dance shift from anchovy to sardine starting in the mid-1970s. Un-
der this scenario, however, the anchovy biomass did not reach the
levels observed in the late 1960s (Fig. 3, scenario 6; SS = 189).

Of all the scenarios, the best fit was obtained with scenario 4,
using a moderate vulnerability of anchovy to bonito, and by
increasing the vulnerability of sardine larvae to anchovy. We pre-
ferred this solution to that of scenario 5, because it gives more
weight to the anchovy time series than to the bonito, which is con-
sidered less reliable. The predicted biomass and catch of anchovy
and sardine are well predicted by the model (Fig. 4). Predicted
catch and biomass of bonito were both overestimated. Observed
and predicted biomasses for mackerel and horse mackerel showed
little contrast during the study period and although their catches
were well predicted by Ecosim, their biomasses were not. The
model did not predict the increase in hake biomass that occurred
during the 1970s, and thus did not predict the observed peak in
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Fig. 3. Comparison of the biomass (t � km�2) and catch (t � km�2 � year�1) time series data (squares) and Ecosim predictions (lines) for four species of the Peruvian upwelling.
The thick solid line is the best fit to anchovies and sardines obtained by slightly increasing the vulnerability of anchovy to bonito (scenario 4). The thin line shows the effect of
increasing the vulnerability to bonito to a value of 10 (scenario 5). The dotted line shows the effect of assuming that anchovies feeding mainly on large zooplankton (scenario
6). There were no catches of seabirds included in the model.
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catches either. Finally, Ecosim did predict the decline in bird pop-
ulations under this scenario, but starting only in 1972, while the
data show a sharp decline between 1964 and 1966 followed by
steady low population abundance afterward (Fig. 4).
4. Discussion

The present modelling exercise led to some insights in the Peru-
vian upwelling ecosystem. The Jarre et al. (1991) model based on
1950s data, constituted the best-snapshot representation of the
ecosystem. Nevertheless, the addition of temporal dynamics forced
us to reconsider some of the initial parameters of the Jarre et al.
(1991) model. For example, the initial biomass of bonito, which ap-
peared acceptable in the Ecopath model, was too low to support
the observed catches between 1953 and 1984. In static models, it
is impossible to differentiate between a state of large biomass
and low production versus a state of low biomass and high produc-
tion. This can be done by modelling temporal change (now possible
with Ecosim), and comparing with observational records (Christen-
sen et al., 2005). As expected, there are still changes that could be
made to the Ecopath model to include more recent information of
feeding ecology in upwelling ecosystems. For example, the trophic
level of anchovy calculated in the model based on a diet mainly
composed of diatoms is lower than now believed realistic (van
der Lingen et al., 2006; Espinoza and Bertrand, 2008). When a lar-
ger proportion of large zooplankton in adult anchovy diet was
added (scenario 6), its trophic level increased from 2.22 to 2.67
in Ecopath; a diet completely composed of zooplankton would ele-
vate it further. Diet varies with season, location and prey availabil-
ity, and sometimes with the analytic technique used. In the model
the proportion of prey in the diet of a predator will change through
time, depending on changes in prey biomass and the vulnerability
of the prey to this predator, and these changes are more important
than the initial settings in determining the behaviour of the model
(see Guénette et al., 2006 for a detailed discussion on the subject).
Obviously, future modelling should add more recent time series
(see Taylor et al., 2008 and Tam et al., 2008) and include updated
diets, and indeed, doing so should improve the exploration of the
system trophodynamics.

The climate index used as a proxy for nutrient concentration
and phytoplankton productivity, explained a large fraction of the
observed variations in anchovy biomass. This was expected due
to the strong relationship between the upwelling strength and pro-
ductivity (Faure and Cury, 1998; Binet, 1988; Chesney and Alonso-
Noval, 1988; Lluch-Belda et al., 1991). It is interesting that a turbu-
lence index yielded the best results, rather than an upwelling in-
dex. An increase in either can be expected to increase the
production of large phytoplankton and zooplankton, which favours
anchovies (van der Lingen et al., 2006). This may be fortuitous,
since the relationship between both turbulence and upwelling
with the reproductive success of anchovy and sardine are thought
to be dome-shaped – ‘optimal windows’ (Cury and Roy, 1989; Roy
et al., 1992), not accounted for here. Moreover, reproductive suc-
cess can be impacted by unfavourable values of one or several of
the environmental factors such as turbulence, advection, upwelling
intensity, all of which become critical at various times of the year
(Guisande et al., 2004). Future versions of the model should include
a composite index to more realistically model these oceanographic
factors. Alternately, several indices might be applied to different
parts of the model. For example, turbulence could modify the level
of diatom production, but advection could modify the level of lar-
vae mortality brought by inshore concentration or offshore
dispersion.

The assumed negative relationship between diatoms and dino-
flagellates helped in fitting the model, but considering this mitiga-
tion does not imply that we believe in a direct negative
relationship between diatoms and dinoflagellates. Rather, this
was a way to introduce a driver for dinoflagellates and favour
one phytoplankton type over the other. The addition of a relation-
ship of this type was necessary to model the abundance of sar-
dines, and reflects the idea that sardine and anchovies do not
directly compete with each other (Bertrand et al., 2004). Structured
this way, the model emphasizes the importance of phytoplankton
production and feeding conditions. In addition, instead of including
only the relationship between diatoms, large zooplankton and
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anchovies, future models should provide mechanisms to link
hydrography (calm and warm waters) with nutrients and dinoflag-
ellates, small zooplankton and sardines. This may also involve add-
ing a microbial loop, although such loop is thought to be a minor
component of the carbon pathway in upwellings (Moloney et al.,
1991).

The division of phytoplankton into two functional groups in the
present model is coarse and based, for simplicity’s sake, on taxo-
nomic groupings rather than more detailed body size structure
(see van der Lingen et al., 2006). Using a model focussed on plank-
ton (and its physiological characteristics) and on carbon and nitro-
gen flows, Moloney et al. (1991) were able to predict the relative
abundance of each size class of phytoplankton in three contrasting
systems (oceanic, coastal and upwelling) for 30 days, which
emphasizes the importance of size on the rate of nutrients intake
and resistance to nitrogen depletion. Such modelling is very useful
and described the transfer of energy and nutrients from the
upwelling of nutrients to fish (Moloney, 1992) at finer time and
space scales. However, the time scale, in such cases, is limited to
a few months as opposed to the 30 years considered here.

Part of our model’s success is due to the short and direct link be-
tween the turbulence index, diatoms, and anchovy on one side, and
dinoflagellates, small zooplankton and sardines on the other. How-
ever, if anchovy’s diet is in fact based more on large zooplankton
than diatoms (van der Lingen et al., 2006; Espinoza and Bertrand,
2008), the change in diet can modify the predicted biomass trends.
By making such a change in the anchovy diet, scenario 6 was still
able to reproduce the main observed trends, but a bit less effi-
ciently. Similarly, the inclusion of a more detailed sized-based zoo-
plankton diet for anchovy and sardine, as suggested in the
precedent paragraph (composed of several size-related groups of
zooplankton with a small proportion of phytoplankton) (van der
Lingen et al., 2006) would likely weaken the link between the tur-
bulence index and fish production unless realistic mechanisms to
account for changes in temperature, turbulence and nutrients,
and their effects on zooplankton, were added. Ecosim modelling
of the Benguela Current, using an anchovy diet based on zooplank-
ton, led to very good results when the vulnerability of zooplankton
to anchovy was increased, representing a more top-down dynam-
ics on the plankton (Shannon et al., 2004a). This may be an addi-
tional avenue to pursue.

The biomass of horse mackerel and mackerel did not show any
major trends. This is mainly because their oceanic distribution only
partly overlaps with that of the more coastal anchovy. The distri-
butions of horse mackerel, and mackerel also probably, are related
to the amount of prey and dissolved oxygen more than to water
temperature (Bertrand et al., 2006), and they are usually found
more offshore than anchovies except in El Niño years when they
move inshore (Muck and Sanchez, 1987). The model scenarios also
did not predict hake biomass correctly, which may be due to its
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variable latitudinal distribution, and hence variable presence in the
model study area. Hake distribution is also strongly influenced by
oxygen availability in subsurface waters (Muck, 1989a), a feature
not included in this model as implemented.

The positive influence of tuna on bird feeding on anchovy was
based on field work (Au et al., 1999), but no quantitative functional
relationship has been described. Using what appeared to be a rea-
sonable relationship (Fig. 3), the model predicted a decline in sea-
birds; this was not nearly as steep as observed, suggesting that our
tuna/bird relationship needs improvement or that additional
mechanisms explain the decline in seabirds. For example, changes
in thermocline and oxycline depth could have the effect driving
small pelagics to the surface as well. However, these factors, when
included in the model, could help explain the observed decline in
seabirds abundance.

Although we focussed on the pelagic community, demersal
groups were included in the model in an attempt to suggest a more
global view of the ecosystem. Due to the lack of data on these
groups, however, they add little value at this point. Demersal
groups may eventually be required if the more coastal demersal
fisheries are included. The artisanal fisheries operating ‘Viking’-
type boats are now exploiting both demersal fish and juvenile
anchovies (P. Majluf, Universidad Peruana Cayetano Heredia, Lima
Peru, personal communication), and as their size and number has
increased appreciably since 1998, their impact on the stock may
have become strong enough to be included in models otherwise
focussing on the pelagic part of the system.

The modelling has also shown the importance of predation of
anchovy and sardine on each other’s larvae to explain biomass
trends. Indeed, the best-fitting model required an increase in vul-
nerability for the larvae to the adult of the other species, which
suggests that the there is little density-dependence at play in the
interaction of these species’ feeding on the other species’ larvae.
If one of these species increases, they can eat nearly proportionally
more of the other species larvae when vulnerabilities are high.
Similarly, empirical work has shown that the contribution of die-
tary carbon from larvae can be quite important, e.g. carbon from
anchovy (E. encrasicolus) eggs contributed 15% in the Benguela sar-
dines (Alheit and Niquen, 2004). In the present model, only preda-
tion from mackerel and horse mackerel on adult anchovy and
sardine has been included, while predation on eggs and larvae (Al-
heit and Niquen, 2004) has been ignored. Egg cannibalism could
also add density-dependent mortality in a future model.

Thus, based on a snapshot of the Peruvian upwelling ecosystem
of the early 1950s created in the late 1980s, and time series that
spanned during this period, it was possible to recreate the major
fluctuations in anchovy and sardine. To do so, however, it was nec-
essary to modify our underlying Ecopath (static) model and, more
importantly, it was also necessary to include additional (hypothet-
ical) relationships suggested by empirical studies in other ecosys-
tems. A similar modelling exercise for the Southern Benguela for
the period 1997–2002 (Shannon et al., 2004b) was also successful
at explaining biomass of trends for sardine and, to a lesser degree
anchovy biomasses, using an upwelling index, fishing and changes
in vulnerabilities. In this case, environmental variation was the
most important factor as well.

Models built with Ecopath with Ecosim are aimed at under-
standing the dynamics of the upper levels of the food chain, mainly
fish, and the impact of fisheries on the ecosystem (Christensen and
Walters, 2004; Guénette et al., 2007). Although detailed modelling
of the planktonic phase has not been deemed necessary in several
models, we have here shown the importance of including pro-
cesses regulating primary production due to their strong effects
on anchovy and sardine populations.

We gave strong emphasis to fitting older time series, although
recent, albeit shorter, series are available. All over the world, it is
common to see analysis and modelling of relatively short time ser-
ies which may suffer from the ‘‘shifting baseline syndrome” (Pauly,
1995). Here we emphasize long-term time series spanning numer-
ous contrasting events that help identify mechanisms. Recent time
series may lack such changes and consequently be too easy to fit a
model to. The best situation would be for models to accommodate
all the time series available for a given system, i.e., the old, con-
trast-rich series, and the more precisely estimated new ones. Only
when we have models that can accommodate the whole period for
which we have data will we be able to use them in a constructive
way for fisheries management. To support such work, we have
made all data used here, and the books in which they are docu-
mented, freely available from the website of the Sea around Us Pro-
ject (http://www.seaaroundus.org).
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During the strong warm El Niño (EN) that occurred in 1997/98, Independence Bay (14�S, Peru) showed a
ca. 10 �C increase in surface temperatures, higher oxygen concentrations, and clearer water due to
decreased phytoplankton concentrations. Under these quasi-tropical conditions, many benthic species
suffered (e.g. macroalgae, portunid crabs, and polychaetes) while others benefited (e.g. scallop, sea stars,
and sea urchins). The most obvious change was the strong recruitment success and subsequent prolifer-
ation of the scallop Argopecten purpuratus, whose biomass increased fiftyfold. To understand these
changes, steady-state models of the bay ecosystem trophic structure were constructed and compared
for a normal upwelling year (1996) and during an EN (1998), and longer-term dynamics (1996–2003)
were explored based on time series of catch and biomass using Ecopath with Ecosim (EwE) software.
Model inputs were based on surveys and landings data collected by the Instituto del Mar del Perú (IMA-
RPE). Results indicate that while ecosystem size (total throughput) is reduced by 18% during EN, mainly
as a result of decreased total primary production, benthic biomass remains largely unchanged despite
considerable shifts in the dominant benthic taxa (e.g. scallops replace polychaetes as secondary consum-
ers). Under normal upwelling conditions, predation by snails and crabs utilize the production of their
prey almost completely, resulting in more efficient energy flow to higher trophic levels than occurs dur-
ing EN. However during EN, the proliferation of the scallop A. purpuratus combined with decreased phy-
toplankton increased the proportion of directly utilized primary production, while exports and flows to
detritus are reduced. The simulations suggest that the main cause for the scallop outburst and for the
reduction in crab and macroalgae biomass was a direct temperature effect, whereas other changes are
partially explained by trophic interactions. The simulations suggest that bottom-up effects largely control
the system.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Humboldt Current System (HCS), located in the south east
Pacific along the coasts of Chile and Peru, is one of the most pro-
ductive marine systems in the world. This high productivity is
the result of ‘coastal upwelling’ – a phenomenon driven by south-
erly trade winds that brings cold, nutrient-rich water from 40 to
80 m up into the euphotic zone where it supports phytoplankton
growth (Barber et al., 1985; Arntz et al., 1991; Pennington et al.,
2006). As a result, the system supports a large biomass of small
planktivorous pelagic fish – comprising the bulk of catches by a
large purse seining fleet. An important fishery also exists down
to 15–30 m and in the intertidal areas (Arntz and Valdivia,
1985a; Arntz et al., 1988). Despite a relatively low annual harvest
(ca. 200,000 t yr�1) compared to the pelagic system, the exploited
ll rights reserved.

: +49 4212380030.
ylor).
nearshore species are of high commercial value and the fishery
supports thousands of fishers and their families (Wolff et al., 2003).

Under ‘normal’ upwelling periods, near-seafloor oxygen con-
centrations <0.5 ml l�1 are typical on the continental shelves of
Peru (<100 m; Zuta et al., 1983). This is due to the oxygen mini-
mum zone which occurs below the shallow, uplifted Peruvian ther-
mocline (OMZ; 50–600 m) and the sinking of decomposing organic
matter from the overlying euphotic zone (Arntz et al., 2006). Bac-
teria such as the filamentous ‘spaghetti’ bacteria (genus Thioplaca),
are commonly found in association with the OMZ (Arntz et al.,
1991). At shallower depths, oxygen concentrations increase and
are able to support a higher benthic biomass.

These coastal phenomena propagate into Peru’s bays, where
much artisanal fishing occurs. This is seen in Independence Bay
(�14�S) where the deeper regions of the bay (>30 m) are of low
biomass while the bay’s shallower perimeter is targeted by the
artisanal fishery. These shallow areas contain valuable molluscan
and crustacean species, but suspension feeding polychaetes domi-
nate biomass (Tarazona et al., 1991).

mailto:marchtaylor@yahoo.com
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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The HCS experiences ‘natural’ climate variations on seasonal,
interannual, and decadal time scales, all of which affect the sys-
tem’s productivity and fisheries. Off Peru the strongest interannual
perturbation is the warm ‘‘El Niño” (EN) phase of the El Niño
Southern Oscillation (ENSO). ENs last about 18 months and occur
irregularly every 3–5 years. During EN a Kelvin wave travels east-
wards on the equator across the Pacific then north and south along
the South American coast, where it depresses the normally shallow
thermocline and a raises sea level (Pennington et al., 2006).
Although Peruvian coastal upwelling continues during EN, water
upwells from above the thermocline and is thus nutrient poor (Bar-
ber and Chavez, 1983). As a result, the area of ‘productive habitat’
supported by coastal upwelling is greatly reduced in area (>1.0 mg
chla m�3; Nixon and Thomas, 2001), as is overall primary produc-
tion (Carr, 2002). This reduction in production at the base of the
food web negatively impacts many pelagic coastal species (Tam
et al., 2008; Taylor et al., 2008).

EN can also produce significant positive faunal changes in ben-
thic habitats, mainly as a result of increased oxygen levels (Arntz
et al., 1991). This is especially the case in shallow depths, where
faunal density, biomass, species richness, and diversity can all in-
crease during EN (Tarazona et al., 1988). Several species from off-
shore, equatorial, and subtropical coastal areas also migrate to
the Peruvian coast during EN, such as swimming crabs and penaeid
shrimps (Arntz et al., 1991). In Independence Bay the resident scal-
lop Argopecten purpuratus experiences much higher recruitment
and growth during EN. Past El Nino densities have reached up to
8 kg m�2 and densities of 129 adult scallops �m�2 (Wolff, 1987;
Arntz and Tarazona, 1990), which is about 50 times the normal le-
vel. Yearly surveys of the macrobenthos of Independence Bay
(Fig. 1) conducted by the Instituto del Mar del Perú (IMARPE) have
also observed EN biomass decreases in several functional groups
(e.g. macroalgae, benthic detritivores, herbivorous gastropods,
predatory gastropods, portunid crabs, and polychaetes); while
Fig. 1. Map of the Peruvian coast and the study site, Independence Bay. Macrobenthic f
1998 (n = 252). The 30 m depth isocline is indicated by a dashed line.
scallops proliferate to nearly replace polychaetes as the main ben-
thic consumer of plankton and detritus (Fig. 2).

During both of the strong ENs of 1982/83 and 1997/98, A. pur-
puratus became the principal target of the diving fishery, which
experienced ‘‘gold rush” conditions with high catches and enor-
mous revenues (Wolff, 1987, 1988, 1994; Wolff and Mendo,
2000; Mendo and Wolff, 2002). The fishing effort increased mainly
due to migration of fishers from other areas. Catches largely reflect
actual changes in the scallop population. Other high-price species
associated with the scallop habitat are octopus and crab. Crab
catches decreased during the 1997/98 EN, but octopus landings in-
creased nearly 5-fold. Pelagic predatory fish migrated towards the
coast during EN, such that catch of the line and net fishing fleet in-
creased by about 2.5 times.

While we have a good basic understanding of the main changes
to benthic communities associated with EN in Peru, trophic model-
ing of the effects of EN has not yet been employed. Here we de-
scribe and model the Independence Bay ecosystem from an
energy flow perspective. First, we compare steady-state trophic
models of the system for the upwelling and El Nino conditions,
and secondly we explore the drivers of these changes (trophic vs.
environmental) using dynamic simulations with performance
measured against time series data of changing biomass. In partic-
ular, we address the following questions: (i) Are the positive im-
pacts observed in the shallow benthic community during EN
(increase in species richness, and diversity) also reflected in the en-
tire ecosystem through indicators of system maturity? (ii) How is
the system reorganized during EN? (iii) What insight can be gained
into the management of the fishery during EN? (iv) Can changes in
biomass and productivities be explained by direct responses to
warming, or to trophic interactions? (v) What is the trophic effect
of the increased scallop biomass, the reduced primary production
(through biomass decrease of phytoplankton as well as macroal-
gae), and the reduced crab predator biomass on the system?
auna sampling stations are indicated by circles for 1996 (n = 223) and triangles for
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2. Materials and methods

2.1. Study area

Independence Bay (14.238�S, 76.194�W) is located approxi-
mately 250 km southeast of Lima (Fig. 1). The bay is broadly open
to the coastal ocean on either side of ‘Isla La Vieja’. Conditions
within the bay thus largely reflect the nearshore Peruvian upwell-
ing system, characterized by low surface temperatures (14–18 �C)
and high nutrient levels. Bottom (<30 m) oxygen concentrations
averaging 3.5 mg L�1 during normal upwelling conditions, but in
the deeper central part of the bay, low oxygen conditions prevail
(<1.0 mg L�1, >30 m) and benthic macrobiota is not abundant and
microbial processes dominate. During a strong EN, temperatures
increase as much as 10 �C and oxygen conditions are improved at
the lower depths. Artisanal fisheries include a diving fishery using
hookah and compressor, which operates around the bay’s rocky
and soft-bottom habitats less than 30 m, and a gillnet and line fish-
ery that targets larger littoral and pelagic fish species.

2.2. Model definition

The two steady-state trophic models of Independence Bay were
constructed for the soft-bottom habitats of <30 m depth that fringe
the bay, covering about 38% of the total bay area (65.8 km2 out of a
total of 172 km2; Fig. 1). This area was selected for the following
reasons: (i) importance in overall bay macrobiota biomass, (ii)
availability of data, and (iii) it encompasses the main activities of
the artisanal fishery. Model periods are for 1996, representing a
‘normal’ upwelling year, and 1998, representing EN (end of the
1997/98 event; Fig. 2). The models were constructed with 20 func-
tional groups including detritus, two primary producers (phyto-
plankton and macroalgae), zooplankton, six benthic primary
consumers (polychaetes, scallops, sea urchins, herbivorous gastro-
pods, benthic detritivores, and miscellaneous filter-feeders), five
benthic carnivores (predatory gastropods, small carnivores, preda-
tory crabs, sea stars, and octopus), three fish (littoral fish, small pe-
lagic fish, and pelagic predatory fish), and two top predators
(marine mammals and seabirds). These functional groups were
designated according to ecological status – organisms within a
group are characterized by similar diets, predators, productivities
and individual body size (Table 1).

2.3. Basic modeling approach

A mass-balance modeling approach was applied using the soft-
ware Ecopath with Ecosim 5.0 (EwE) (Christensen and Pauly, 1992;
Walters et al., 1997), which quantifies trophic flows among func-
tional groups within an ecosystem and also includes fishery catch.
The model also permits the assessment of ecosystem dynamics un-
der different scenarios of use or environmental change (http://
www.ecopath.org). Ecopath links the production and consumption
of all trophically connected groups within the model ecosystem, as

Pi ¼ Yi þ Bi �M2i þ Ei þ BAi þ Pi � ð1� EEiÞ ð1Þ

where Pi is the total production rate of (i), Yi is the total fishery catch
rate of (i), Bi the biomass of the group (wet weight), Ei the net migra-
tion rate (emigration–immigration), M2i is the total predation rate
for group (i), BAi is the biomass accumulation rate for (i). Pi

*

(1 � EEi) is the ‘other mortality’ rate (M0i), where EE is the ‘‘Eco-
trophic efficiency” and is the proportion of the group’s production
that is consumed by higher trophic levels or is taken by the fishery
(for further information, see Christensen et al., 2000). In order to en-
sure mass balance between the groups, a second master equation is
used:

Consumption ¼ productionþ respirationþ unassimilated food

Energy flow in the model requires definition of the diet for all
consumers, which determines the fraction of each functional group
which will serve as food of the other groups. This diet matrix is fur-
ther used in the calculation of the trophic level of each group:

TLj ¼ 1þ
X

TLi � DCij ð2Þ

where DCij is the fraction of prey (i), in the diet of the predator (j).
The trophic level of the predator TLj is calculated as the mean tro-
phic level of its prey (

P
TLi

* DCij) plus 1.0. Primary producers and
detritus groups are assigned a trophic level of 1.0.

2.4. Input parameters

Input parameters, detailed below, are derived from a number of
sources which are listed in Table 2. Input values for 1996 and 1998
steady-state models can be found in 3.

2.4.1. Biomass
Benthic macrofauna biomass was from IMARPE surveys for the

periods 19–29th April, 1996 and 15–24th July, 1998. A total of 223
and 252 1 m2 quadrants were sampled during the two surveys,
respectively. All epifauna and infauna of the upper 5 cm of sedi-
ment were collected by hand and placed in mesh bags of 5 mm
mesh size. Organisms were later counted and weighed (for further
information on sampling, see Samamé et al., 1985; Yamashiro
et al., 1990). Groups of small epifauna (herbivorous gastropods,
benthic detritivores, scallops, small carnivores) and polychaetes
were increased by 25% to correct for undersampling. Miscellaneous
filter-feeders (consisting mainly of infaunal bivalves) were in-
creased by 100% to also correct for undersampling—much of this
grouṕs biomass is found deeper than 5 cm. These biomass correc-

http://www.ecopath.org
http://www.ecopath.org


Table 1
Functional groups and representative species. Species listed are not exhaustive (small benthos groups show the most important species, representing >95% of biomass and/or
species averaging >1 g m2); **, groups/species not found/recorded in captures in 1998; *, groups/species found in 1998 but low in biomass; bold: groups/species not found/
recorded in captures in 1996.

Functional group Species

2. Macroalgae Rhodymenia sp.*, Macrocystis sp.*, Gigartina sp.*, Codium sp.**, Ulva sp.*,
Caulerpa sp., Lessonia nigrescens

4. Polychaetes Diopatra sp., Chaetopteridae
5. Scallops Argopecten purpuratus
6. Sea urchins Tetrapigus niger, Arbacia spatuligera, Arbacia sp., Loxechinus albus, Strongylocentrotus sp.
7. Herbivorous gastropods Crepipatella dilatata, Crepipatella sp., Tegula euryomphalus, Tegula atra, Tegula sp., Crucibulum sp.,

Aplysia sp., Mitrella sp.
8. Benthic detritivores Ophiuroidea*, Pagurus sp., Eurypanopeus sp.*, Taliepus marginatus **

9. Misc. filter-feeders Ascidians, Aulacomya ater, Glycimeris ovata, Actinia sp., Prothothaca thaca,
Sponges, Semele solida, Chama sp.

10. Predatory gastropods Bursa ventricosa, Bursa nana, Bursa sp., Thais chocolata, Thaididae sp., Priene rude, Cymatium
weigmani, Cymathidae sp., Argobuccinum sp.**, Sinum cymba

11. Small carnivores Oliva peruviana, Oliva sp., Nassarius dentifer, Nassarius gayi, Nassarius sp., Trophon sp.**, Crassilabrum crassilabrum,
Natica sp.**, Xantochorus sp., Solenosteria gatesi, Solenosteria sp.,
Polinices uber

12. Predatory crabs Cancer setosus, Cancer porteri, Cancer coronatus**, Cancer sp., Hepatus chilensis,,
Platyxanthus cockeri**, Callinectes arcuatus, Callinectes sp.

13. Sea stars Luidia bellonae, Luidia magallanica, Luidia sp., Asterina chilensis.**, Patiria chilensis,
Heliaster helianthus

14. Octopus Octopus mimus
15. Littoral fish Isacia conceptionis, Seriolella violacea, Paralabrax humeralis, Cheilodactylus variegatus,

Labrisomus philippii, Hemilutjanus macrophthalmos, Acanthistius pictus, Paralichthys adspersus,
Cynoscion analis, Sciaena deliciosa, Calamus brachysomus, Mugiloides chilensis,
Diplectrum conceptione, Chloroscombrus orqueta, Sphyraena ensis, S. idiastes,
Myliobatis peruvianus, Orthopristis chalceus, Mugil cephalus, Diplectrum conceptione,
Chloroscombrus orqueta, Sphyraena ensis, Sphyraena idiastes, Myliobatis peruvianus

16. Small pelagic fish Sardinops sagax sagax, Ethmidium maculatum, Trachinotus paitensis
17. Pelagic predatory fish Trachurus picturatus murphyi, Cilus gilberti, Scomber japonicus,

Sarda chiliensis chiliensis, Auxis rochei, Scomberomorus sierra
18. Marine mammals Otaria byronia, Arctocephalus australis
19. Seabirds Leucocarbo bougainvillii, Sula variegata, Pelecanus thagus

M.H. Taylor et al. / Progress in Oceanography 79 (2008) 336–351 339
tions were based on complementary benthic evaluations con-
ducted by the authors.

Estimates of phytoplankton biomass for the 1996 model were
taken from Peruvian coastal averages under ‘typical’ upwelling
conditions (settled volume, 3.0 mL m�3) (Rojas de Mendiola et al.,
1985) and EN conditions (Delgado and Villanueva, 1998; Villanu-
eva et al., 1998). EN phytoplankton values were increased slightly
over coastal averages (+15%) in order to balance the model. Settled
volumes were converted to g m�2 by assuming 1 mL = 1 g and then
multiplying by an average depth for the model area of 15 m by
assuming a well-mixed water column.

Information on zooplankton in Independence Bay is of qualita-
tive nature only (Yamashiro et al., 1990); thus zooplankton bio-
mass was left open to be calculated by the steady-state model
assuming an Ecotrophic efficiency (EE) of 0.95.

Biomass of mobile species such as octopus and fish were esti-
mated from catch data by assuming that the fishery takes 50% of
yearly produced biomass. Small pelagic fish are not a principal tar-
get of the artisanal fishery and so catch estimates are likely poor
indicators of the available biomass. Small pelagic fish biomass
was thus left open to be calculated by the steady-state model
assuming an EE of 0.95 (Table 3).

2.4.2. Catches
Estimates of catch were derived from IMARPE catch statistics

for the artisanal fishery from the two main landing sites for Inde-
pendence Bay – San Andres and Laguna Grande. Unfortunately,
landings data do not identify habitat of capture, so that it was nec-
essary to estimate the relative sizes of the bay’s habitats in the
model (ca. 10% rocky, 90% soft-bottom) and correct for the fact that
most rocky habitat catches are made outside the model area (ca.
10 � greater than within the model). Taking into account the asso-
ciations of functional groups with particular habitats, their catch
statistics were adjusted as follows: scallops and predatory crab
catches come only from the soft-bottom habitats of the model
and thus did not need correction; fish groups, octopus, and miscel-
laneous filter-feeders, primarily found in soft-bottom habitats,
were reduced by only 10% to correct catches associated with rocky
habitats. Conversely, catches of herbivorous gastropods, predatory
gastropods, and sea urchins were mainly associated with broken
shell or rocky substrates, and were thus reduced by 80% (Table 3).

2.4.3. Production/biomass (total mortality)
Direct estimates of production to biomass ratios (P/B) or Total

mortality (Z) existed for several benthic invertebrate groups in
the model – scallops, predatory crabs, and sea stars. Other groups
were estimated using empirical relationships from Brey (2001)
taking into account taxonomic group, mean body size, temperature
of habitat, feeding modes, and habitat type. In most cases this pro-
vided realistic estimates; however, values for polychaetes and
misc. filter-feeders were increased to 1.0 based on other estimates
from the literature (Table 3).

P/B of phytoplankton was estimated using a modified Eppley
curve (Eppley, 1972) as described by Brush et al. (2002):

G ¼ Gmax � f � LTLIM � NUTLIM ð3Þ

where G = realized daily growth rate (d�1)(base e), f is the fraction
of the day during which there is light, and LTLIM and NUTLIM are
dimensionless ratios from 0 to 1 which describe light and nutrient
limitation of growth, respectively (Kremer and Nixon, 1977). Gmax,
as given by Eppley (1972) describes an exponentially-shaped enve-
lope for growth rates of phytoplankton under culture conditions
without light or nutrient limitation (as recalculated by Brush
et al., 2002):



Table 2
Sources of input data. IE = IMARPE benthic macrofauna evaluation, EM = empirical model (Brey, 2001), EO = Ecopath output, GU = guess estimate, IC = iterative consumption routine (for opportunistic feeding; described herein),
IS = IMARPE landings statistics.

Functional
group/
parameter

Biomass – Bi

(t km�2)
Production rate –
Pi/Bi (y�1)

Consumption rate
– Qi/Bi (y�1)

Conversion
efficiency – GEi

Ecotrophic
efficiency
– EEi

Catches – Yi

(t km�2 y�1)
Diet composition
– DC

1. Phytoplankton GU based on
Rojas de
Mendiola et al.
(1985),
Delgado and
Villanueva
(1998)

GU based on modified Eppley curve (Eppley,
1972; Brush et al., 2002)

– – EO – –

2. Macroalgae IE GU based on Macchiavello et al. (1987) – – EO – –
3. Zooplankton EO GU based on Mendoza (1993), Hutchings et al.

(1995)
GU adapted from Polovina and
Ow (1985)

EO GU – GU

4. Polychaetes IE GU based on Martin and Grémare (1997) EO GU EO – GU
5. Scallops IE Mendo et al. (1987), Stotz and Gonzalez (1997) GU based on Wolff (1994) EO EO IS GU based on Rouillon et al. (2002)
6. Sea urchins IE EM EO GU EO IS GU
7. Herbivorous

gastropods
IE EM EO GU 0.3 based on Mann (1982) EO IS GU

8. Benthic
detritivores

IE EM EO GU EO – GU

9. Misc. filter-
feeders

IE GU based on Wolff (1994) EO GU EO IS GU

10. Predatory
gastropods

IE EO GE based on Huebner and
Edwards (1981)

GU 0.3 based on Huebner and
Edwards (1981)

EO IS GU, IC

11. Small
carnivores

IE EM EO GU EO – GU partially based on Keen (1972) for
gastropod spp., IC

12. Predatory
crabs

IE Wolff and Soto (1992) Lang (2000), Wolff and Soto
(1992)

EO EO IS GU based on Leon and Stotz (2004), IC

13. Sea stars IE Ortiz and Wolff (2002) EO GU EO – GU, IC
14. Octopus GU based on

catch data
EO Wolf and Perez (1992), Vega and

Mendo (2002)
Wolf and Perez (1992), Vega and
Mendo (2002)

EO IS GU, IC

15. Littoral fish GU based on
catch data

GU 1.2 based on Wolff (1994) EO GU EO IS GU based on FISHBASE (2006)

16. Small pelagic
fish

EO GU EO GU 0.1 based on Moloney et al.
(2005)

GU IS GU based on FISHBASE (2006)

17. Pelagic
predatory fish

GU based on
catch data

GU 0.85 based on Jarre et al. (1991) EO GU 0.1 based on Moloney et al.
(2005)

EO IS GU based on FISHBASE (2006)

18. Marine
mammals

GU GU based on Jarre et al. (1991) EO GU EO – GU

19. Seabirds GU GU based on Moloney et al. (2005) EO GU based on Moloney et al.
(2005)

EO – GU

20. Detritus EO – – – – – –
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Gmax ¼ 0:97 � e0:0633�T ð4Þ

where T = water temperature. The ‘normal’ upwelling phytoplank-
ton production 1996 assumed a mean temperature of 16 �C with
50% light (from self-shading) and 0% nutrient limitation factors,
while the EN condition of 1998 assumed a mean temperature of
26 �C with 80% light and 50% nutrient limitation factors. Calculated
P/B ratios were high (245 and 365 for 1996 and 1998, respectively)
yet the value of total production for the 1996 model in terms of car-
bon, i.e. �800 g C m�2 yr�1, using a wet weight:C conversion of
14.25:1 from Brown (1991), is conservative with respect to other
estimates for the Peruvian coastal system under upwelling condi-
tions, i.e. >1000 and >1500 g C m�2 yr�1 from Walsh (1981) and
Chavez and Barber (1985), respectively. P/B values for other groups
are taken from the literature (Table 2).

2.4.4. Consumption and Conversion efficiency
Direct estimates of consumption rates (Q/B) were available for a

few of the benthic invertebrate groups (octopus, scallops, preda-
tory gastropods, and predatory crabs). For most other groups, ra-
tios of Conversion efficiency (GE) or the ratio between Production
and Consumption (P/Q) were applied (Tables 2 and 3).

2.4.5. Diet matrices
Direct diet studies for Independence Bay are limited and thus

general knowledge from literature was used in the construction
of diet matrices (Table 2). Initial attempts to balance the 1996
model resulted in insufficient production of many smaller epifau-
nal herbivore and detritivore invertebrate groups (scallops, sea
urchins, herbivorous gastropods, benthic detritivores, and misc. fil-
ter-feeders) to meet the initial consumption values of the carnivo-
rous benthic invertebrate groups (predatory gastropods, small
carnivores, predatory crabs, sea stars, and octopus). As macroinver-
tebrate groups are described to be rather unselective and opportu-
nistic feeders, limited more by their modes of feeding (Wilson and
Parkes, 1998), diet proportions were adjusted to reflect both pred-
atory consumption rates and the available production of prey
groups. This was accomplished by iteratively distributing the prey
production to the predators in weekly consumption increments,
assuming unselectivity. When the production of a single prey
group was completely utilized, the following iteration would con-
sider only those prey not fully utilized. Base values of detritus feed-
ing were assumed and the calculated diets resulted in high
proportions of polychaetes in their diets – reflecting their high bio-
mass and production in the benthic system in 1996. The 1998 sit-
uation was less problematic due to a reduction of carnivorous
benthic invertebrate biomass as well as an increase in scallop bio-
mass as prey (see Section 3). Assuming that scallops would be fa-
vored prey, their proportion in diet was set high (60–75%) and
the remaining diets were calculated as above (Table 4). Diets for
fish species were obtained from FishBase (Froese and Pauly,
2006) and were adjusted to the fish groups based on relative spe-
cies contribution from recorded catches.

2.5. Addressing parameter uncertainty

The balanced steady-state model for 1996 was subjected to the
EwE resampling routine Ecoranger (Christensen and Walters, 2004)
in order to assess the probability distributions of the input param-
eters. Using a Monte Carlo approach, the routine drew a set of ran-
dom input variables from normal distributions for each basic
parameter, and all resulting combinations that satisfied mass-bal-
anced constraints were recorded. Originally we allowed the
routine to use confidence intervals as derived from a pedigree of
the data sources, where highest confidence is placed in locally-de-
rived data; however, the initial results often gave parameter values



Table 4
Diet matrices for steady-state trophic models of Independence Bay for 1996 and 1998 after application of the Ecoranger resampling routine (values of 0.000 indicates a pr ortion of <0.0005).

Prey/predator Model 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1. Phytoplankton 1996 0.702 0.293 0.787 0.709 0.802
1998 0.698 0.301 0.821 0.721 0.795

2. Macroalgae 1996 0.811 0.783 0.191 0.235
1998 0.808 0.801 0.226 0.255

3. Zooplankton 1996 0.190 0.051 0.195 0.002 0.513 0.198 0.470
1998 0.208 0.047 0.175 0.002 0.340 0.205 0.521

4. Polychaetes 1996 0.090 0.398 0.462 0.292 0.384 0.207
1998 0.091 0.052 0.074 0.027 0.039 0.094

5. Scallops 1996 0.018 0.011 0.011 0.014 0.0
1998 0.746 0.613 0.765 0.758 0.7

6. Sea urchins 1996 0.030 0.032
1998 0.059 0.034

7. Herbivorousgastropods 1996 0.046 0.037 0.032 0.033 0.0
1998 0.026 0.031 0.016 0.017 0.0 0.019

8. Benthic detritivores 1996 0.159 0.149 0.094 0.106 0.1 0.003
1998 0.055 0.072 0.028 0.034 0.0 0.015

9. Misc. filter feeders 1996 0.196 0.164 0.134 0.164 0.2
1998 0.049 0.056 0.025 0.029 0.0

10. Predatory gastropods 1996 0.108 0.145 0.2 0.001
1998 0.033 0.037 0.0 0.031

11. Small carnivores 1996 0.020 0.015 0.015 0.014 0.0 0.000
1998 0.021 0.030 0.012 0.016 0.0 0.024

12. Predatory crabs 1996 0.191 0.001
1998 0.033 0.028

13. Sea stars 1996 0.025 0.000
1998 0.031 0.093

14. Octopods 1996 0.1
1998 0.0

15. Littoral fish 1996 0.001 0.251 0.093
1998 0.026 0.098 0.100

16. Small pelagic fish 1996 0.001 0.530 0.699 0.907
1998 0.015 0.479 0.847 0.900

17. Pelagic predatory fish 1996 0.050
1998 0.055

18. Marine mammals 1996
1998

19. Seabirds 1996
1998

20. Detritus 1996 0.108 0.655 0.213 0.099 0.217 0.809 0.096 0.164 0.129 0.097 0.109 0.038
1998 0.094 0.653 0.179 0.101 0.199 0.774 0.104 0.051 0.063 0.032 0.036 0.059
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outside of reasonable biological constraints (e.g. high conversion
efficiencies, high cannibalism) and thus we decided to fix all confi-
dence intervals at 20% variation as was similarly done by Arias-
González et al. (1997). We allowed resampling until 10,000 runs
passed the selection criteria. The ‘best’ run was then chosen as that
with the smallest sum of square residuals between the input
parameters and the mean value of all successful runs (for more
information, see Christensen et al., 2000).

2.6. Outputs/system statistics

Statistics for comparison of the two system states fall under the
categories of community energetics, cycling indices, and system
organization. Comparisons of the ‘health’ and maturity of the two
system states drew on statistics from all three areas. Further gen-
eral descriptive statistics from the calculated outputs of the models
included: (i) total throughput (T) – measure of the total sum of
flows within the system and indicates the ‘size’ or activity of the
system; (ii) contributions to T from different types of flows – con-
sumption, export, respiration and flows to detritus; (iii) breakdown
of biomass and flows from different components of the system –
pelagic vs. benthic biomass and production; and (iv) changes in
feeding modes – Herbivory: detritivory ratios.

2.6.1. Community energetics
Several indices of community energetics allowed for the com-

parison of ecological succession and relative maturity according
to Odum (1969) and include: (i) total primary production (PP) to
total respiration (R) ratio (PP/R); (ii) biomass (B) supported by total
primary production (PP/B); (iii) biomass supported by total
throughput (B/T); and iv) energy transfer efficiency (TE) between
discrete trophic levels.

2.6.2. Cycling indices
The Finn’s cycling index (FCI) (Finn, 1976) is calculated as Tc/T,

where Tc is the amount of system flows that are recycled compared
to the total system throughput, T. According to Odum (1969) recy-
cling increases in more mature and less stressed systems.

2.6.3. Growth and development indices
Global measurements of system organization are calculated

according to a network analysis based on flows among elements
in the system as defined by Ulanowicz (1986). Indices include
the aforementioned throughput (T), along with a measure of ascen-
dancy (A), and development capacity (C). Ascendancy incorporates
both size and organization of flows into a single measure and is cal-
culated as throughput (T) multiplied by mutual information (I),
which concerns the diversity and evenness of flows between com-
partments (Baird et al., 1998). Development capacity is the theo-
retical upper limit to ascendancy and thus the dimensionless A/C
ratio allows for a comparable measure of ecosystem development
Table 5
Biomass data for model groups derived from IMARPE benthic surveys in Independence Bay
estimates of catch per unit effort (CPUE). Relative CPUE changes were used to reconstruct t

Year/groups Pp-1 Ma-2 Po-4 Sc-5 Su-6 Hg-7 Bd-8

1996 51.4 69.2 324.9 7.0 7.9 25.2 70.7
1997 28.6 56.6 224.2 28.5 7.4 16.5 24.2
1998 28.6 7.6 43.5 564.2 10.9 6.7 13.8
1999 51.4 31.1 0.2 233.3 11.7 17.1 27.8
2000 51.4 120.6
2001 51.4 16.1
2002 51.4 2.7
2003 51.4 3.7
and is predicted to be higher in more mature ecosystems (Ula-
nowicz, 1986). The difference between development capacity and
ascendancy (C–A) is the system overhead (U) and gives a measure
of the system’s ‘strength in reserve’ from which it can draw to meet
perturbations (Ulanowicz, 1986).

2.6.4. Fishery
Other statistics allow for the assessment of the fishery activity

such as its Gross efficiency (catch/net PP), mean trophic level of
the catch, and primary production needed to sustain the fishery.

2.7. Simulating transition from upwelling to El Niño state

The simulation runs conducted for this study with EwE calcu-
late biomass changes through time by solving the set of differential
equations:

dBi=dt ¼ gi

X
k
Q kiðtÞ

h i
�
X

j
Q ijðtÞ �M0iBi �

X
Fif ðtÞBi ð5Þ

For species or functional groups i = 1,. . ., n. The first sum repre-
sents the food-consumption rate, Q, summed over prey types k of
species i, and gi represents the growth efficiency (proportion of
food intake converted into production). The second sum represents
the predation loss rates over predators j of i. M0i represents the
instantaneous natural mortality rate due to factors other than
modelled predation. The final sum represents the instantaneous
fishing mortality rate, F, as a sum of fishing components caused
by fishing fleets f.

The Qij are calculated by assuming that the Bi are divided into
vulnerable and invulnerable components (Walters et al., 1997),
and it is the flux rates vij and v0ij that move biomass into the vulner-
able and invulnerable pools, respectively. This assumption leads to
the rate equation:

Qij ¼
aijðtÞvijðtÞBiBj

vijðtÞ þ v0ij þ aijðtÞBj
ð6Þ

where the vij and v0ij parameters represent rates of behavioral ex-
change between vulnerable and invulnerable states and aij repre-
sents rate of effective search by predator j for prey type i. The
exact setting of the vij, remains uncertain, but the modeling soft-
ware allows for adjusting the vulnerabilities by a fitting procedure
through which the sum of squares between observed and simulated
(log) biomasses are minimized (see Walters et al., 1997). In EwE, the
vulnerabilities for each predator–prey interaction can be explored
by the user and settings will determine if control is top-down
(i.e., Lotka-Volterra; >2.0), bottom-up (i.e., donor-driven; <2.0), or
intermediate (�2.0). We applied this fitting routine with our time
series, and the computed vulnerabilities were then discussed in
the light of possible control mechanisms operating in the
ecosystem.

As input for simulations of the ecosystem response to ENSO we
used catch per unit of effort (CPUE) time series for the fishery
(1996, 1997, 1998, and 1999). Longer time series (1996–2003) were calculated from
he longer time series relative to the 1996 starting values from the steady-state model.

Mf-9 Pg-10 Sc-11 Pc-12 Ss-13 Oc-14 Lf-15 Ppf-17

82.1 28.1 10.0 27.8 11.6 0.3 1.8 1.4
37.7 14.5 10.6 31.4 19.6 0.7 1.5 1.8

8.2 9.8 6.8 4.5 20.1 0.2 0.2 2.7
26.7 49.2 25.2 13.9 32.3 0.1 1.7 1.3

29.8 0.1 2.4 0.3
73.8 0.1 2.4 9.3
41.6 0.1 3.5 3.5
39.2 0.1 3.8 3.9
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resources for the period 1996–2003 (including the EN year 1998)
as proxies for stock biomass, together with biomass data obtained
from the benthic surveys done by IMARPE for the years 1996, 1997,
1998 and 1999 (Table 5).

To distinguish between trophic and non-trophic effects on func-
tional group biomass changes, we forced biomass changes of sev-
eral functional groups (drivers) in the model to measure their
impact. Drivers included biomass changes in 4 highly-variable
functional groups whose abundances are known to be at least par-
tially controlled by non-trophic environmental changes associated
with ENSO: phytoplankton (PP), macroalgae (MA), predatory crabs
(C) and scallops (S). We successively forced the biomass changes of
these groups for the simulated time period of 8 years (1996–2003)
and recorded the changes in fit as calculated by the sum of squares
between the predicted and observed estimates.

An initial exploration of the dynamics using the default preda-
tor–prey vulnerability settings for all interactions either decreased
the fit of the simulation or made only small improvements. Thus,
we decided to first introduce all four drivers in combination and al-
lowed EwE to search for the best predator–prey vulnerability set-
tings. Using these optimized vulnerability settings we again
addressed the importance of each driver through single or com-
bined introduction to force the model through time.

3. Results

3.1. General descriptive

Initial parameters of the balanced model can be found on the
Pangaea website (Taylor et al., 2007a, b). The Ecoranger resampling
routine resulted in balanced models in 0.75% and 2.20% of the runs
for the 1996 (normal conditions) and 1998 (EN conditions) models,
respectively. The ‘best’ fitting model parameters are shown in Table
Table 6
System statistics, cycling indices, and informational indices for the two modeled periods of I
a percent; values in brackets are in percent of total system throughput.

Summary statistics 1996

Sum of all consumption (t km�2 yr�1) 8389 (2
Sum of all exports (t km�2 yr�1) 9444 (2
Sum of all respiratory flows (t km�2 yr�1) 4772 (1
Sum of all flows into detritus (t km�2 yr�1) 11603
Total system throughput (t km�2 yr�1) 34208
Sum of all production (t km�2 yr�1) 16133
Calculated total net primary production (t km�2 yr�1) 14214
Net system production (t km�2 yr�1) 9442
Total biomass (excluding detritus) (t km�2) 754
Pelagic/benthic biomass 0.13
Pelagic/benthic production 8.46
Connectance index 0.222
System omnivory index 0.169
Herbivory/detritivory 6.54

Fishing
Total catches (t km�2 yr�1) 12.605
Mean trophic level of the catch 2.73
Gross efficiency (catch/net PP) 0.001
PP required/catch 29.39
PP required/total PP (%) 1.43

Community energetics
Total primary production/total respiration 2.979
Total primary production/total biomass 18.861
Total biomass/total throughput 0.022

Cycling indices
Finn’s cycling index (% of total throughput) 5.11
Predatory cycling index (% of throughput w/o detritus) 9.07
System development
System overhead/capacity (%) 67.0
Ascendancy/capacity (%) 33.0
3. Summary statistics are presented in Table 6. The ‘size’, as mea-
sured by the total system throughput (T), indicates that the 1996
state was larger than 1998 (34,208 vs. 24,827 t km�2 yr�1) mainly
as a function of higher primary production. Contributions to T from
different types of flows indicate that the EN state is characterized by
higher absolute and relative flows due to consumption (11,918
t km�2 yr�1 and 48.0% of T) and respiration (7097 t km�2 yr�1 and
28.6% of T) and lower absolute and relative flows into detritus
(14.8% of T) and as exports (8.6% of T). These results indicate better
utilization of primary production through increased consumption
and decreased losses to detritus as is reflected by the increased EE
values for phytoplankton and detritus compartments. The overall
ratio of herbivory to detritivory feeding decreased slightly during
1998 (6.54 and 5.22 for 1996 and 1998, respectively). Ratios be-
tween pelagic and benthic biomass and production were similar
for both 1996 and 1998 states with the benthic system dominating
in terms of biomass (pelagic/benthic biomass ratios equal 0.13 and
0.14 for 1996 and 1998, respectively) while the pelagic components
accounted for most of the production (pelagic/benthic production
ratios equal 8.46 and 7.79 for 1996 and 1998, respectively). Besides
major changes in primary production between the two periods,
which greatly impacted T, the overall biomasses of trophic levels
II and above are virtually unchanged despite significant changes
to several individual functional groups.

3.2. Community energetics

Several statistics on community energetics point to EN condi-
tions as being of a higher ‘maturity’ than normal conditions. The
primary production to total respiration ratio (PP/R) came closer
to the proposed value of 1.0 for mature systems (Odum, 1969)
(2.979 in 1996; 1.302 in 1998). Total primary production to bio-
mass (PP/B) and biomass to total throughput (B/T) ratios indicated
ndependence Bay. Changes in values from the 1996 state to the 1998 state are given as

1998 % Change

4.5%) 11,919 (48.0%) 42.1
7.6%) 2145 (8.6%) �77.3
4.0%) 7097 (28.6%) 48.7

(33.9%) 3666 (14.8%) �68.4
24827 �27.4
11610 �28.0
9242 �35.0
2146 �77.3
674 �10.6
0.14 15.6
7.79 �8.0
0.224 0.9
0.122 �27.8
5.22 �20.2

248.930 1874.9
2.05 �24.9
0.027 2936.5
9.26 �68.5
17.85 1148.3

1.302 �56.3
13.715 �27.3
0.027 22.7

8.88 73.8
5.14 �43.3

72.5 �1.2
27.5 �16.7



1996 1998

II 8.1%

IV 8.3%

III 3.11 %

V 4.6%

II 6.6%

IV 65. %
III 8.3%

V 34. %

TE = 6.7%TE = 9.6%

t/km2/year

Fig. 3. Modified Lindeman pyramids of flows for steady-state models of Independence Bay. Transfer efficiencies are given for discrete trophic levels. Mean transfer efficiency
is the geometric mean of trophic levels II–IV.
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that the 1998 state could support a higher relative biomass per
unit of primary production and total throughput. On the contrary,
mean transfer efficiency (TE) was higher for the 1996 state (Fig. 3)
due in part to a high utilization of herbivore and detritivore pro-
duction by predatory invertebrates, as well as higher cannibalism,
and can be observed in the high EE values for these groups (groups
5–14, Table 3). This ‘bottleneck’ of flows did not occur in 1998 due
both to a decrease in predator biomass and an increase in primary
consumer biomass due to the proliferation of scallops. As TE can
only be calculated for consumer groups, and Ecopath does not
quantify solar energy input to producer compartments, mean TE
reflects the geometric mean of trophic levels II–IV only. Thus, the
decrease in TE occurred despite an overall improvement in other
holistic community energetic indices in 1998; specifically, a higher
utilization of primary production and detritus.

3.3. Cycling indices

A higher degree of cycling, as indicated by the Finn’s cycling in-
dex, was calculated for the EN period (5.11% for 1996; 8.88% for
1998). Again, the higher utilization of primary production and
detritus was mainly responsible for this result. Removing this
influence is possible with the related Predator cycling index, which
showed that the 1996 state had more cycling at the higher trophic
levels (9.07% for 1996; 5.14% for 1998).

3.4. Growth and development indices

The ascendancy to development capacity ratio (A/C) was slightly
higher during normal upwelling conditions in 1996 (33.0% for
1996; 27.5% for 1998) and indicates that this state shows more
maturity (i.e. higher total flows and predictability of flows).

3.5. Fishery

The boom of A. purpuratus during EN was mostly responsible for
the more than 18-fold increase in total catches for the model area,
to 248.9 t km�2 yr�1. Pelagic predatory fish catches also increased
about 7-fold, and as a result the model back-calculated a higher
small pelagic fish biomass for 1998. The gross efficiency (catch/
net PP) of the fishery increased 25-fold and the primary production
required per unit of catch decreased, due mainly to the lower tro-
phic level of the scallop (mean TL of catch – 2.74 and 2.05 for 1996
and 1998, respectively). The variable nature of the diving effort in
response to changing resource abundances also played an impor-
tant role. As the catch of scallops mainly drove the changes in ef-
fort, scallops show fairly similar fishing mortality (F) values for
the two periods, while other groups that were reduced in biomass
during 1998 show higher F values (misc. filter-feeders and preda-
tory gastropods) (Table 3). Overall, the expansion of the fishery,
combined with the decreased primary productivity, resulted in a
value of 18% of total primary production needed to sustain the fish-
ery – an 11-fold increase from 1996.

3.6. Functional group responses to forcing scenarios

The results of the forcing of trophic driver biomasses on the
dynamics of remaining functional groups are presented for four
scenarios in the following paragraphs.

3.6.1. Scenario 1 (S1): Decrease in primary production during EN (due
to lack of nutrient upwelling)

As shown by Fig. 4, a decrease in phytoplankton and macroalgae
biomass during EN (1997/98) resulted in decreases in polychaetes,
misc. filter-feeders and herbivorous gastropods. A slightly lagged
response is also seen in predatory gastropods, which decreased
in biomass. While the single addition of the macroalgae driver de-
creased SS more than did that of the phytoplankton driver (�8.1%
for macroalgae; �2.7% for phytoplankton), the average change in
combination with other drivers was greater from the phytoplank-
ton driver at �2.8% (Fig. 5).

3.6.2. Scenario 2 (S2): Decrease in predatory crab biomass during EN
(due to temperature stress causing mortality and migration to deeper
waters)

The application of this driver resulted in a small increase in bio-
mass of the groups sea stars and small carnivores as a result of the
reduced crab biomass (Fig. 4). The application of the predatory crab
driver resulted in an average change of �4.8% in SS (Fig. 5).

3.6.3. Scenario 3 (S3): Increase in scallop biomass during EN (due to
increased recruitment and growth)

Fig. 4 shows the functional group responses to the increased
Scallop biomass during the EN warming, which included: (1) abun-
dance increases in predatory gastropods, small carnivores, octopus,
sea stars, and (2) abundance decreases in the groups polychaetes,
herb. gastropods, benthic detritivores, and misc. filter-feeders.
The model also predicts an increase in predatory crab biomass,
which is contrary to the observed decrease, supporting the obser-
vation that EN warming likely induced a non-trophically mediated
mass mortality and emigration of crabs to deeper, cooler waters
(Arntz and Fahrbach, 1991). Despite some improvements, the aver-
age change from the application of the scallop driver was an in-
crease of 1.8% in SS (Fig. 5), indicating a decrease in fit.

3.6.4. Scenario 4 (S4): Combined forcing of all four drivers (scallops,
phytoplankton, macroalgae, and predatory crabs)

The previously mentioned improvements from each driver sum
upto explain the dynamics in the majority of groups (Fig. 4). In most
cases, the forced dynamics are similar to a dominating individually
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Force Predatory crabs (S2)
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Fig. 4. Simulated versus observed biomass changes. All simulations consider changes in fishing effort (fishing and diving). Simulation trajectories are shown for each of the
three scenarios (S1, bottom-up effect of reduced primary production – ‘‘Force Phytoplankton, Macroalgae”; S2, top-down effect of reduced benthic predation – ‘‘Force
predatory crabs”; and S3, effect of scallop proliferation – ‘‘Force scallops”) plus a combination of all four drivers applied together (S4, ‘‘Force all drivers”).
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forced driver; however, the dynamics of small carnivores and sea
stars are improved by the combined application of all four drivers.

3.7. Vulnerability estimates

Table 7 summarizes the vulnerabilities computed for Scenario
4. v-values <1.2 were considered bottom-up control (BU), between
1.2 and 2 (mixed control, MX) and above 2 top-down control (TD).

Accordingly, top-down control is suggested for: (i) predatory
gastropods on polychaetes, benthic detritivores and misc. filter-
feeders; (ii) predatory crabs on scallops; and (iii) sea stars on pred-
atory gastropods.

Bottom-up control configurations are more dominant and are
suggested for: (i) polychaetes to predatory crabs; (ii) scallops to
predatory gastropods and octopus; (iii) primary producers and
zooplankton prey to fish groups; and (iv) littoral fish and small pe-
lagic fish to marine mammals and seabirds.

4. Discussion

4.1. Summary statistics, flow structure and maturity

The total energy throughput of the Independence Bay ecosys-
tem under normal upwelling conditions (1996 model; T =
34,208 t km�2 yr�1) is higher than has been observed for other
coastal zones along the Pacific coast, specifically, Gulfo Dulce, Costa
Rica (T = 1404) and Tongoy Bay, Chile (T = 20,835 t km�2 yr�1)
(Wolff, 1994; Wolff et al., 1996), due mainly to its high primary
production. When our results are compared to models of specific
habitats in Tongoy Bay as constructed by Ortiz and Wolff (2002),
the sand-gravel habitat is most similar in terms of total throughput
(T = 33,579 t km�2 yr�1). This type of substrate is typical of Inde-
pendence Bay and is associated with strong currents where oxygen
concentrations are increased through mixing and circulation and
permit higher macrofaunal biomass. Similar values of production,
energy flows to detritus, respiration, and exports are also observed
between this habitat in Tongoy Bay and the model of Independence
Bay under upwelling conditions.

While our estimate of Total throughput is not directly compara-
ble to models that use differing units to describe flows (e.g. dry
weight or carbon units), we can compare the proportions of differ-
ent types of flows. Flow to detritus in Independence Bay during
1996 (33.9%) is similar to that of Tongoy (29%) as well as several
US bay systems; e.g. Narragansett Bay (33%), Delaware Bay (30%),
and Chesapeake Bay (27%) (Monaco and Ulanowicz, 1997). How-
ever, only the models of the South American bays calculated high
proportions of exports as well (29–34% vs. 7–10% for US bays). Part
of the difference may be attributable to higher exchange rates/low
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residency time of water in relatively open bays like Independence
and Tongoy, resulting in more export of production (Rybarczyk
et al., 2003); however, the high degree of primary production going
unutilized and remaining in the sediments may be more typical of
upwelling systems.

The dynamic nature of the artisanal fishery in response to
changes in resources helps maintain the ecosystem’s efficiency in
the face of reduced predation pressure. In response to the scallop
boom during EN, fishers migrated to Independence Bay. A main
proportion of these migrant fishers were from Sechura Bay in the
north of Peru (6 �S), where the largest fishery for scallops is nor-
mally found. These fishers were mainly involved in the diving fish-
ery, which increased in effort by 170% in 1998 compared to the
previous year. Peak diving effort reached 4932 boat trips per
Table 7
Vulnerabilities calculated by EwE with the application of all four drivers (phytoplankton,
TD = top-down control (vulnerability	 2.0), MX = mixed/intermediate control (vulnerabil

Prey/predator 3 4 5 6 7 8 9

1 Phytoplankton BU MX MX M
2 Macroalgae MX MX MX
3 Zooplankton TD MX M
4 Polychaetes MX
5 Scallops
6 Sea urchins
7 Herbivorous gastropods
8 Benthic detritivores
9 Misc. filter-feeders
10 Predatory gastropods
11 Small carnivores
12 Predatory crabs
13 Sea stars
14 Octopus
15 Littoral fish
16 Small pelagic fish
17 Pelagic predatory fish
18 Marine mammals
19 Seabirds
20 Detritus MX BU MX MX MX MX M
month (October 1998) compared to normal levels of around 750.
Fishers also shifted effort to almost exclusively target scallops,
yet other soft-bottom species were also taken. Octopus (Octopus
mimus) is a particularly favored resource due to high price, and also
increases in biomass during EN (Arntz et al., 1988). O. mimus
growth and reproduction have been shown to increase under war-
mer conditions (Cortez et al., 1999) and embryonic development
time is also greatly accelerated under EN-like conditions in the lab-
oratory (Warnke, 1999). The increased catch of octopus is thus
likely supported by increased production. Catch of pelagic preda-
tory fish also increased, which may be explained through the over-
all shrinkage of the upwelling zone during EN and the subsequent
intrusion of oceanic waters, which several predatory fish species
are associated with (e.g. Scomber japanicus, Sarda chilensis, and
Scomberomerus sierra). This movement may be further related to
the pursuit of prey, as anchovy stocks were observed to both con-
centrate near the coast and then retreat southward to the latitudes
near Independence Bay as recorded by acoustic surveys (Ñiquen
and Bouchon, 2004).

The expansion of the diving fishery during EN is also observed
through much higher indices of gross efficiency (catch/net PP) such
that 18% of total primary production required to sustain the fish-
ery. This value is lower than the value (25.1%) calculated by Pauly
and Christensen (1995) for upwelling systems, and may reflect low
mean trophic level of the fishery (2.05). Nevertheless, for an arti-
sanal fishery, it shows a remarkable efficiency of harvest during
EN. On the contrary, the value for normal conditions is extremely
low at 1.4%, and illustrates the low level of exploitation of the fish-
ery during normal upwelling periods, likely due to the low abun-
dance of higher priced species like scallops and octopus. As a
result, Independence Bay fishers are moving towards a combina-
tion of fishing and culture of scallops to maintain income levels be-
tween EN ‘‘boom times”.

Nixon (1982) showed that there is a highly positive correlation
between primary production and fishery yield in coastal lagoons,
yet Independence Bay catches are highest during the low primary
production characteristic of EN. While the fish catches also in-
creased during EN mainly due to immigrations of fish towards
the coast, the catch of benthic resources increased the most. In-
creased oxygen concentration during EN has been suggested as
important in the proliferation of benthic species (Arntz and Fahr-
bach, 1991). Overall consumption of primary production by several
primary consumers (i.e. scallops, herbivorous gastropods, and ben-
macroalgae, scallops, predatory crabs). BU = Bottom-up control (vulnerability� 2.0),
ity values between 1.2 and 2.0).
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thic detritivores) increased in order to sustain their increased bio-
masses – as calculated from in situ or empirically-based estimates.
As a result, primary production during EN appears to be almost
completely consumed in Independence Bay, although several
assumptions were made concerning the levels of primary produc-
tion. However, near-complete use of primary production during EN
may be indicated by the clear, tropical-like water and decreases in
benthic detrital material observed during EN. Based on the model,
recruitment and production increases of scallops account for this
result, as scallops consume 58% of phytoplankton production dur-
ing EN. Wolff et al. (2007) found that the increase in scallops was
likely a non-trophic effect resulting from increased larval survival
in warmer temperatures. This recruitment success combined with
increased oxygen concentrations is likely the main cause of the in-
crease in fisheries yield.

Indicators of system maturity show some contradictions – some
suggest normal conditions are more mature and developed while
others for the EN state (1998). From a community energetics point
of view, the EN state is able to support a similar biomass compared
to 1996 despite lower primary production (PP/B ratio) and total
throughput (B/T ratio), and thus the system’s primary production
to respiration ratio is closer to the value of 1.0 predicted for mature
and efficient systems (Odum, 1969). Similarly, an increased Finn’s
cycling index is observed during EN due to a better utilization of
primary production and detritus by the primary consumers
(mainly scallops). These larger energy flows at lower trophic levels
offset the negative impacts of EN at the higher trophic levels. Dur-
ing EN the transfer efficiencies (TE) of higher trophic levels are de-
creased and contribute to an overall lower mean TE, due to the
negative impact of EN on benthic predatory groups (predatory gas-
tropods, small carnivores, and especially predatory crabs). These
impacts are also observed through a decreased predatory cycling
index and Finn’s mean path length during EN, indicating poorer cy-
cling and transfer of energy in the higher trophic levels of the food
web.

Relative ascendancy (A/C) indicates slightly more ecosystem
development and maturity during 1996 (33.0% in 1996; 27.5% in
EN). Related is the percent overhead (U/C), which indicates that
the less mature EN state may be better able to withstand perturba-
tion. Baird et al. (1991) found a similar discrepancy when compar-
ing A/C to FCI in several marine ecosystems, where a negative
correlation between indices was observed even though both
should have increased with system maturity. They suggested that
the discrepancy may lie in the fact that stress frequently impacts
higher-level species more than lower-level species. As a result,
the release of standing biomass of higher trophic levels can be ta-
ken up through increased recycling via ‘‘short intense loops”.
Fig. 6. Simulation of increasing primary production in the 1998 model to normal upw
Ascendancy (A/C), overhead (U/C), mutual information (I), and Finn’s cycling (FCI). Refer
It does appear that the higher trophic levels were more severely
impacted by EN in Independence Bay. Furthermore, the most sig-
nificant short intense loop would be the cycle through detritus,
which increases during EN and results in the higher Finn’s cycling
index (FCI). As phytoplankton and macroalgae production were re-
duced during EN (9247 t m�2 y�1 during EN; 14,214 t m�2 y�1 dur-
ing normal conditions), and consumption of detritus by scallops
actually increased, the proportion of recycled detritus is signifi-
cantly higher in 1998.

This result depends on the decreased primary production dur-
ing EN. To illustrate, we can increase the primary production in
the EN model to the levels of 1996 in order to observe a less-biased
comparison (Fig. 6). The EN Finn’s cycling index (FCI) decreased to
a slightly lower value than 1996. However, the relative Ascendancy
(A/C) and Overhead (U/C) increase and decrease, respectively, but
not to the levels of 1996. Ascendancy is both a function of total
throughput (T) and system development (i.e. average mutual infor-
mation, I), and while the increase in primary production brings T to
a similar level as 1996, the EN state still shows lower development,
I. Under this scenario, EN would appear as of lower maturity de-
spite increased overall community energetics.

Our models do not include information on the microbial loop,
which is undoubtedly an important component of ecosystem func-
tioning in Independence Bay. Energy flow through bacteria is likely
enhanced during the warm, oxygen-rich conditions of EN. While
bacterial functional groups are often removed in other models be-
cause their high flows overshadow other groups (Christensen,
1995), they may be of particular importance in our understanding
of benthic processes in the Peruvian upwelling system. Thus, future
research plans to investigate these important energy pathways for
use in future models.

A community analysis for Independence Bay conducted by
Wolff and Mendo (2002) indicated that benthic diversity and even-
ness increased during EN. An initial attempt to model the trophic
changes also showed maintenance of flow structure during EN.
The authors proposed that this adjustment to abiotic changes
might indicate that EN is a condition to which the benthic commu-
nity has adapted during evolution. This hypothesis is supported by
the present study’s results, yet may best apply to lower trophic lev-
els that responded quicker to the perturbation. High trophic level
benthic predatory groups have been observed to recover quite
quickly (e.g. predatory crabs) after EN, but this is likely due to tem-
porary emigrations to deeper waters rather than system adjust-
ment. In this respect we wonder if the post-EN ecosystem, with
higher primary production, higher residual scallop biomass, and
a return of predatory groups, might not show higher flows or more
maturity than the pre-EN state. If so, there may be some long-term
elling levels (1996 model values for macroalgae and phytoplankton) on indices of
ence values for the 1996 model’s indices are given for comparison.
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positive impact from EN that may foster the idea that it is an inte-
gral part of HCS dynamics (Arntz and Valdivia, 1985b).

4.2. Bottom-up and top-down effects

When the model for normal conditions was forced from below
with a reduction in primary producer biomass (phytoplankton and
macroalgae to EN levels) the response confirms some of the EN-
associated changes observed in functional group biomasses: misc.
filter-feeders and herbivorous gastropods strongly decrease, and
polychaetes benthic detritivores which also decrease somewhat.
Oddly, macroalgae, when used as a single model driver, better ex-
plain the observed ecosystem changes (lowering SS) than
phytoplankton.

Forcing a reduction in predatory crab biomass (release of top-
down control), favors sea stars and small carnivores (competing
predators), yet the modeled responses of other groups of the sys-
tem is insignificant.

Neither EN triggered changes in the bottom-up (phytoplankton
and macroalgae), nor the top-down (predatory crabs) forcing im-
prove the fit of scallop dynamics, suggesting that trophic linkages
of scallops to their food and predators do not cause proliferation
of the scallop stock—an important if negative finding, especially
since predatory crabs are well known scallop predators and their
biomass reduction during the EN warming has been previously re-
lated to the scallop proliferation (Wolff and Alarcon, 1993; Wolff
and Mendo, 2000).

While the scallop outburst during EN changed the entire char-
acter of the ecosystem, its inclusion as a model driver did not im-
prove the overall fit of the simulation considerably. This may in
part be due to lags in the population responses of several func-
tional groups as compared to the reference data; however, the sim-
ulation correctly predicts the direction of response for a number of
functional groups (positive: predatory gastropods, small carni-
vores, octopus, sea stars; Negative: polychaetes, herb. gastropods,
and misc. filter-feeders), supporting the central role of the scallop
in the Independence Bay ecosystem as prey for several consumer
groups and as a competitor for other filter-feeders. It is likely that
the more immediate decreases in several competing primary con-
sumer groups may be due to the negative effects of competition for
space, as the scallop banks became so thick in parts as to obscure
the sea floor with several layers of scallops.

The scallop outburst apparently is caused by non-trophic effects
(i.e. temperature mediated recruitment). However, once the scal-
lops proliferated, the model suggests great changes to energy flow
within the system. During EN scallops proliferated and the biomass
of primary producers and predatory crabs decreased, affecting
other groups in our simulations (scenario 4) (Fig. 4).

When forcing by the diving and finfish fishery is removed in our
simulations, the simulated biomass trajectories of the functional
groups were almost identical to those of scenario 4, suggesting that
fishing plays a very limited role in the dynamics of the system. This
may be explained by the fact that the diving fishery targeted
mainly scallops and its increase in catch rate was about propor-
tional to the scallop biomass increase; and the changes in finfish
fishing rate were small over the whole period.

4.3. Vulnerabilities

It is important to emphasize that the manipulation of the ‘driv-
ers’ did not improve the fit of the simulation without first allowing
for a fitting of vulnerabilities. This is contrary to the findings of
a similar exploration of the larger Peruvian Upwelling system
(Taylor et al., 2008) whereby even default vulnerability values
reproduced many important dynamics. This may be due to higher
data quality in steady-state model (Tam et al., 2008) (as reflected
in the Ecopath Pedigree Index, Peru system, 0.638; IB, 0.597;
scales between 0 and 1 with highest values for direct measure-
ments of the same system). Furthermore, the less-mobile nature
of the benthic organisms in Independence Bay may prevent
avoidance of deleterious conditions, thus making the effects of per-
turbations more pronounced. While the computed vulnerabilities
for Independence Bay seem plausible, they should nevertheless
be considered with caution since the time series available for the
present study was quite short. In future years we will be able to
extend the data set over longer periods and may be able to confirm
some of the estimated vulnerabilities.

Generally, bottom-up control dominated the fit for the pelagic
components such as energetic flow from plankton to small pelagic
fish to the higher predators marine mammals and seabirds. Littoral
fish also provided an important bottom-up link between benthic
production (both macroalgae and invertebrate) to marine mam-
mals. Top-down control was more important in the benthic com-
ponents of the system. This may be expected given the high
Ecological efficiencies calculated for many benthic primary con-
sumers during the normal upwelling year of 1996, due to their high
utilization by higher trophic levels. In addition, the fact that only
0.75% of the Ecoranger runs for 1996 resulted in a balanced model
(as compared to 2.20% in the 1998 model) illustrates the tightly
coupled flows to the benthic predatory groups, which restricted
the parameter possibilities for the starting 1996 steady-state
model.

A top-down configuration was fit for the predatory crab to scal-
lop interaction. This is possible during normal upwelling periods as
the crabs Cancer setosus and Cancer porteri are the dominant con-
sumers of benthic production; however, the crab decrease during
EN is not evidently responsible for the scallop outburst. Further-
more, this vulnerability setting must be taken with caution as
the biomass fluctuations of both groups were forced through time
and thus the result is likely an artifact. Top-down configurations
between predatory snails and several of its prey (polychaetes, ben-
thic detritivores and misc. filter-feeders) help to explain these prey
decreases after the EN period. But this result too must be taken
with caution as competitive interactions with scallops for space
may have also attributed to their declines.

The finding that the abundance of scallop and other Indepen-
dence Bay filter-feeders exerts bottom-up control on predators’
abundance appears plausible and the finding is not new (Wolff
and Alarcon, 1993). Despite the negative effects of EN on several
higher-level benthic predators, the increased scallop biomass after
EN apparently supported the recovery of predatory gastropods,
small carnivores, predatory crabs, and sea stars, all of which show
higher post-EN biomasses than in 1996. Furthermore, the (possibly
normal) bottom-up control of scallops and other filter-feeders by
phytoplankton under upwelling conditions may indeed be inverted
during EN, when scallops are estimated to have consumed 58% of
phytoplankton production alone. A similar role has been identified
for the introduced Manila clam Tapes philippinarum in the Venice
Lagoon system (Pranovi et al., 2003). Furthermore, it was sug-
gested that this strong top-down control of phytoplankton by T.
philippinarum may be responsible for the system not returning to
a phytoplankton-based trophic web (Libralato et al., 2004),
although this seems unlikely in Independence Bay given the con-
stant refreshment of productive waters that enter from outside
the bay.

4.4. Conclusions

Overall, it appears that the energy flow structure in Indepen-
dence Bay is more or less maintained during El Niño despite nega-
tive impacts at higher benthic trophic levels. In particular, the
proliferation of the scallop A. purpuratus apparently maintains
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the energy flow within Independence Bay despite the reduction in
primary production. While some alleviation of top-down predation
pressure may be felt by benthic primary consumers through the
temperature–mediated decreases of crabs, the overall bottom-up
affects of reduced primary production (macroalgae and phyto-
plankton) appears to have reduced the biomass of several func-
tional groups. As seen for many areas along the Peruvian coast,
Independence Bay becomes more tropical during EN. Under these
conditions the system utilizes most of the (reduced) phytoplank-
ton production so that exports of primary production to detritus
are greatly reduced. While the El Niño state appears to show some
higher efficiency in overall energetics, the structure and develop-
ment appears impacted.

The rapid response and adaptation of the artisanal fishery to EN
also increases the system’s efficiency; however, this increased fish-
ing pressure may have added stress to negatively impacted func-
tional groups through higher fishing mortality. A management
plan that allows for the newly recruited A. purpuratus population
to fully grow and develop may not only reap higher monetary gains
as suggested by Wolff and Mendo (2000), but may also enhance
post-El Niño system through facilitation of the recovery of benthic
predatory groups.
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a b s t r a c t

The El Niño of 1997–98 was one of the strongest warming events of the past century; among many other
effects, it impacted phytoplankton along the Peruvian coast by changing species composition and reduc-
ing biomass. While responses of the main fish resources to this natural perturbation are relatively well
known, understanding the ecosystem response as a whole requires an ecotrophic multispecies approach.
In this work, we construct trophic models of the Northern Humboldt Current Ecosystem (NHCE) and
compare the La Niña (LN) years in 1995–96 with the El Niño (EN) years in 1997–98. The model area
extends from 4�S–16�S and to 60 nm from the coast. The model consists of 32 functional groups of organ-
isms and differs from previous trophic models of the Peruvian system through: (i) division of plankton
into size classes to account for EN-associated changes and feeding preferences of small pelagic fish, (ii)
increased division of demersal groups and separation of life history stages of hake, (iii) inclusion of meso-
pelagic fish, and (iv) incorporation of the jumbo squid (Dosidicus gigas), which became abundant follow-
ing EN. Results show that EN reduced the size and organization of energy flows of the NHCE, but the
overall functioning (proportion of energy flows used for respiration, consumption by predators, detritus
and export) of the ecosystem was maintained. The reduction of diatom biomass during EN forced omniv-
orous planktivorous fish to switch to a more zooplankton-dominated diet, raising their trophic level. Con-
sequently, in the EN model the trophic level increased for several predatory groups (mackerel, other large
pelagics, sea birds, pinnipeds) and for fishery catch. A high modeled biomass of macrozooplankton was
needed to balance the consumption by planktivores, especially during EN condition when observed dia-
toms biomass diminished dramatically. Despite overall lower planktivorous fish catches, the higher pri-
mary production required-to-catch ratio implied a stronger ecological impact of the fishery and stresses
the need for precautionary management of fisheries during and after EN. During EN energetic indicators
such as the lower primary production/total biomass ratio suggest a more energetically efficient ecosys-
tem, while reduced network indicators such as the cycling index and relative ascendency indicate of a
less organized state of the ecosystem. Compared to previous trophic models of the NHCE we observed:
(i) a shrinking of ecosystem size in term of energy flows, (ii) slight changes in overall functioning (pro-
portion of energy flows used for respiration, consumption by predators and detritus), and (iii) the use
of alternate pathways leading to a higher ecological impact of the fishery for planktivorous fish.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The northern part of the Humboldt Current Ecosystem (HCE) off
Peru has been modelled with carbon and nitrogen budget models
(Dugdale and MacIsaac, 1971; Walsh and Dugdale, 1971; Walsh,
ll rights reserved.
1981), mass balance models (Jarre et al., 1989, 1991; Jarre and
Pauly, 1993; Ballón, 2005), a size-based carbon flow model (Carr,
2003) and an empirical carbon flow model (Jahncke et al., 2004).
Mass balance models have also been applied in the southern HCE
off Chile (Wolff 1994; Ortiz and Wolff, 2002; Arancibia et al.,
2003; Neira et al., 2004; Neira and Arancibia, 2004). These models
have permitted comparisons between the HCE and other eastern
boundary current ecosystems (Jarre, 1998; Jarre and Christensen,
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Fig. 1. Study area covers from 4�S to 16�S, and up to 60 nm (grey shaded area), in
the Northern Humboldt Current Ecosystem (dashed line) (modified from Alheit and
Ñiquen, 2004).
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1998; Jarre et al., 1998; Moloney et al., 2005). However, none of
these models have focused on the impact of the interannual vari-
ability associated with El Niño (EN).

According to Alheit and Niquen (2004), a regime shift occurred
in Peruvian waters between 1968 and 1970, wherein waters
warmed and zooplankton and anchovy (Engraulis ringens) biomass
decreased, followed by an increase in sardine (Sardinops sagax)
stocks. However, another regime shift back to cold conditions oc-
curred during 1984–1986, in this case characterized by an increase
of phytoplankton and zooplankton biomasses (see Ayon et al.,
2008) associated with excellent recruitment of anchovy but de-
creases in sardine biomass.

Arntz and Fahrbach (1991) summarized the effects of the 1982–
83 EN on the Northern Humbolt Current Ecosystem (NHCE). During
EN, in the NHCE near surface temperature increases and the ther-
mocline deepens, causing a collapse of the diatom-based trophic
web, with emigration of anchovy and immigration of tropical and
oceanic species. Gutierrez (2001) and Bertrand et al. (2004) de-
scribed the effects of the 1997–98 EN on anchovy distribution
and abundance, confirming that anchovy move to deeper waters
but finding that the main spatial effect was concentration of stocks
very nearshore. These authors attribute an apparent reduction in
anchovy biomass to decreased effectiveness of acoustic sampling,
unfavorable environmental conditions, increase of natural mortal-
ity due to poor feeding conditions, and to a much lesser degree, to
mortality due to predation and fishing. Bouchon et al. (2001) ana-
lysed the ichthyofauna fluctuations over an El Niño Southern Oscil-
lation (ENSO) cycle and concluded that in cold years the pelagic
community is characterized by a high productivity and a low diver-
sity (abundant diatoms and anchovy), but in warm years this pat-
tern is reversed due to the immigration of offshore and tropical
species and the reduction of anchovy. While responses of the main
fish resources to EN-related perturbations are relatively well
known (Aguilar, 1999; Tarazona et al., 2001), understanding the
ecosystem response as a whole requires a multispecies ‘ecotrophic’
approach. Given the observed changes in biomass and species
composition, it is expected that a strong EN impacts the food
web, reducing or redistributing the main energy channel that flows
through anchovy under La Niña (LN) conditions.

Previous models of the NHCE (Jarre et al., 1991), which de-
scribed the flow of energy through the ecosystem during three dec-
ades (1953–1959, 1960–1969, 1973–1979), brought great
understanding of ecosystem functioning. Now however, biological
changes, new data sets, and the advancement of trophodynamic
modeling permit construction of more detailed models through
the inclusion of additional ‘functional groups’ of organisms (see
also Guenette et al., 2008). In this paper we divided the phyto-
plankton compartment into two groups (diatoms and dino- and sil-
icoflagellates) and zooplankton into three groups (micro-, meso-
and macro-zooplankton) to account for the feeding preferences
of different small pelagic fish. We incorporated the groups of
mesopelagic fish and jumbo squid (Dosidicus gigas), which have
gained in importance since the last 1997–98 EN. We also increased
the detail of demersal groups and separated the hake into three dif-
ferent life history stages. The ecotrophic model framework is a
simplified approach where species are aggregated into functional
groups. Each group is represented by two linear equations, each
of which must balance. One equation ensures balance between
groups in the model, the other equation, balances the flows within
each group.

The objective of this study is to compare such improved mass
balance trophic models for a cold LN conditions (1995–96) versus
a warm EN (1997–98) conditions, with the a priori hypothesis that
the EN perturbation should decrease ecosystem organization. This
paper also provides the basis for further explorations of ecosystem
dynamics (Taylor et al., this 2008a), wherein non-steady state sim-
ulations of ecosystem change during and following the 1997–98
EN are performed and evaluated. In dynamic models, biomass
changes are expressed in form of coupled differential equations de-
rived from mass balance models equations.

2. Methods

2.1. Input data

Our models of the Northern Humboldt Current Ecosystem
(NHCE) extend from 4�S to 16�S, and 60 nm offshore, covering an
area of approximately 165000 km2 (Fig. 1). In agreement with
the ENSO cycle, data from June 1995 to May 1996 and from May
1997 to April 1998 were used as inputs for the cold LN and warm
EN mass balance models, respectively, covering a full ‘‘biological
year” each (i.e. starting from about the middle of a calendar year).

The models included 33 functional groups, namely: (1) diatoms,
(2) dino- and silicoflagellates, (3) microzooplankton (20–200 lm),
(4) mesozooplankton (200–2000 lm), (5) macrozooplankton (2–
20 mm), (6) gelatinous zooplankton, (7) macrobenthos, (8) sardine,
(9) anchovy, (10) mesopelagics (Vinciguerria lucetia, Lampanyctus
spp., Leuroglossus spp.), (11) jumbo squid, (12) other cephalopods
(Loligo gahi, Octopus vulgaris, Logigunculla sp.), (13) other small pel-
agics (e.g. Anchoa nasus). (14) horse mackerel (Trachurus murphyi),
(15) mackerel (Scomber japonicus), (16) other large pelagics (e.g.
Sarda chiliensis, Coryphaena hippurus, Thunnus albacares), (17) small
hake (Merluccius gayi peruanus, <29 cm), (18) medium hake (M.
gayi peruanus, 30–49 cm), (19) large hake (M. gayi peruanus,
>50 cm), (20) flatfishes (Paralichthys adspersus., Hippoglosina sp.),
(21) small demersals (e.g. Odonthestes regia, Labrisomus philippi,
Ctenosciaena peruviana), (22) benthic elasmobranchs, (23) butter
fishes (Trachinotus paitensis, Stromateus stellatus, Peprilus medius),
(24) congers, (25) medium demersal fishes (e.g. Paralabrax humer-
alis, Hemanthias peruanus, Mugil cephalus), (26) medium sciaenids,
(27) sea robin (Prionotus stephanophrys), (28) catfishes (Galeichtys
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peruvianus), (29) chondrichthyans, (30) seabirds (Phalacrocorax
bougainvillii, Sula variegata, Pelecanus thagus), (31) pinnipeds (Otar-
ia flavescens, Arctocephalus australis), (32) cetaceans, and (33)
detritus.

Models were constructed using the Ecopath software (Ecopath
with Ecosim version 5.1; Christensen et al., 2005). Mass balance
models are based on two equations for each functional group i
(Christensen and Pauly, 1992).

The energy balance equation

Q i ¼ Pi þ Ri þ UFi ð1Þ

where Qi = prey consumption, Pi = production, Ri = respiration,
UFi = unassimilated food (including excretion and egestion) and,
the production components equation

Pi ¼ Bi �M0i þ EXi þ Bi �M2i þ BAi ð2Þ

where M0i = non-predatory mortality (expressed as a function of
ecotrophic efficiency, EEi), M2i = predatory mortality (expressed as
a function of diet composition, DC), EXi = export (including catch
Ci and net migration, NMi), BAi = biomass accumulation. EEi is the
proportion of the production that is utilized in the system and is de-
fined as

EEi ¼ ðBi �M2i þ Ci þ NMi þ BAiÞ=Pi ð3Þ

Thus, for each functional group, required input data is: wet
weight biomass (B, t km�2), production/biomass ratio (P/B, y�1),
consumption/biomass ratio (Q/B, y�1), catch (C, t km�2 y�1) and
diet composition (DC) for each functional group. One unknown
parameter (either B, P/B, Q/B or EE) can be estimated when solving
the system of linear equations.

Input data for the models were gathered from published and
unpublished sources (Table 1). Catch values were obtained from
IMARPE (2006) landing statistics and the Sea Around Us (2006)
database; some values of production/consumption ratio (P/Q) and
unassimilated food (UF) were obtained from Moloney et al.
(2005). Sea surface phytoplankton biomass was calculated from
relationships of upwelling area vs. chlorophyll a (chl. a) threshold
as calculated by Nixon and Thomas (2001). Conversion factors of
carbon/chl. a = 40 (Brush et al., 2002) and wet weight/car-
bon = 14.25 (Brown et al., 1991) were used to estimate wet
weights. Proportion of diatoms vs. silico- and dinoflagellates dur-
ing LN and EN conditions were obtained from a time series
(1992–2000) of species cell counts carried out by Universidad Nac-
ional Mayor de San Marcos UNMSM at Ancón Bay, Central Peru
(77�110 W–11�460 S). Phytoplankton cell counts were converted
to biovolumes using the geometric formulas and software of Sun
and Liu (2003); cell dimensions were obtained from the literature
(e.g. Strickland et al., 1969; SERC, 2006; NODC, 2001) or measured
under a microscope at the UNMSM. To convert biomass units from
m3 to m2, a mixed layer depth of 40 m was estimated by averaging
vertical profiles of chl. a from several latitudes along the Peruvian
coast with data from Calienes et al. (1985). Individual zooplankter
body masses were estimated from abundance and biomass data
(Ayón and Arones, 1997a,b) and zooplankter biovolumes were cal-
culated from individual counts by taxonomic group using length:-
weight relationships from Rippe (1996) with body dimensions
obtained from Santander et al. (1981) and Wangelin and Wolff
(1996). Such biovolume conversions were also needed to convert
stomach content data for sardine and anchovy (numbers of phyto-
plankton cells and zooplankton individuals per stomach by spe-
cies) into fractions by weight.

In an Ecopath model, the Pedigree Index (P) permits assignment
of quality or confidence ratings to each parameter. Qualitative ped-
igree index values were assigned as in Table 2. Based on the indi-
vidual index values (Iij) an overall Pedigree Index (P) is calculated
using
P ¼
Xn

i¼1

Iij

n
ð4Þ

where Iij is the pedigree index value for group i and parameter j for
each of the n living groups in the ecosystem. For the models con-
structed here, P was 0.638 (P scales between 0 and 1; t* = 4.54,
n = 32, p < 0.001), indicating good model quality with parameters
mostly based on local data. For comparison, of 50 Ecopath models
reviewed by Morissette (2007), only four models had higher pedi-
gree indices than the present study (upper 7.5%).

Conservative estimates of biomass of some groups were calcu-
lated by the software assuming an ecotrophic efficiency of 0.95
(microzooplankton, macrozooplankton, gelatinous zooplankton,
small pelagics, small demersals and other cephalopods). Ecotrophic
efficiency (0 < EE < 1) and gross efficiency (0 < GE < 0.4) served as
constraints for balancing the models. Gross food conversion effi-
ciency is estimated using

GEi ¼ ðPi=BiÞ=ðQ i=BiÞ ð5Þ

Energy flow balance of models was achieved by tuning the diets
of some groups. The dietary composition for functional groups is
presented in Table 3. Based on the input data, the Ecopath software
calculated ecosystem indicators which describe the state of an eco-
system in terms of energy flows. Behavior of trophic, fishery, ener-
getic and network ecosystem indicators have been related to
theories of ecosystem maturity (Odum, 1969) and health (Ula-
nowicz, 1997) (see Table 4 for a description). The trophic level of
a group (TL) is calculated as the mean trophic level of its prey plus
1, assuming that primary producers and detritus groups have a tro-
phic level of 1.0. Thus, trophic level is calculated using

TLj ¼ 1þ
X
ðTLiÞðDCijÞ ð6Þ

where DCij is the fraction of prey i in the diet of the predator j.
The transfer efficiency (TE) of each discrete trophic level is de-

fined as a measure of the fraction of input to each of the aggregated
trophic levels that is passed on to the next level, that is, the fraction
that is either consumed by predators or harvested

TEn ¼ ðQ nþ1 þ EXnÞ=Q n ð7Þ

where n is the trophic level.
3. Results and discussion

3.1. Biomass and catch changes

Tables 5A and B presents results for LN and EN conditions,
respectively. The model synthesizes available data and estimates
additional parameters (bold type in Table 5) that define the rela-
tionships between the functional groups of organisms in the mod-
el. During the LN conditions diatoms, mesozooplankton, anchovy,
horse mackerel, mackerel and jumbo squid dominated in biomass
in their respective trophic levels. During EN conditions, biomasses
of most groups decreased (anchovy, jumbo squid, horse mackerel,
hake, demersal fishes, seabirds and pinnipeds), mainly due to a
bottom-up control originating from biomass reduction in the lower
trophic levels (diatoms, micro- and mesozooplankton). During EN
conditions, macrobenthos biomass increased, mainly in the central
zone off Peru (10–15�S; Quipuzcoa et al., 2001), probably because
bottom oxygen concentrations increased, improving conditions for
many organisms. However, biomasses of demersal fish species de-
creased (e.g. hake, small demersals).

Biomasses of some groups increased during EN (Fig. 2), possibly
being favored by low nutrient conditions or higher tempe-
ratures (dinoflagellates, macrozooplankton) and/or immigration
of some fish (mesopelagics, small pelagics, large pelagics and



Table 1
Input data for the models of the NHCE and their sources. Biomass (B), production (P), consumption (Q) and catch (C)

Functional group B P/B Q/B C Source
Period 1995–96 1997–98 1995–96 1997–98 1995–98 1995–96 1997–98

1. Diatoms 53.416 14.761 265 210 B, P/B calculated from Nixon and Thomas (2001) curve, 85% (1995–96) and 46%
(1997–98) of diatoms calculated from Ancon, Central Peru (Ochoa, personal
communication) and Sanchez (1996) data converted to biovolumes.

2. Silico- and dinoflagellates 9.426 17.328 265 210 B, P/B calculated from Nixon and Thomas (2001) curve, 15% (1995–96) and 86%
(1997–98) of silico– and dinoflagellates calculated from data converted to
biovolumes from Ancon, Central Peru (Ochoa, personal communication) and Sanchez
(1996).

3. Microzooplankton (20–200 um) 256 256 P/B from Sorokin and Kogelschatz (1979), diet from Shannon et al. (2003).
4. Mesozooplankton (200–2000 um) 31.164 17 40 40 B calculated from IMARPE data (Ayon, personal communication), P/B from Moloney

et al. (2005), diet from Shannon et al. (2003).
5. Macrozooplankton (2–20 mm) 46.55 Q/B from Antezana (2002a), diet from Shannon et al. (2003).
6. Gelatinous zooplankton 0.584 0.584 P/B from Jarre et al. (1998), diet from Shannon et al. (2003).
7. Macrobenthos 20.729 25.605 1.2 1.2 10 B calculated from IMARPE data (Gutierrez and Quipuzcoa, personal communication),

P/B and Q/B from Walsh (1981) in Jarre et al. (1989), diet from Shannon and Jarre
(1999).

8. Sardine (Sardinops sagax) 7.567 7.909 1.4 1.4 7.97 3.33 B calculated from IMARPE acoustic data (Gutierrez, personal communication), P/B
from Patterson et al. (1992), diet calculated from Alamo et al. (1996a, 1996b), Alamo
et al. (1997a, 1997b), Alamo and Espinoza (1998), Blaskovic et al. (1998), Espinoza
et al. (1998a, 1998b), Blaskovic et al. (1999).

9. Anchovy (Engraulis ringens) 83.293 33.34 2 2 30.47 14.48 B from IMARPE VPA (Ñiquen, personal communication), P/B from Csirke et al. (1996),
diet calculated from Alamo et al. (1996a, 1996b), Alamo et al. (1997a, 1997b), Alamo
and Espinoza (1998), Blaskovic et al. (1998), Espinoza et al. (1998a, 1998b), Blaskovic
et al. (1999).

10. Mesopelagics 6.882 22.375 1.4 1.4 B calculated from relationship between Vinciguerria lucetia and Dosidicus gigas from
IMARPE acoustic data 1999–2005 (Gutierrez, personal communication), P/B
calculated from maximum age, diet calculated from IMARPE data (Blaskovic,
personal communication)

11. Jumbo squid (Dosidicus gigas) 0.524 0.243 8.91 8.91 0.19 0.01 B calculated from relationship between CPUE and B of Dosidicus gigas from IMARPE
acoustic data 1999–2005 (Gutierrez, personal communication), P/B from Alegre et al.
(2005), diet calculated from IMARPE industrial fleet data (Blaskovic, personal
communication), Schetinnikov (1989), Nigmatullin et al. (2001).

12. Other Cephalopods 4.3 4.3 0.05 0.01 P/B from IMARPE VPA (Arguelles, personal communication), diet from Cardoso et al.
(1998) and Villegas (2001).

13. Other small pelagics 1 1 0.69 2.36 P/B from Shannon et al. (2003) for saury (Scomberesox saurus), flying fish
(Exocoetidae), pelagic goby (Sufflogobius bibarbatus), diet based on Jarre et al. (1989).

14. Horse mackerel (Trachurus murphyi) 11.568 3.03 1.2 1.2 1.45 1.94 B from IMARPE acoustic data (Gutierrez, personal communication), P/B from
Moloney (2005), diet calculated from IMARPE data (Blaskovic, personal
communication)

15. Mackerel (Scomber japonicus) 8.488 6.892 0.85 0.85 0.10 1.34 B from IMARPE acoustic data (Gutierrez, personal communication), P/B from Jarre
et al. (1989), diet calculated from IMARPE data (Blaskovic, personal communication)

16. Other large pelagics 0.589 1.757 0.85 0.4 0.25 0.35 B calculated from catch equal to 50% production, P/B from Jarre et al. (1989), diet
calculated from IMARPE data (Blaskovic, personal communication)

(continued on next page)
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Table 1 (continued)

Functional group B P/B Q/B C Source

17. Small hake (Merluccius
gayi peruanus, <29 cm)

2.771 1.245 0.928 1.317 0.97 0.56 B from IMARPE VPA (Wosnitza, personal communication), P/B calculated as average
of Z from VPA of the age groups involved (Ballon, personal communication), diet
calculated from IMARPE data (Blaskovic, personal communication).

18. Medium hake (M. gayi
peruanus, 30–49 cm)

0.414 0.163 1.627 1.946 0.22 0.11 B from IMARPE VPA (Wosnitza, personal communication), P/B calculated as average
of Z from VPA of the age groups involved (Ballon, personal communication), diet
calculated from IMARPE data (Blaskovic, personal communication).

19. Large hake (M. gayi
peruanus, >50 cm)

0.055 0.028 1.044 1.516 0.02 0.01 B from IMARPE VPA (Wosnitza, personal communication), P/B calculated as average
of Z from VPA of the age groups involved (Ballon, personal communication), diet
calculated from IMARPE data (Blaskovic, personal communication)

20. Flatfishes 0.04 0.01 0.304 0.304 0.01 0.00 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B from Neira et al. (2004), diet calculated from IMARPE data
(Blaskovic, personal communicaiton)

21. Small demersals 2.3 2.3 0.02 0.02 B from swept area data corrected with hake VPA (Wosnitza, personal
communicaiton), P/B from Wolff et al. (1998), diet calculated from IMARPE data
(Blaskovic, personal communication)

22. Benthic elasmobranchs 0.078 0.045 1 1 0.03 0.04 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B based on Shannon et al. (2003), diet calculated from IMARPE
data (Blaskovic, personal communication)

23. Butter fishes 0.032 0.006 0.8 0.8 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B from Wolff et al. (1998), diet calculated from IMARPE data
(Blaskovic, personal communication)

24. Conger 0.019 0.004 0.75 0.75 B from swept area data corrected with hake VPA (Wosnitza personal
communicaiton), P/B from Wolff et al. (1998), diet calculated from IMARPE data
(Blaskovic, personal communication)

25. Medium demersal fish 0.2 0.211 1.32 2.48 0.13 0.14 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B calculated from catch curve for Paralabrax humeralis (Ballon,
personal communication), diet calculated from IMARPE data (Blaskovic, personal
communication)

26. Medium sciaenids 0.369 0.218 0.746 1.085 0.07 0.04 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B calculated from catch curve for Cynoscion analis (Ballon,
personal communicaiton), diet calculated from IMARPE data (Blaskovic, personal
communication)

27. Sea robin (Prionotus
stephanophrys)

0.789 0.319 3.4 3.22 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B calculated from catch curve (Ballon, personal communication),
diet calculated from IMARPE data (Blaskovic, personal communication)

28. Catfish 0.577 0.65 0.9 0.9 0.07 0.54 B from swept area data corrected with hake VPA (Wosnitza, personal
communication), P/B from Wolff et al. (1998), diet calculated from IMARPE data
(Blaskovic, personal communication)

29. Chondrichthyans 0.027 0.078 0.486 0.486 0.01 0.02 B calculated from catch equal to 50% production, P/B calculated from Frisk et al.
(2001) and Au and Smith (1997), diet calculated from IMARPE data (Blaskovic,
personal communicaiton).

30. Seabirds 0.067 0.01 0.04 0.04 60 B from IMARPE abundance data converted to biomass (Goya, personal
communicaiton), P/B and Q/B from Jarre et al. (1989), diet from Guillen (1990).

31. Pinnipeds 0.072 0.053 0.1 0.1 45.9 B from IMARPE abundance data converted to biomass (Goya, personal
communicaiton), P/B from Jarre et al. (1989), Q/B from Muck and Fuentes (1987) in
Jarre et al. (1989), diet from Arias (2003).

32. Cetaceans 0.062 0.067 0.1 0.1 20 B calculated from modelled biomass of mysticetes, small and large odontocetes
(Kaschner 2004), 1.1 sightings ratio 1997/1995 calculated from Bello et al. (1998).
Q/B from Moloney et al. (2005), diet based on Jarre et al. (1998).
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Table 2
Pedigree index values qualitatively assigned to model parameters. Biomass (B),
production (P), consumption (Q), diet composition (DC) and catch (C). Lower pedigree
index values correspond to guesstimates or other models, while higher pedigree
index values correspond to high precision estimates locally based.

Functional group B P/B Q/B DC C

1. Diatoms 0.7 0.5
2. Dino- and silicoflagellates 0.7 0.5
3. Microzooplankton 0 0.6 0.6 0.2
4. Mesozooplankton 0.7 0.6 0.6 0.2
5. Macrozooplankton 0.7 0.6 0.6 0.2
6. Gelatinous zooplankton 0 0.2 0.6 0.2
7. Macrobenthos 0.7 0.2 0.6 0.2
8. Sardine 0.4 1 0.6 1 1
9. Anchovy 0.4 1 0.6 1 1
10. Mesopelagics 0.4 0.1 0.6 0.2
11. Jumbo squid 0.4 1 0.6 0.5 1
12. Other Cephalopods 0.4 0.7 0.6 0 1
13. Other small pelagics 0 0.7 0.6 0 1
14. Horse mackerel 1 0.7 0.6 0.5 1
15. Mackerel 1 0.7 1 0.5 1
16. Other large pelagics 1 0.7 0.6 0.5 1
17. Small hake 1 1 0.6 1 1
18. Medium hake 1 1 0.6 1 1
19. Large hake 1 1 0.6 1 1
20. Flatfishes 0.4 0.8 0.6 0.7 1
21. Small demersals 0.4 0.2 0.6 0
22. Benthic elasmobranchs 0.4 0.2 0.6 0.7 1
23. Butter fishes 0.4 0.2 0.6 0.7
24. Conger 0.4 0.6 0.6 0.7
25. Medium demersal fish 0.4 0.8 0.6 0.7 1
26. Medium sciaenids 0.7 0.8 0.6 0.7 1
27. Sea robin 0.7 0.8 0.6 0.7
28. Catfish 0.4 0.1 0.6 0.7 1
29. Chondrichthyans 0 0.5 0.6 0.7 1
30. Seabirds 1 1 0.6 1
31. Pinnipeds 1 1 0.6 1
32. Cetaceans 0.4 0.6 0.6 0
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chondrichthyans). During the 1997–98 EN, Delgado et al. (2001)
found dinoflagellates (e.g. Ceratium breve, Ceratium praelongum),
and Ayón et al. (1997) found fish larvae (e.g. Hoplunnis pacifica,
Monolene maculipinna) south of their characteristic ranges, immi-
grating with the intrusion of warm water masses.

For fish, catch reductions accompanied biomass reductions
(Fig. 3), with the exception of sustained high catch changes of
mackerel and catfish during EN (whose fishing mortalities were
quite low in the cold period). Total catches decreased 41% during
EN and the ratio of total catch to biomass decreased 19% (Table
6). A slope < 1.0 in Fig. 3 indicates that biomass changes do not
translate immediately or fully into catch changes. Future manage-
ment measures, should consider that EN-related reduction of
catches should be at least proportional to the reduction of bio-
masses, allowing the exploitation rate (F/Z) to be maintained. The
general biomass and catch reductions during EN can also be appre-
ciated in the pyramids given in Fig. 4.

Separation of phytoplankton into two functional groups (dia-
toms and silico-dinoflagellates) permits description of alternate
pathways and differential responses of consumers. The reduction
of diatom biomass during EN forced remaining omnivorous plank-
tivorous fishes (anchovy and other small pelagics) to prey more on
zooplankton in the model, (increasing their trophic level). Espinoza
and Bertrand (2008) found a higher fraction of zooplankton during
EN than in 1996 in anchovy stomachs. Modelled TL of anchovy in-
creased from 2.35 to 3.17 from LN to EN conditions (Table 5). Con-
sequently, the TL of piscivorous groups (large pelagics, seabirds,
pinnipeds) also increased. Anchovy biomass reduction left sardine
consumption of diatoms and dinoflagellates to increase slightly
during EN, possibly in compensation for the increased competition
with remaining anchovy for zooplankton, and because sardines are
more efficient removers of small particles than anchovy (van der
Lingen et al., 2006).

IMARPE zooplankton sampling (300 lm mesh size nets towed
from 0 to 50 m depth) captures mainly mesozooplankton, while
macrozooplankton, specifically euphausiids, are undersampled
due to their deeper distribution. For this reason, biomass of macro-
zooplankton was estimated within the model, resulting in
21.1 t km�2 during 1995–96, and 34.8 t km�2 during 1997–98.
These high estimates are nevertheless conservative given that they
were back-calculated using an ecotrophic efficiency of 0.95. Back
calculations must be taken with caution and should ultimately
be complemented with dynamic approaches using Ecosim, prefer-
ably with long time series of functional groups biomasses, in order
to better constrain the estimates (Guenette et al., 2008; Taylor
et al., 2008a). Nevertheless, the existence of such a high macrozoo-
plankton biomass is supported by Antezana (2002a) who described
Euphausia mucronata with SHCE biomass values up to 500 g wet
weight per 1000 m3 within the oxygen minimum layer (Antezana,
2002b). Neira et al. (2004) also estimated high biomasses of eup-
hausiids to meet the consumption requirements of model preda-
tors. Their estimates ranged from 73.6 to 106.3 t km�2 off central
Chile. Moreover, the temporal variation of the diet of anchovy re-
ported by Espinoza and Bertrand (2008) emphasized the
importance of zooplankton over phytoplankton. All these evi-
dences point to a high biomass of macrozooplankton in the NHCE
as a prey of several species, especially during EN conditions when
diatoms biomass diminishes. The apparent paradox of a high mac-
rozooplankton biomass during EN conditions despite low phyto-
plankton biomass is explained by the lower consumption of
diatoms by anchovy, leaving remaining phytoplankton for other
species.

3.2. Trophic flows

A comparison of ecosystem indicators of both models (1995–96
and 1997–98) is presented in Table 6. According to Ulanowicz
(1997), the ‘size’ of an ecosystem can be measured by its total
activity in terms of energy flows, or by the total system through-
put. In addition to the total biomass reduction (�26.7%), total sys-
tem throughput reduced dramatically (�58.7%), along with a
reduction of absolute energy flows for prey consumption, exports,
respiration and to detritus. This reduction in the size of the mod-
elled ecosystem in terms of total energy flows during EN is well-re-
flected in the energy flow pyramids (Fig. 4), where the volume of
each compartment representing a trophic level is proportional to
the total throughput of that level, and the top angle of the pyra-
mids was made inversely proportional to the geometric mean of
the transfer efficiencies between trophic levels.

A large decrease in total primary production during EN
(�59.5%) exerted a bottom-up control and decreased ecosystem
‘‘size” or total system throughput in the model. During EN the per-
centage contributions of total system throughput (Table 6) shows
slight changes, on one hand an increase in consumption, and on
the other hand a reduction in exports and flows into detritus.
The relative reduction in exports and flows into detritus apparently
reflects an increase in grazing by meso- and macro-zooplankton on
phytoplankton in the model. These percentage flow changes were
however small, indicating that although EN dramatically alters the
system’s absolute size, the relative flow of energy between func-
tional groups seems largely unaltered.

While a comparison between ecotrophic models should ideally
be based on a common model structure (Moloney et al., 2005), it is
noteworthy that the total system throughput (ca.
60000 t km�2 y�1) in the 1964–71 model before the anchovy col-
lapse (Jarre et al., 1998) is similar to the value (55689 t km�2 y�1)
obtained here for the LN model. Total system throughput is rather



Table 3
Diet composition of functional groups after the model was balanced, during LN (1995–96) and EN (1997–98). Values represent the fraction of the food intake in wet weight.

Prey/
predator

Years 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

1. Diatoms 1995–96 0.300 0.850 0.500 0.042 0.692 0.300 0.002 0.600 0.423
1997–98 0.200 0.300 0.500 0.123 0.017 0.300 0.600 0.447

2. Dino- and
Silicoflagellates

1995–96 0.100 0.050 0.100 0.003 0.004

1997–98 0.200 0.500 0.400 0.051 0.000
3. Microzoo-

plankton
1995–96 0.200 0.100 0.400 0.037 0.000 0.000

1997–98 0.150 0.200 0.100 0.003
4. Mesozoo-

plankton
1995–96 0.640 0.704 0.281 0.021 0.075 0.650 0.029 0.400 0.186 0.004

1997–98 0.640 0.566 0.603 0.021 0.056 0.650 0.002 0.003 0.400
5. Macrozoo-

plankton
1995–96 0.120 0.214 0.023 0.979 0.222 0.850 0.560 0.862 0.070 0.003 0.132 0.019 0.028 0.256 0.001 0.975 0.108 0.300

1997–98 0.120 0.260 0.377 0.979 0.184 0.850 0.469 0.265 0.002 0.201 0.006 0.000 0.061 0.076 0.000 0.611 0.021 0.300
6. Gelatinous

zooplankton
1995–96 0.040 0.004

1997–98 0.040 0.053
7. Macrobenthos 1995–96 0.070 0.030 0.090 0.001 0.001 0.200 0.565 0.179 0.114 0.383 0.641 0.025 0.572

1997–98 0.070 0.020 0.020 0.190 0.069 0.004 0.552 0.500 0.114 0.861 0.473 0.171 0.950 0.083
8. Sardine 1995–96 0.060 0.031 0.013

1997–98 0.017 0.017 0.004 0.447
9. Anchovy 1995–96 0.043 0.200 0.699 0.358 0.645 0.005 0.500 0.078 0.100 0.184 0.198 0.213 0.877 0.539 0.100

1997–98 0.040 0.401 0.623 0.069 0.082 0.023 0.455 0.082 0.018 0.190 0.208 0.377 0.377 0.100
10. Mesopelagics 1995–96 0.387 0.005 0.011 0.001 0.004

1997–98 0.337 0.001 0.151 0.173 0.002 0.058
11. Jumbo

squid
1995–96 0.120 0.071 0.112 0.022 0.005 0.667 0.200

1997–98 0.242 0.012 0.111 0.005 0.042 0.200
12. Other

Cephalopods
1995–96 0.077 0.120 0.102 0.088 0.070 0.002 0.114 0.037 0.043 0.008 0.009

1997–98 0.069 0.035 0.005 0.005 0.015 0.037 0.002 0.031 0.125
13. Other small

pelagics
1995–96 0.044 0.040 0.001 0.005 0.055 0.002 0.001 0.037 0.001 0.036 0.009

1997–98 0.040 0.029 0.199 0.210 0.163 0.205 0.020 0.005 0.011 0.051 0.218 0.126 0.008
14. Horse

mackerel
1995–96 0.001 0.015 0.015 0.200

1997–98 0.005 0.005 0.021 0.011 0.200
15. Mackerel 1995–96 0.200

1997–98 0.076 0.200
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16. Other large
pelagics

1995–96 0.001

1997–98 0.003 0.005 0.002 0.374
17. Small hake 1995–96 0.032 0.386 0.099 0.013

1997–98 0.032 0.016 0.147 0.406 0.058 0.050
18. Medium

hake
1995–96 0.049 0.218 0.011

1997–98 0.216 0.004
19. Large hake 1995–96 0.001

1997–98 0.001
20. Flatfishes 1995–96 0.002 0.009 0.001

1997–98 0.005 0.009
21. Small

demersals
1995–96 0.050 0.040 0.000 0.141 0.165 0.046 0.115 0.099 0.031 0.186 0.031 0.072 0.410

1997–98 0.050 0.001 0.093 0.165 0.150 0.289 0.069 0.117 0.031 0.030 0.200 0.021 0.050 0.471
22. Benthic

elasmobranchs
1995–96

1997–98
23. Butter fish 1995–96 0.001

1997–98 0.003 0.002
24. Conger 1995–96 0.030 0.000

1997–98
25. Medium

demersal fish
1995–96 0.300 0.009 0.324 0.030 0.003 0.006

1997–98 0.020 0.001 0.014 0.545 0.040 0.326 0.002 0.017 0.021 0.015
26. Medium

sciaenids
1995–96 0.159 0.007 0.050 0.004

1997–98 0.002 0.011 0.241 0.029 0.030 0.010
27. Sea robin 1995–96 0.070 0.250 0.159 0.233

1997–98 0.001 0.024 0.233 0.021
28. Catfish 1995–96 0.002 0.114

1997–98 0.014
29. Chondri-

chthyans
1995–96

1997–98
30. Seabirds 1995–96

1997–98
31. Pinnipeds 1995–96

1997–98
32. Cetaceans 1995–96

1997–98
33. Detritus 1995–96 0.400 0.200 0.800 0.010 0.184 0.034 0.021 0.003

1997–98 0.450 0.200 0.800 0.479 0.045 0.034 0.050
Import 1995–96 0.130 0.100 0.050

1997–98 0.130 0.100 0.050
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Table 4
Ecosystem indicators and their definitions.

Ecosystem indicator Definition (Christensen et al. 2005)

Trophic indicators
Total system throughput Sum of all flows in a system, represents the size of the system in terms of flows
Total net primary production Summed production from all primary producers. Primary producers are groups that capture energy through photosynthesis

(e.g. phytoplankton and benthic algae)
Mean transfer efficiency Geometric mean of transfer efficiencies for trophic levels II–IV
Connectance index Ratio of the number of actual links to the number of possible links. It can be expected to be correlated with maturity
Mixed trophic impact Combined direct and indirect trophic impacts that an infinitesimal increase of any of the groups is predicted to have on the

other groups of the ecosystem

Fishery indicators
Mean trophic level of the catch Sum of trophic levels of species in the catch weighted by their contribution to the catch
Gross efficiency of the fishery The sum of all realized fisheries catches relative to the total net primary production
Primary production required to sustain

catches (PPR)
Flows in each path towards the catch of a group are converted to primary production equivalents using the product of catch,
production/consumption and the proportion of each group in the path in the diets of the other groups

Energetic indicators
System primary production/respiration Ratio between total primary production and total respiration. In mature systems, the ratio should approach 1
System primary production/biomass Ratio between total primary production and total biomass. In mature systems, the ratio should decline
System biomass/throughput Ratio between total biomass and total system throughput. In mature systems, the ratio should increase

Network indicators
Finn’s cycling index Fraction of an ecosystem’s throughput that is recycled
Relative ascendency Ratio between ascendency and developmental capacity, a measure of ecosystem network efficiency (organization)
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insensitive to changes in trophic web topology, but is strongly af-
fected by energy flow changes.

Analysis of modeled prey consumption rates of predators (not
shown) showed that horse mackerel, mackerel, hake and seabirds,
consumed 28% and 46% of anchovy production during LN and EN
conditions, respectively. Medium hake mainly preyed upon ancho-
vy, sea robin, small pelagics and small demersals, while jumbo
squid preyed upon mesopelagics and macrozooplankton.

Transfer efficiencies during LN conditions were similar as for
other upwelling systems with most transfer efficiencies under
10% (Christensen and Pauly, 1995), except for a peak value at tro-
phic level III (17%) due to high utilization of anchovy production
(Fig. 5). The slight reductions of transfer efficiencies at high trophic
levels during the EN conditions could reflect bottom-up control ef-
fects of anchovy over pinnipeds and seabirds. Majluf (1989) men-
tioned that reductions in the availability of anchoveta cause fur
seals have to take a wider range of prey. Tovar et al. (1987) con-
cluded that a lack of food is the ultimate cause for the mass mor-
talities of seabirds, as for every EN there is a corresponding
decline of guano bird numbers. In general, during EN there was
an increased utilization of energy at lower levels, while higher tro-
phic levels have similar transfer efficiencies.

Consumption of macrozooplankton increased by 65% during EN
conditions, assuming it was the main prey group in both periods
for mesopelagic fishes. During EN, several immigrants come from
equatorial and oceanic waters, such as chondrichtyans, mesopela-
gics (lightfish and lanternfish), other small pelagics and other large
pelagics, which could impact different trophic levels. Mesopelagic
Vinciguerria sp. are known to move towards the coast during EN,
providing prey for jumbo squid. The increasing trend of jumbo
squid, after 1997–98 EN, occurred in parallel to an increase of mes-
opelagics, thus a possible bottom-up control of mesopelagics over
jumbo squid was explored with dynamic simulations (Taylor et al.,
2008a).

3.3. Ecosystem indicators

Percentage changes of modelled ecosystem indicators from LN
to EN (Table 6) showed that the overall reduction in primary pro-
duction during EN, produced coherent changes in trophic, fisheries,
energetic and network indicators. Fishery indicators showed a
reduction in catches, accompanied by lower catch/biomass ratio
and pelagic catch/demersal catch ratio, but higher trophic level
of the catch and primary production required/catch ratio. In the
NHCE, the mean trophic level of the catch increased temporarily
(+19%) during EN, mainly due to the increase of anchovy trophic le-
vel and a higher proportion of other species in the catch (e.g. mack-
erel, horse mackerel and other large pelagics). When only demersal
fishes are taken into account, trophic level of the catch decreased
during EN (from 3.66 to 3.34). However, at a larger spatio-temporal
scale, the mean trophic level of the catch showed a decreasing
trend from 1980 to 1994 in the South Eastern Pacific (Pauly
et al., 1998), suggesting a fishing down the food web process, prob-
ably due to the recovery of anchovy, the main target species at low
trophic level. Primary production required to sustain the fishery is
a function of the trophic level of the species that are caught, as
more primary production is required to produce one tonne of a
high-level trophic fish, than of a low-level trophic fish.

Thus, despite lower catches during EN (�41%), the increased
trophic level of target species resulted in a higher primary produc-
tion required/catch (+39%), which implies an ecologically costly
fishery and stresses the need for precautionary management dur-
ing and after EN.

Most energetic indicators (net system production, net primary
production and primary production/biomass ratio) decreased dur-
ing EN (Table 4), except the higher system biomass/throughput ra-
tio, apparently indicating a more energetically efficient ecosystem
(Odum, 1969) during EN. However, network indicators such as
lower Finn’s cycling index and relative ascendency indicated a less
‘‘organized” ecosystem during EN, which according to Ulanowicz
(1986) reflects lower ecosystem growth and development. This re-
sult is similar to that of Jarre and Pauly (1993) who estimated a
seasonal decrease of cycling in winter and spring, due to lower bio-
masss and activity of zooplankton and benthos as the principal
consumers of detritus. During the LN conditions trophic flows were
more articulated, channelling energy flows mainly through ancho-
veta and showing better adaptation of cold water species to
upwelling conditions. Using models before and after the anchovy
collapse, Pauly (1987) also mentioned that the Peruvian upwelling
ecosystem was better organized before 1972–73 EN than thereaf-



Table 5
Model outputs of the NHCE during (a) LN and (b) EN. Trophic level (TL), biomass (B), production (P), consumption (Q), ecotrophic efficiency (EE), gross efficiency (GE), catch (C),
fishing mortality (F), non-predatory mortality (M0) and predatory mortality (M2). Parameters in bold were estimated by the model.

(a) LN TL B P/B Q/B EE GE C F M0 M2
Functional group/parameter (t km�2) (y�1) (y�1) (t km�2 y�1) (y�1) (y�1) (y�1)

1. Diatoms 1.00 53.416 265.000 – 0.801 – 0.000 0.000 52.690 212.310
2. Dino- and silicoflagellates 1.00 9.426 265.000 – 0.960 – 0.000 0.000 10.643 254.357
3. Microzooplankton 2.25 20.484 256.000 1024.000 0.950 0.250 0.000 0.000 12.800 243.200
4. Mesozooplankton 2.13 31.164 40.000 125.000 0.515 0.320 0.000 0.000 19.397 20.603
5. Macrozooplankton 2.50 21.096 19.085 46.550 0.950 0.410 0.000 0.000 0.954 18.131
6. Gelatinous zooplankton 2.98 0.017 0.584 2.920 0.950 0.200 0.000 0.000 0.029 0.555
7. Macrobenthos 2.06 20.729 1.200 10.000 0.994 0.120 0.000 0.000 0.007 1.193
8. Sardine 3.16 7.567 1.400 14.000 0.853 0.100 7.969 1.053 0.206 0.141
9. Anchovy 2.35 83.293 2.000 20.000 0.469 0.100 30.474 0.366 1.063 0.572
10. Mesopelagics 3.49 6.882 1.400 14.000 0.575 0.100 0.000 0.000 0.595 0.805
11. Jumbo squid 4.18 0.524 8.910 25.457 0.940 0.350 0.186 0.354 0.534 8.021
12. Other Cephalopods 3.50 6.584 4.300 12.286 0.950 0.350 0.055 0.008 0.215 4.077
13. Other small pelagics 2.77 7.804 1.000 10.000 0.950 0.100 0.688 0.088 0.050 0.862
14. Horse mackerel 3.57 11.568 1.200 12.000 0.130 0.100 1.451 0.125 1.044 0.031
15. Mackerel 3.59 8.488 0.850 8.500 0.048 0.100 0.096 0.011 0.809 0.029
16. Other large pelagics 3.60 0.589 0.850 8.500 0.503 0.100 0.250 0.425 0.422 0.003
17. Small hake 3.77 2.771 0.928 6.187 0.623 0.150 0.975 0.352 0.350 0.226
18. Medium hake 3.66 0.414 1.627 10.847 0.394 0.150 0.218 0.526 0.987 0.114
19. Large hake 4.32 0.055 1.044 6.960 0.295 0.150 0.017 0.307 0.736 0.001
20. Flatfishes 3.60 0.040 0.304 2.027 0.821 0.150 0.006 0.158 0.055 0.091
21. Small demersals 2.45 7.089 2.300 15.333 0.950 0.150 0.019 0.003 0.115 2.182
22. Benthic elasmobranchs 3.48 0.078 1.000 6.667 0.401 0.150 0.031 0.401 0.599 0.000
23. Butter fishes 2.44 0.032 0.800 4.000 0.039 0.200 0.000 0.000 0.768 0.032
24. Conger 4.21 0.019 0.750 5.000 0.823 0.150 0.000 0.000 0.132 0.618
25. Medium demersal fish 3.38 0.200 1.320 8.800 0.997 0.150 0.125 0.626 0.005 0.690
26. Medium sciaenids 3.24 0.369 0.746 4.973 0.859 0.150 0.067 0.181 0.105 0.459
27. Sea robin 3.49 0.789 3.400 17.000 0.897 0.200 0.000 0.000 0.351 3.049
28. Catfish 3.31 0.577 0.900 6.000 0.893 0.150 0.068 0.118 0.096 0.686
29. Chondrichthyans 4.74 0.027 0.486 3.240 0.508 0.150 0.007 0.247 0.239 0.000
30. Seabirds 3.39 0.067 0.040 60.000 0.000 0.001 0.000 0.000 0.040 0.000
31. Pinnipeds 3.45 0.072 0.100 45.900 0.000 0.002 0.000 0.000 0.100 0.000
32. Cetaceans 4.25 0.062 0.100 20.000 0.000 0.005 0.000 0.000 0.100 0.000
33. Detritus 1.00 – – 0.814 – 0.000 0.000 0.000 0.000

(b) EN 1. Diatoms 1.00 14.761 210.000 – 0.945 – 0.000 0.000 11.652 198.348
2. Dino- and silicoflagellates 1.00 17.328 210.000 – 0.841 – 0.000 0.000 33.286 176.714
3. Microzooplankton 2.18 6.572 256.000 1024.000 0.950 0.250 0.000 0.000 12.800 243.200
4. Mesozooplankton 2.24 17.000 40.000 125.000 0.947 0.320 0.000 0.000 2.104 37.896
5. Macrozooplankton 2.12 34.773 19.085 46.550 0.950 0.410 0.000 0.000 0.954 18.131
6. Gelatinous zooplankton 3.00 0.003 0.584 2.920 0.950 0.200 0.000 0.000 0.029 0.555
7. Macrobenthos 2.06 25.605 1.200 10.000 0.995 0.120 0.000 0.000 0.006 1.194
8. Sardine 2.99 8.318 1.400 14.000 0.396 0.100 3.334 0.401 0.846 0.153
9. Anchovy 3.17 33.340 2.000 20.000 0.679 0.100 14.477 0.434 0.642 0.924
10. Mesopelagics 3.12 22.375 1.400 14.000 0.137 0.100 0.000 0.000 1.208 0.192
11. Jumbo squid 4.14 0.243 8.910 25.457 0.853 0.350 0.014 0.058 1.305 7.547
12. Other Cephalopods 3.14 0.227 4.300 12.286 0.950 0.350 0.012 0.053 0.215 4.032
13. Other small pelagics 2.85 21.419 1.000 10.000 0.950 0.100 2.357 0.110 0.050 0.840
14. Horse mackerel 2.60 3.030 1.200 12.000 0.616 0.100 1.937 0.639 0.461 0.100
15. Mackerel 3.74 6.892 0.850 8.500 0.279 0.100 1.345 0.195 0.613 0.042
16. Other large pelagics 3.99 1.757 0.400 4.000 0.687 0.100 0.351 0.200 0.125 0.075
17. Small hake 3.59 1.245 1.317 8.780 0.909 0.150 0.556 0.447 0.120 0.751
18. Medium hake 3.89 0.163 1.946 12.973 0.354 0.150 0.107 0.656 1.257 0.033
19. Large hake 4.51 0.028 1.516 10.107 0.286 0.150 0.012 0.429 1.082 0.005
20. Flatfishes 4.14 0.010 0.304 2.027 0.882 0.150 0.001 0.100 0.036 0.168
21. Small demersals 2.49 4.897 2.300 15.333 0.950 0.150 0.016 0.003 0.115 2.182
22. Benthic elasmobranchs 3.33 0.045 1.000 6.667 0.933 0.150 0.042 0.933 0.067 0.000
23. Butter fishes 2.64 0.006 0.800 4.000 0.845 0.200 0.000 0.000 0.124 0.676
24. Conger 4.12 0.004 0.750 5.000 0.000 0.150 0.000 0.000 0.750 0.000
25. Medium demersal fish 3.11 0.211 2.480 16.533 0.905 0.150 0.144 0.682 0.236 1.561
26. Medium sciaenids 3.50 0.218 1.085 7.233 0.977 0.150 0.043 0.197 0.024 0.863
27. Sea robin 3.27 0.319 3.220 16.100 0.052 0.200 0.000 0.000 3.054 0.166
28. Catfish 3.01 0.650 0.900 6.000 0.937 0.150 0.544 0.837 0.057 0.006
29. Chondrichthyans 4.40 0.078 0.486 3.240 0.501 0.150 0.019 0.244 0.242 0.000
30. Seabirds 4.01 0.010 0.040 60.000 0.000 0.001 0.000 0.000 0.040 0.000
31. Pinnipeds 3.86 0.053 0.100 45.900 0.000 0.002 0.000 0.000 0.100 0.000
32. Cetaceans 4.05 0.067 0.100 20.000 0.000 0.005 0.000 0.000 0.100 0.000
33. Detritus 1.00 – – – 0.824 – 0.000 0.000 0.000 0.000
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ter. On a smaller spatial scale, Taylor et al. 2008b also found a sim-
ilar increase in energetic efficiency and decrease in ecosystem
organization at Independencia Bay during EN.
In general, biomass and trophodynamic changes indicated that
during 1997–98 EN, the ecosystem temporarily moved from its ori-
ginal optimum operating point (Kay, 1991), but returned to it, in
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Fig. 2. Percentage biomass changes of functional groups from LN to EN.
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Fig. 3. Relationship between percentage biomass changes and percentage catch
changes (excluding mackerel and catfish) from LN to EN.

Table 6
Comparison of ecosystem indicators from models of the NHCE for both periods,
including % change from LN to EN. Values in brackets are in percent of Total system
throughput.

Ecosystem indicators LN EN %
Change

Trophic indicators
Total system throughput (t km�2 yr�1) 55,689 22,986 �58.7
Sum of all consumption (t km�2 yr�1) 28,478

(51.1%)
12,259
(53.3%)

�57.0

Sum of all exports (t km�2 yr�1) 2004 (3.6%) 718 (3.1%) �64.1
Sum of all respiratory flows (t km�2 yr�1) 14,688

(26.4%)
6065
(26.4%)

�58.7

Sum of all flows into detritus (t km�2 yr�1) 10,519
(18.9%)

3944
(17.2%)

�62.5

Sum of all production (t km�2 yr�1) 23,847 9957 �58.2
Total net primary production (t km�2 yr�1) 16,653 6739 �59.5
Net system production (t km�2 yr�1) 1965 674 �65.7
Total biomass (excluding detritus) (t km�2) 302 222 �26.7
Mean transfer efficiency (II–IV) 10.17 11.72 15.2
Connectance index 0.168 0.174 3.6
System omnivory index 0.203 0.190 �6.4
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agreement with the consideration that EN is a typical perturbation
to the NHCE.
Fishery indicators
Total catches (t km�2 yr�1) 42.70 25.31 �40.7
Mean trophic level of the catch 2.62 3.12 19.1
Gross efficiency (catch/total net primary

production)
0.0026 0.0038 46.5

Total catch/total biomass 0.14 0.11 �19.2
Pelagic/demersal catches 26.98 16.28 �39.7
PPR (t km�2 yr�1) 2420.1 1995.6 �17.5
PPR/total primary produciton (%) 14.5 29.6 103.8
PPR/catch 56.675 78.844 39.1

Energetic indicators
System primary production/respiration 1.134 1.111 �2.0
System primary production/biomass 55.089 30.403 �44.8
System biomass/throughput 0.005 0.010 100.0

Network indicators
Finn’s cycling index 12.61 7.49 �40.6
Ascendency/development capacity (%) 46.2 40.4 �12.6
4. Conclusions

While past ecotrophic modeling efforts in the NHCE dealt with
interdecadal changes (Jarre et al., 1991), this study focused on the
interannual changes associated with El Niño and the Southern
Oscillation (ENSO) cycle. The main finding of previous models
was a decrease in relative ascendency from the 1950s to the
1970s, after the decline of the anchoveta, which led to an increase
in parallel energy transfer and food web connectance, as energy
flows through anchovy were channeled through other species.
Our models, with increased details in the planktonic and demersal
groups, and incorporation of mesopelagic fishes and jumbo squid,
determined three main impacts of EN on the food web: (i) dramatic



Fig. 4. Biomass (upper), energy flow (middle) and catch (lower) pyramids by discrete trophic levels in LN (left) and EN (right). The size of the pyramids is proportional to the
values of biomass, energy flow or catch.
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but temporary shrinking of ecosystem size in terms of flows and
ecosystem organization, (ii) slight changes in overall functioning
(i.e. proportion of energy flows used for respiration, consumption
by predators, detritus and export), and (iii) use of alternate path-
ways through more zooplankton predation on primary producers,
leading to a higher impact of the fishery on ecosystem flows. Con-
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Transfer efficiencies by discrete trophic levels.
sequently, trophic level of piscivorous groups also increased. Sar-
dine consumption of diatoms and dinoflagellates increased in
order to compensate for the increased competition with anchovy
for zooplankton, and because sardines are more efficient removers
of small particles than anchovy (van der Lingen et al., 2006). A high
biomass of macrozooplankton was needed to balance the con-
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sumption by planktivores, especially during EN conditions when
diatoms diminish dramatically. In these conditions, macrozoo-
plankton consumed the remaining phytoplankton left by the re-
duced anchovy population. EN increased temporarily the trophic
level of the catch, and despite lower catches, the higher PPR/catch
ratio implied a stronger ecological impact of the fishery, which
stresses the need for precautionary management during and after
EN. Energetic indicators showed lower system primary produc-
tion/biomass ratio during EN indicating a more energetically effi-
cient ecosystem, however network indicators showed a lower
cycling index, especially at higher trophic levels, and relative
ascendency suggesting a less organized ecosystem during EN con-
ditions. These results give support to our general hypothesis that
EN is a typical perturbation in the NHCE.
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The Northern Humboldt Current Ecosystem is one of the most productive in the world in terms of fish
production. Its location near to the equator permits strong upwelling under relatively low winds, thus
creating optimal conditions for the development of plankton communities. These communities ulti-
mately support abundant populations of grazing fish such as the Peruvian anchoveta, Engraulis ringens.
The ecosystem is also subject to strong inter-annual environmental variability associated with the El
Niño Southern Oscillation (ENSO), which has major effects on nutrient structure, primary production,
and higher trophic levels. Here our objective is to model the contributions of several external drivers
(i.e. reconstructed phytoplankton changes, fish immigration, and fishing rate) and internal control mech-
anisms (i.e. predator-prey) to ecosystem dynamics over an ENSO cycle. Steady-state models and time-
series data from the Instituto del Mar del Perú (IMARPE) from 1995 to 2004 provide the base data for sim-
ulations conducted with the program Ecopath with Ecosim. In simulations all three external drivers con-
tribute to ecosystem dynamics. Changes in phytoplankton quantity and composition (i.e. contribution of
diatoms and dino- and silicoflagellates), as affected by upwelling intensity, were important in dynamics
of the El Niño of 1997–98 and the subsequent 3 years. The expansion and immigration of mesopelagic
fish populations during El Niño was important for dynamics in following years. Fishing rate changes were
the most important of the three external drivers tested, helping to explain observed dynamics throughout
the modeled period, and particularly during the post-El Niño period. Internal control settings show a mix
of predator–prey control settings; however a ‘‘wasp-waist” control of the ecosystem by small pelagic fish
is not supported.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Eastern Boundary Current Systems (EBCSs), including the Hum-
boldt, Canary, Benguela, and California Currents, and in particular
their nearshore upwelling zones, are among the most productive
fishing areas in the world. High primary and secondary productiv-
ity support large biomasses of small planktivorous pelagic fish, or
‘‘small pelagics”, which through predator/prey interactions can
influence both higher and lower trophic levels (i.e. ‘‘wasp-waist”
ecosystem control, Cury et al., 2000).

The Humboldt Current, and specifically, the Peruvian upwelling
system, produces more fish landings than the other EBCSs (both to-
ll rights reserved.

: +49 4212380030.
ylor).
tal and on a per area basis). However, remote sensing-based esti-
mates of primary production rank the Peruvian upwelling system
only third, behind the Benguela and Canary Current systems (Carr,
2002). In a way, this apparent paradox supports early fishery
hypotheses that emphasize quantity and quality of upwelling.
The Peruvian upwelling system’s proximity to the equator and
large Rossby radius results in strong and sustained upwelling un-
der relatively mild wind forcing (Cury and Roy, 1989; Bakun,
1996). These conditions create a ‘‘particularly rich, non-turbulent,
benign environment” by which rich coastal plankton communities
develop and persist, in turn supporting abundant populations of
small pelagics (Bakun and Weeks, 2008).

Peru’s proximity to the equator also means that Kelvin waves
traveling eastward along the equator during El Niño (EN) impact
Peru almost directly. During EN, the ‘‘basin-wide ecosystem” of
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the Pacific, which normally maintains a slope in sea level, thermal
structure, and nutrient structure due to trade winds, is lost or re-
versed (Chavez et al., 2003; Pennington et al., 2006). While upwell-
ing-favorable wind may continue along the Peruvian coast, water is
upwelled from above the now deep thermocline and nutricline. As
a result, primary production of the Peruvian upwelling system is
reduced, and the ‘‘active zone” of high primary production can be
1/10th the size of normal conditions (Nixon and Thomas, 2001).

Under normal conditions diatoms dominate the nearshore phy-
toplankton community. Diatoms are particularly adapted to
upwelling conditions through high doubling rates and their ability
to form resting spores, which sink and are subsequently returned
to the surface via upwelling (Pitcher et al., 1992). In the Humboldt
Current system, EN reduces the upwelling of nutrient-rich water,
which results in a reduction of the larger size fraction of the phy-
toplankton community (e.g. diatoms) (Bidigare and Ondrusek,
1996; Landry et al., 1996; González et al., 1998; Iriarte and Gon-
zález, 2004) and are replaced by subtropical phytoplankton nor-
mally found further offshore in nutrient poor waters (Rojas de
Mendiola, 1981; Ochoa et al., 1985; Avaria and Muñoz, 1987).
These changes in the phytoplankton produce changes throughout
the ecosystem, with energy likely passing through different path-
ways before reaching a particle size suitable for grazing by small
pelagics (Sommer et al., 2002; González et al., 2004; Iriarte and
González, 2004; Tam et al., 2008).

This straightforward, bottom-up perspective becomes compli-
cated when one considers the effects and interactions of top-down
processes such as predation and fishing. Fortunately, trophic mod-
eling of EBCSs has a long history from which to draw upon; includ-
ing steady-state models of the Peruvian (Walsh, 1981; Baird et al.,
1991; Jarre et al., 1991; Jarre-Teichmann, 1992) and other upwell-
ing systems (Shannon et al., 2003; Heymans et al., 2004; Neira and
Arancibia, 2004; Neira et al., 2004; Moloney et al., 2005). The
development of the program Ecopath with Ecosim (EwE) (Walters
et al., 1997) further allows for temporal explorations of dynamics,
and has been previously applied to the southern Benguela system
(Shannon et al., 2004a,b). A review of these advances (Taylor and
Wolff, 2007) has assisted in the construction of new steady-state
models for the Peruvian system as presented by Tam et al.
(2008), which form the basis for the dynamic simulations pre-
sented here.

Our objectives are to elucidate the mechanisms of ecosystem
dynamics in the Peruvian upwelling system over an ENSO cycle.
We evaluate the importance of three external drivers: (i) changes
in phytoplankton biomass and composition, (ii) immigration of
mesopelagic fish into the model area, and (iii) changes in fishing
rates. We also explore internal predator-prey control settings be-
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tween functional groups of organisms (e.g. bottom-up, top-down
control). We speculate that the degree of upwelling and resulting
primary productivity may similarly affect ecosystem dynamics
across seasonal, inter-annual (EN), and multi-decadal temporal
scales, but use the data-rich period of 1995–2004 as a starting
point for model exploration.
2. Methods

Using the temporal dynamic routine of Ecosim within the EwE
package (Walters et al., 1997, 2000) we explored the relative
importance of external and internal ecosystem drivers in the
Northern Humboldt Current Ecosystem from 1995 to 2004. Exter-
nal, non-trophically-mediated drivers considered were changes in
phytoplankton biomass, fishing rate (effort and mortality), and
oceanic immigrant biomass (mesopelagic fish). Internal, trophi-
cally-mediated, factors concerned an exploration of trophic flow
controls (e.g. bottom-up, top-down) that govern predator-prey
dynamics.

2.1. Description of the model

The steady-state model from Tam et al. (2008) is used here as
input describing the initial ecosystem state (1995/96 model),
which encompasses a full ‘‘biological year” (i.e. starting from about
the middle of a calendar year). The spatial domain is from 4�S to
16�S and 60 nm offshore (ca. 111 km; see Fig. 1 in Tam et al.,
2008). The models consisted of 33 functional groups including
detritus, macrobenthos, 2 phytoplankton groups, 4 zooplankton
groups, 8 pelagic fish groups, 2 cephalopod groups, 12 demersal
fish groups (including 3 life-history stages for Peruvian hake, Mer-
luccius gayi peruanus), seabirds, pinnipeds, and cetaceans. Groups
were chosen based on similar trophic connections (both to preda-
tor and prey groups), similar production and consumption rates,
and importance to fishery resources.

The simulations calculate biomass changes through time by
solving the set of differential equations:

dBi=dt ¼ gi

X
k

QkiðtÞ
" #

�
X

j

Q ijðtÞ �MOiBi �
X

Fif ðtÞBi ð1Þ

for functional groups i = 1, . . . ,n. The first sum represents the food-
consumption rate, Q, summed over prey types k of species i, and
gi represents the growth efficiency (proportion of food intake con-
verted into production). The second sum represents the predation
loss rates due to predators j of i. All Q’s in these sums are calculated
by Eq. (2), below. MOi represents the instantaneous natural mortal-
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ity rate due to outside factors other than modeled predation. The fi-
nal sum represents the instantaneous fishing mortality rate, F, as a
sum of fishing components caused by fishing fleets f.

Consumption rates (Qij) are calculated by assuming that the bio-
mass of prey i, Bi, is divided into vulnerable and safe components,
and the flux rates vij and v0ij move biomass into the vulnerable and
safe pools, respectively. This assumption leads to the rate
equation:

Q ij
aijðtÞmijðtÞBiBj

mijðtÞ þ m0ij þ aijðtÞBj
ð2Þ

where the total consumption rate Qij varies as a mass action product
(avBiBj), and is modified downward by a ‘‘ratio dependent” effect
(v + v0 + aBj) representing localized competition among predators.
aij represents the rate of effective search by predator j for prey type
i (for further information, see Walters and Martell, 2004). The vul-
nerabilities for each predator–prey interaction can be manipulated
and settings will determine if control is top-down (i.e. Lotka-Volter-
ra; v > 2.0), bottom-up (i.e., donor-driven; v < 2.0), or intermediate
(v � 2.0). The EwE software can also fit the vulnerabilities (‘‘fit-to-
time-series” routine), where the sum of squares (SS) is minimized
between observed and predicted log biomasses/catches:

SS ¼
X
½LogðBobsÞ � LogðBpred:Þ�2 ð3Þ

Simulations measured the importance of three external drivers
(see Section 2.2) on dynamics of the Northern Humboldt Current
Ecosystem from 1995 to 2004. In addition, we applied the ‘‘fit-to-
time-series” search routine within EwE to determine a best possi-
ble combination of specific predator–prey controls (see Section
2.3). The simulation’s performance was measured by SS against
available time-series data of yearly biomass and catch changes.
Time-series data were derived from biomass, catch, fisheries mor-
tality, and fishing effort estimates from IMARPE (Instituto del Mar
del Perú) and other sources (Table 1). These data were adapted to
the model area and biological year averages.

2.2. External drivers

External drivers were not accounted for within the internal
flows of the trophic model. These drivers included: (i) ‘‘PP”, phyto-
plankton biomass changes due to changes in upwelling and nutri-
ents; (ii) ‘‘F”, fishing rate changes; and (iii) ‘‘I”, Immigrant biomass
changes, specifically, the expansion and immigration of mesope-
lagic fish into the model area. Drivers were introduced successively
in all sequences and combinations in order to arrive to an average
value of change in SS (n = 15). External driverś dynamics were de-
fined by available or reconstructed long-term data series as de-
scribed below.

Phytoplankton, PP – Long-term estimates of total phytoplankton
biomass are available as total surface chlorophyll a (mg m�3) from
the SeaWifs satellite. We however needed to divide this total into
the small- and large-sized phytoplankton functional groups, and
did so by predicting functional group biomass from temperature
anomaly, as below. We used a 1992–2000 time-series of coastal
phytoplankton sampled by the Universidad Nacional Mayor de
San Marcos (Lima, Peru) in Bahía de Ancón (77 390 W–11 120 S),
Central Peru. The series consisted of cell counts of surface phyto-
plankton species, which were then converted to biovolume using
cell dimensions gathered from literature sources or measured by
microscopy. Cell dimensions were applied to geometric-shape
assignments as described by Sun and Liu (2003) for the calculation
of biovolume. Monthly average biovolume by taxonomic group
were plotted against temperature anomalies off Ancón. Biovolume
was natural log transformed and yielded the following linear
relationships:
LNðBÞ ¼ 17:841� 0:2184 � Tanom:

ðDiatoms; r ¼ �0:20; p ¼ 0:05Þ ð4Þ

LNðBÞ ¼ 16:603þ 0:1719 � Tanom:

ðDino- and silicoflagellates; r ¼ 0:14; p ¼ 0:18Þ ð5Þ

where B = biovolume (lm3 50 ml�1), Tanom. = temperature anomaly
(�C). Typical of phytoplankton populations, a wide distribution of
values was observed; however, diatom biovolume showed a nega-
tive trend and dino- and silicoflagellates a positive one, which is
consistent with literature concerning the effects of ENSO on phyto-
plankton communities (Fig. 1a). These relationships were then ap-
plied to an index of integrated temperature anomalies for the
entire Peruvian coast – the Peruvian Oscillation Index (POI) (Purca,
2005), which allowed for the reconstruction of coastal phytoplank-
ton biovolumes for the years 1995–2003. Despite a non-significant
correlation for dino- and silicoflagellates, the temperature-based
predictions produce an acceptable range of surface phytoplankton
biovolume when compared to the SeaWIFs data. For the simulations
we use converted the temperature-based proportions of the two
phytoplankton fractions to absolute values with the SeaWifs data
for the model domain. Conversion factors used for chlorophyll a
(Chl a) to wet weight were as follows: Chl a:Carbon (40:1) (Brush
et al., 2002), and Carbon:wet weight (14.25:1) (Brown et al.,
1991). Finally, a uniform mixed layer depth of 40 m was assumed
to arrive at units of biomass per m2 as described by Tam et al.
(2008) (Fig. 1b).

Fishing rate, F – Time-series fishing rate estimates were only
available for anchovy, hake and jumbo squid; however, these spe-
cies represent key fisheries as well as important functional groups
in the nearshore pelagic, nearshore demersal, and offshore pelagic
ecosystems, respectively. These include fishing mortality rates de-
rived from single species Virtual Population Analyses for anchovy
and the three hake functional groups, and changes in fishing effort
for jumbo squid (Table 2).

Immigration, I – While biomasses of several oceanic-associated
functional groups apparently increased during EN (Tam et al.,
2008), long-term data is only available for the mesopelagics func-
tional group – lightfish and lanternfish – as determined by IMARPE
acoustic surveys. Distribution of mesopelagics extends far offshore
and thus we only considered the portion of the group in the model
area. Mesopelagic’s biomass increased in the model area following
EN, apparently due to immigration; these changes were simulated
by forcing mesopelagic biomass as an external driver.
2.3. Internal control

Model settings of prey vulnerability determine whether top-
down bottom-up ecosystem dynamics dominate. ‘‘Mixed” or inter-
mediate (MX; default v = 2.0) settings were used for initial explora-
tions of the influence of external drivers. Afterwards, a further fit-
to-time-series search routine was run for the 30 most sensitive
predator–prey interactions (as determined by a sensitivity routine
of the program) to reduce SS. The following interactions were also
included to assess whether ‘‘wasp-waist” ecosystem control occurs
around sardine and anchovy: (i) meso- and macrozooplankton as
prey of sardine and anchovy; and (ii) all interactions where ancho-
vy and sardine are prey. In total, 49 interactions were included in
the search routine.

2.4. Focus on changes in main fishing targets

The dynamics of several main fishing targets and their
interactions were also highlighted. Simulated mortality and diet
changes for anchovy were examined in detail to help interpret



Table 1
Annual time-series data sets used in the Ecosim simulations.

Functional group Data set Comments Used to
force
dynamics

Used to measure
fit of simulation

1. Diatoms Biomass (B) SeaWifs; phytoplankton proportions reconstructed (see Section 2.3) + +
2. Dino- and silicoflagellates Biomass (B) SeaWifs; phytoplankton proportions reconstructed (see Section 2.3) + +
4. Mesozooplankton 200–

2000 lm esd.
Biomass (B) IMARPE survey (Ayón, personal communication) – corrected using seasonal

anomalies (1959–2001)
+

7. Macrobenthos Biomass (B) IMARPE benthic survey (1995–2003) (Gutierrez and Quipuzcoa, personal
communication)

+

8. Sardine – Sardinops sagax Biomass (B) IMARPE acoustic survey (1995–1999) (Gutierrez, personal communication) +
Catches (C) Sea Around Us database (2006) (1995–2002) +

9. Anchovy – Engraulis
ringens

Biomass (B) VPA estimates (1995–2003) (Niquen, personal communication) +
Fishing
mortality (F) VPA estimates (1995–2003) +
Catches (C) IMARPE catch statistics (1995–2003) +

10. Mesopelagics – Lightfish
and Lanternfish

Biomass (B) IMARPE acoustic survey (1999–2003) (Gutierrez, personal communication) + +

11. Jumbo squid – Dosidicus
gigas

Biomass (B) IMARPE acoustic survey (1999–2003) (Arguelles, pers. comm.); 1995–1998
reconstructed from CPUE:acoustic ratio from 1999 to 2003

+

Fishing
effort (E)

Korean and Japanese industrial fleet data (1995–2003) +

Catches (C) Korean and Japanese industrial fleet data (1995–2003) +
12. Other Cephalopods Catches (C) IMARPE catch statistics (1995–1999) +
13. Other small pelagics –

e.g. juvenile demersal
fish

Catches (C) Sea Around Us database (2006) – Engraulidae, Ethmidium maculatum
(1995–2002)

+

14. Horse mackerel –
Trachurus murphyi

Biomass (B) IMARPE acoustic survey (1995–2003) (Gutierrez, personal communication) +

15. Characteristic large
pelagic – Scomber
japonicus

Biomass (B) IMARPE acoustic survey (1995–2003) (Gutierrez, personal communication) +

16. Other large pelagics Catches (C) IMARPE catch statistics (1995–1999) +
17. Small hake – Merluccius

gayi peruanus (<29 cm)
Biomass (B) VPA estimates (1995–2003) (Wosnitza-Mendo, personal communication) +
Fishing +
mortality (F) VPA estimates (1995–2003) +
Catches (C) IMARPE catch statistics (1995–2003)

18. Med. hake – Merluccius
gayi peruanus (30–
49 cm)

Biomass (B) VPA estimates (1995–2003) (Wosnitza-Mendo, personal communication) +
Fishing
mortality (F) VPA estimates (1995–2003) +
Catches (C) IMARPE catch statistics (1995–2003) +

19. Large hake – Merluccius
gayi peruanus (>50 cm)

Biomass (B) VPA estimates (1995–2003) (Wosnitza-Mendo, personal communication) +
Fishing
mortality (F) VPA estimates (1995–2003) +
Catches (C) IMARPE catch statistics (1995–2003) +

21. Small demersals Catches (C) IMARPE catch statistics (1995–1999) +
22. Benthic elasmobranchs Catches (C) IMARPE catch statistics (1995–1999) +
25. Medium demersal fish Catches (C) IMARPE catch statistics (1995–1999) +
26. Medium sciaenids Catches (C) IMARPE catch statistics (1995–1999) +
28. Catfish Catches (C) IMARPE catch statistics (1995–2002) +
29. Chondrichthyans Catches (C) IMARPE catch statistics (1995–1999) +
30. Seabirds Biomass (B) IMARPE survey (1995–2003) (Goya, personal communication) +
31. Pinnipeds Biomass (B) IMARPE survey (1995–2003) (Goya, personal communication) +
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sources of bottom-up and top-down dynamics. Hake were also
of special interest due to the drastic decreases in population size
that followed the last strong EN (Guevara-Carrasco, 2004; Ballón
et al., 2008). We specifically looked at mortality of the small size
class to help interpret possible sources influencing the low
recruitment.

3. Results

3.1. External drivers

The driver to phytoplankton biomass and composition im-
proved the overall fit of the simulation, reducing SS by 2.7%
(Fig. 2b) with greatest improvement during EN and the subsequent
3 year period (Fig. 2a). The driver to immigrant biomass (mesopel-
agics) reduced SS by 9.2% (Fig. 2b) with the greatest improvement
in later years when biomasses were highest (Fig. 2a). SS for the EN
year 1997–98 alone was not improved by the immigrant driver
(Fig. 2a). Fishing rate changes proved to be the most important
of the three external drivers overall, reducing SS by 22.0%
(Fig. 2b). Improvements were observed throughout the simulated
period except for the final year, and were generally more impor-
tant during the post-EN years (Fig. 2a).

3.2. Best-fit vulnerabilities

The fit-to-time-series search for vulnerabilities revealed several
important predator-prey interactions (Table 2), and further de-
creased SS by 31.2% after the application of the three internal driv-
ers PP, F, and I (total decrease in SS of 64.3%). The results did not
support a wasp-waist configuration for small pelagics (agrees with
Ayón et al., 2008), as bottom-up configurations were estimated for
sardines and anchovy on meso- and macrozooplankton; however,
a bottom-up configuration was fit for interactions of sardine and
anchovy, and their predators. Top-down control of macrozooplank-
ton by mesopelagics and large hake was also suggested. The



Table 2
Predator–prey vulnerabilities searched in the fit-to-time-series routine (in bold); BU = bottom-up; MX = mixed/intermediate (default setting); TD = top-down.

Predator/prey Diatoms Silico- and
Dinoflagellates

Microzooplankton Mesozooplankton Macrozooplankton Sardine Anchovy Mesopelagics Jumbo
squid

Other
small
pelagics

Small
hake

Small
demersals

Conger Med.
sciaenids

P.
stephanophrys

Mesozooplankton 1 (BU) 2 (MX) 2 (MX)
Macrozooplankton 1E+10

(TD)
1 (BU) 1E+10 (TD)

Sardine 2 (MX) 2 (MX) 2 (MX) 1 (BU) 1 (BU)
Anchovy 1E+10

(TD)
2 (MX) 2 (MX) 1 (BU) 1.16 (BU)

Mesopelagics 2 (MX) 1E+10 (TD)
Jumbo squid 2 (MX) 2 (MX) 1 (BU) 1 (BU) 1E+10

(TD)
2 (MX) 1E+10

(TD)
Other

Cephalopods
1 (BU) 2 (MX)

Horse mackerel 2 (MX) 1 (BU) 2 (MX) 2 (MX)
Mackerel 2 (MX) 2 (MX) 2 (MX) 1.55 (BU) 2 (MX) 2 (MX)
Other large

pelagics
1 (BU) 2 (MX) 2 (MX) 2 (MX)

Small hake 2 (MX) 1 (BU) 1 (BU) 1 (BU) 2 (MX) 2 (MX) 1E+10 (TD)
Med. Hake 2 (MX) 1.16

(BU)
1E+10
(TD)

1E+10
(TD)

1.31 (BU)

Large hake 1E+10 (TD) 1 (BU) 1.02 (BU) 1E+10
(TD)

1.43 (BU) 1 (BU) 1E+10
(TD)

1E+10 (TD)

Flatfish 1 (BU)
Small demersals 1E+10

(TD)
1E+10 (TD)

B. elasmobranchs 2 (MX) 1 (BU) 1 (BU) 2 (MX) 2 (MX) 2 (MX) 2 (MX) 2 (MX)
Conger 2 (MX) 1E+10 (TD)
Med. demersal

fish
2 (MX) 1 (BU) 2 (MX) 2 (MX)

Med. sciaenids 2 (MX) 1 (BU) 1 (BU) 2 (MX) 2 (MX) 2 (MX) 2 (MX) 2 (MX)
P. stephanophrys 1 (BU)
Catfish 2 (MX) 2 (MX) 1 (BU) 2 (MX)
Chondrichthyans 1 (BU) 2 (MX) 2 (MX)
Seabirds 1 (BU) 2 (MX) 2 (MX)
Pinnipeds 1 (BU) 2 (MX) 2 (MX) 2 (MX) 2 (MX) 2 (MX)
Cetaceans 2 (MX) 1 (BU) 2 (MX)
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control of mesopelagic fish to its main predator, jumbo squid, was
1.0 (bottom-up), helping to explain the increase of squid biomass
following the EN of 1997–98. The final time-series trends of the
simulation versus the base data is shown in Fig. 3 for biomass
and Fig. 4 for catch data.

3.3. Focus on main fishing targets

Anchovy changes during EN were best explained through bot-
tom-up diatom and zooplankton availability, while later changes
were more attributable to the fishery. Reduction in diatoms during
EN resulted in a higher contribution of zooplankton in the anchovy
diet. Dino- and silicoflagellate increases were unimportant as this
group contributes only a small proportion to their diet generally
(Fig. 5). During EN, modeled predation on anchovy increased –
mainly due to horse mackerel – but non-predatory mortality was
far stronger (Fig. 6) and seems due to low feeding rates and de-
creased prey availability. After EN, mortality rates were mainly
controlled by fishing.

Decreases in the hake biomasses were well predicted by the
simulation for all three size classes (Fig. 3). Mortalities for small
juvenile hake indicate that cannibalism did not contribute greatly
to the overall mortality even during the pre-crash years of 1995–
96 and 1996–97 when adult biomass was higher. Modeled preda-
tion of small hake by jumbo squid remains fairly constant despite
the squid increases. Squid predation does, however, represent a
higher proportion of total hake mortality in the last simulation
year following reduction of the hake fishery. Fishing is the most
substantial source of mortality for all three hake groups, especially
for medium and large hake (Fig. 7).

The immigrant driver simulated the immigration of mesope-
lagic fish into the model domain. One result is the increase in jum-
bo squid biomass and a shift in the jumbo squid’s diet toward a
larger proportion of mesopelagic fish (Fig. 8). Small hake, however,
contributed minimally to the squid diet.

4. Discussion

We use the model for the 1995–96 year as a starting point for
several reasons: (i) reliable, periodic sampling conducted by IMA-
RPE began in 1995; (ii) 1995–96 was a fairly typical, ‘‘normal”
upwelling year, several years after the recovery of anchovy; and
(iii) 1995–96 preceded the strong EN of 1997–98, offering insight
into subsequent dynamics. We asked the question whether this
EN event has been a principal perturbation over 1995–2004 and
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to what degree trophic interactions played a role in the observed
ecosystem changes.

4.1. Role of external drivers

Phytoplankton – Given the major decrease in primary produc-
tion that occurs during EN, it was assumed that the application
of this driver would have a major bottom-up impact through the
trophic web, and would partially explain the decreased biomass
of the coastal ecosystem as a whole. In fact, externally driving phy-
toplankton downwards did improve the fit of the simulation, espe-
cially during EN and the immediately following 3 years. Later years
show a reduced importance of the forced phytoplankton changes,
likely due to less yearly phytoplankton variability under the more
‘‘normal” upwelling conditions (Fig. 1b).

Copepods make up the majority of the mesozooplankton bio-
mass in Peru and are known to be important grazers of the larger
microphytoplankton (DeMott, 1989; Sommer et al., 2002, 2005).
The model correctly predicts a decrease in mesozooplankton bio-
mass in response to the decreased diatom biomass of 1997–98.
Contrary to the sampled changes of mesozooplankton, a rapid
recovery is predicted by the model following the resumed higher
diatom and total phytoplankton biomass (Fig. 3). Without specu-
lating too much as to the reasons for this discrepancy, we believe
that much additional work is required in the modeling of zoo-
plankton. Still, the model predicts at least the correct direction of
change for many higher trophic groups, and in some cases predicts
change of the correct magnitude as the base data. This is especially
true of the trophically-important anchovy dynamics for which data
is more widely available.

Of particular importance to small pelagic dynamics are particle
size feeding preferences observed for the different species. Sar-
dines possess fine-meshed gillrakers suitable for filtering smal-
ler-sized particles. Anchovy, on the other hand, are more
specialized and efficient at feeding on larger-sized particles (James
and Findlay, 1989; van der Lingen, 1994; van der Lingen et al.,
2006). The result of these adaptations, at least in the Benguelan
populations, is that anchovy seem to have higher clearance rates
(per weight) than sardine when available particles are larger than
about 500–600 lm (van der Lingen, 1994). These feeding differ-
ences have been dealt with in other trophic models by defining
separate zooplankton compartments by size, and through different
vulnerabilities to grazing by small pelagics (Heymans and Baird,
2000; Shannon et al., 2003; Neira and Arancibia, 2004; Shannon
et al., 2004a,b). We have further divided phytoplankton into two
-30

-25

-20

-15

-10

-5

0

5

%
ch

an
ge

in
S

S
(a

ve
ra

ge
an

d
ra

ng
e)

PP F I

External Drivers

nt external ‘drivers’: phytoplankton biomass (PP); fishery rates (F); and immigrant
. (b) Average and range of SS changes under the application of external drivers in all
ttings (i.e. all predator–prey vulnerabilities equal 2.0). Negative values (i.e. decrease



Diatoms Dino- and silicoflagellates Mesozooplankton 200-2000um

Macrobenthos Sardine - S. sagax Anchovy - E. ringens

Mesopelagics - Lightfish and
Lanternfish

Jumbo squid - D. gigas Horse mackerel - T. murphyi

Mackerel - S. japonicus Small hake - M. gayi peruanus Medium hake - M. gayi peruanus

19
96

19
98

20
00

20
02

20
04

Large hake - M. gayi peruanus

19
96

19
98

20
00

20
02

20
04

Seabirds

19
96

19
98

20
00

20
02

20
04

Pinnipeds

* *

*

Fig. 3. Time-series trends of biomass changes from the data sets (dots) and Ecosim simulations (lines). Presented is the best-fit simulation (i.e. lowest SS), using all drivers (PP,
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taxonomic groups for a similar reason. According to the biovolume
conversions of diet data conducted for our initial steady-state
model (Tam et al., 2008) and other authors (Alamo, 1989; Espinoza
and Blaskovic, 2000) anchovy feed more on diatoms than flagel-
lates. Although diatoms are more associated with the nearshore
cold habitat of the anchovy, they are usually smaller than the cited
500–600 lm optimal particle size; however, it seems likely that
aggregates and cell-chains allow anchovies to filter even fairly
small diatoms. As a result, anchovy dynamics are well simulated.
The initial decrease in anchovy biomass during 1997–98 is mainly
reproduced by forcing phytoplankton abundance downwards; spe-
cifically, a decrease in diatom biomass and, subsequently, a de-
crease in the second most important food item, mesozooplankton.

The modeled switch to an anchovy diet dominated by zooplank-
ton was not as complete as was observed from in situ samples
(Espinoza and Bertrand, 2008; Tam et al., 2008) (Fig. 5), possibly
due to: (i) forced biomass decreases of phytoplankton may not
have reduced diatoms as dramatically as in reality; (ii) anchovy
move closer to the coast and deeper (up to 150 m) during EN (Ber-
trand et al., 2004), which may be due to non-trophic reasons (e.g.
physiological stress associated with the higher surface water tem-
peratures), and possibly prevent feeding upon the remaining dia-
tom biomass; (iii) The modeled starting diet may have been too
high (or not) in diatoms, although this cannot explain the lack of
change in diet composition as this is calculated mainly from the
changes in biomass and vulnerability. Espinoza and Bertrand
(2008) have estimated the percent contribution of phytoplankton
in carbon units to anchovy diet from stomach contents. Their re-
sults indicate that mesozooplankton and macrozooplankton com-
prise as much as 98% of carbon intake. Although their diet data
still needs to be weighted according to the distribution of the an-
chovy population, it may indicate that our model overestimates
the importance of phytoplankton as anchovy prey.

Fishing rates – The application of fishing as an external driver
improved the fit of the simulation and helps to explain the long-
term dynamics of several main target species. The fishing driver
decreased long-term variance by 22%, as compared to a 2–3% de-
crease in a similar study for the Southern Benguela (Shannon
et al., 2004a). This very large difference suggests strong fishery
impact on the Peruvian system. In a comparison of trophic mod-
els, Moloney et al. (2005) illustrated that the South Benguelan
fishery operates on a higher trophic level than in other EBCSs
due to the differing diet of small pelagics and composition of
the catch; specifically, Benguela small pelagics eat more zoo-
plankton and fishery catches contain more demersal fish. The
differences result in a higher mean trophic level of the catch
in the Southern Benguela, elevating the statistic of Flows required
per unit of catch ([t 1�prod] [t catch]�1 km�2 y�1) and indicating
that the same tonnage catch requires more energetic input from
the ecosystem. Despite this cost, the authors determined that the
Southern Benguelan fishery required a smaller proportion of to-
tal primary production to sustain it when compared to the Peru-
vian fishery (4% vs. 10%), reflecting the much higher fishing rates
in the Peruvian system.
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The simulation output calculates mortality rates through time,
allowing for the determination of the importance of yearly fishing
mortality changes for some key target groups’ dynamics as dis-
cussed in the following sections. For anchovy, fishing mortality
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(F) values are much more variable than mortality from predation
(Fig. 7). In 1996–97, before the onset of EN, VPA-derived F values
more than doubled. This is consistent with past EN events whereby
during the first phase of the EN stocks concentrate inshore,
increasing their density and catchability (Csirke, 1989), whereas la-
ter, during the height of EN and possibly coinciding with the brunt
of the arriving Kelvin wave, anchovy stocks are further driven in-
shore and/or to greater depths (Icochea, 1989; Bertrand et al.,
2004). Anchovy had moved closer to the coast and to deeper
waters (up to 150 m), which prevented large industrial purse sein-
ing (Arntz and Fahrbach, 1991; Bertrand et al., 2004). As the F val-
ues used are based on a biological year (July–June), the 1996–97
value is influenced by the onset of EN. Positive temperature anom-
alies for the Peruvian coast were noted as early as March 1997 and
more than 2.8 million tonnes were landed during April and May
alone. Shortly after these impressive catches, the anchovy fishery
was essentially closed until the end of 1998, such that F was near
zero during EN. Dynamics of the anchovy population in the later
years of the simulation show both fishery and predation mortali-
ties elevated as fishing began again and some predators recovered,
causing some drop in anchovy biomass over 2000–2003 (Fig. 6).

According to the VPA analysis conducted by IMARPE, hake bio-
mass was very high between 1993 and 96 – levels not seen since
the late 1970s – however these levels declined dramatically after
the EN of 1997–98 and have remained alarmingly low for the past
decade. As a result, the hake fishery closed in September 2002 and
now operates at a much smaller scale. Several hypotheses have
been offered to explain the crash: (i) low recruitment-success
due to cannibalism of juveniles by adult hake (Ballón, 2005), (ii) in-
creased predation pressure on small hake due to the immigration/
expansion of jumbo squid, (iii) overfishing (Wosnitza-Mendo et al.,
2005), and (iv) demersal community changes affecting the prey of
hake (Ballón, 2005). The simulated mortalities for small juvenile
hake suggests that cannibalism does not contribute much to
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mortality even when adult hake were abundant (1995–97; Fig. 7).
Hake fishing mortality, however, increased before EN and re-
mained at high levels for all three hake size groups until the fishery
closure in 2002. These increases in F over the EN period, in contrast
to previous ENs during which F generally decreases, were likely
due to improved fishing techniques and movement of the trawl
fleet southwards in pursuit of hake (Wosnitza-Mendo et al.,
2005). The model suggests further mortality occurred due to de-
creases in prey abundance, especially for medium and large hake.
This result is supported by Ballón et al. (2008), who found for
1972–2004 that gonadosomatic and stomach fullness indices de-
creased with EN-associated positive temperature anomalies,
implying food-limited somatic production. The simulation predicts
biomass gains for all three hake groups during 2003–04 due to re-
duced fishing mortality after 2001; however, hake did not recover
in reality (Fig. 3). Ballón et al. (2008) offer a non-trophic explana-
tion – reproductive failure. They observed that while large hake
(>35 cm) show high condition and stomach fullness indices during
the 2000s, gonadosomatic indices have decreased since the mid
1980s. Additionally, sex ratios have shifted toward females (reach-
ing almost 100% for fish larger than 35 cm), leading the authors to
hypothesize that long-term fishing pressure from the fishery may
have disproportionately depleted males (males comprised 80% of
the catches during the 1980s) to the point where females now lack
a sufficient number of males to stimulate reproduction. Such a
dependence on males to induce spawning is typical in cod-like spe-
cies (Rowe and Hutchings, 2003). Nevertheless, our simulation
supports the results of the VPA: Increases in F explain the sharp de-
cline in hake abundance observed from 1997 to 2002. When com-
pared to the baseline natural mortality value (M = 0.38) used in the
VPA, total mortality values (Z) sum to extremely high levels (above
2.0) for medium and large hake groups, mainly driven by F, and
illustrate the pressure put on the group during the post-EN period.

Time-series data on fishing rates existed for only three species
at the time of this study (anchovy, hake, and jumbo squid). There-
fore, simulation results concerning the importance of the fisheries
on system dynamics may be somewhat conservative and future
simulations may observe an even greater importance by incorpo-
rating additional fisheries.
Immigration – The offshore border of the model domain was set
at 60 nm (ca. 111 km), which is approximately the mean width of
the continental shelf. Previous model domains for the Peruvian
upwelling system (Jarre et al., 1991) were narrower due to focus
on the nearshore habitat of anchovy. Our wider domain allowed
incorporation of the ‘‘active zone” or productive upwelling system
(Nixon and Thomas, 2001). Our latitudinal range (4–16�S) similarly
encompassed the main upwelling region delimited by the equato-
rial current to the north and a zone of decreased offshore Ekman
transport further to the south. This latitudinal extension also corre-
sponds to the main distribution of the northern Humboldt sardine
and anchovy stocks (Alheit and Ñiquen, 2004). Despite this care to
account for variability of principal functional groups, several less
coastal species migrate into the model area, especially during peri-
ods of reduced upwelling and subsequent habitat reduction associ-
ated with EN. Sardine and mackerels, for example, remain offshore
in oceanic water during the strong upwelling of La Niña (Bertrand
et al., 2004); and it has been hypothesized that physiological re-
straints may also limit their distribution (Jarre et al., 1991). These
non-trophic effects may help to explain why some more oceanic
groups’ dynamics are not well predicted by the model, and thus
may require additional external forcing in future simulations.

The immigration of mesopelagic fish during EN does not appear
to have been a significant factor for the decreased biomass of more
coastal species during the EN 1997–98. However, their longer-term
growth does appear to impact some more coastal groups in later
years of the simulation when their mesopelagic biomass was high-
est. While the cause of the mesopelagic fish outburst is not known,
we speculate that either (i) the euphausiids biomass increased dur-
ing EN in response to decreased grazing competition with meso-
zooplankton, and/or (ii) the deepened thermocline during EN
may have increased the vulnerability of euphausiids – a principal
prey for mesopelagic fish – allowing for an increase in predation
by mesopelagic fish. Given euphausiids’ strategy of predation
avoidance through diel vertical migrations across the Oxygen Min-
imum Layer (OML, <1.0 ml L�1) (Antezana, 2002), it is possible that
a deepening of the upper boundary of the OML may have caused
increased vulnerability to predation. In any case, this increase in
mesopelagic fish biomass during and after the EN helps to explain



376 M.H. Taylor et al. / Progress in Oceanography 79 (2008) 366–378
the decreases in biomass of both mackerel groups through compe-
tition for macrozooplankton, a main prey for all three.

Another link with the mesopelagic fish expansion is the bot-
tom-up response of the key predator, jumbo squid. This has had
some benefits in Peru through the sale of fishing permits to foreign
offshore Japanese and Korean jigging vessels as well as becoming
an important target species for the nearshore artisanal fisheries.
Despite this, the fear of negative effects of the jumbo squid out-
burst on the more valuable hake population has caused alarm.
The results of this study indicate that while some competitive ef-
fects do occur between jumbo squid and hake, the high fishing
rates appear to have more responsibility in the hake’s decline.
While the direct predation mortality rates on small hake by jumbo
squid appear relatively stable in the simulation, is should be noted
that it is proportionally larger in the later years possibly due to
groups’ lower total mortality (Fig. 7).

4.2. Internal control mechanisms

The dramatic improvement in SS (31.2%) after the fit-to time-
series routine highlights the importance of trophic control to inter-
nal dynamics of the ecosystem. Shannon et al. (2004a) also found
that fitting of internal dynamics improved the simulation in the
Southern Benguela by 40%. Our shorter time-series makes for a less
robust analysis; however, we will focus on the most important and
interpretable interactions.

One of the more significant results of the vulnerability fitting
exploration was that a wasp-waist configuration around small pel-
agics, typical for other EBCSs, is not supported for the Peruvian sys-
tem. Cury et al. (2000) found a negative relationship between
yearly zooplankton concentrations and small pelagic landings for
several upwelling systems (California, Ghana and Ivory Coast,
Oyashio (Japan), Black Sea, Southern Benguela) and hypothesized
that zooplankton biomass is top-down controlled by pelagic fish.
Shannon et al., (2004a), Shannon et al., (2004b) further supported
a wasp-waist configuration surrounding small pelagics in the
Southern Benguela system. On the other hand, Cury et al. (2000)
mentioned that the Peruvian system was one of the few exceptions
where zooplankton concentrations and small pelagic landings
were positively correlated; specifically, lower zooplankton concen-
trations (mainly mesozooplankton is sampled) were observed off
Peru during the mid 1970s to mid 1980s, coinciding with the per-
iod after the anchovy collapse. Zooplankton concentrations have
since increased with the recovery of anchovy, but remain lower
than the concentrations of the 1960s and early 1970s (Ayón
et al., 2004). For the shorter time-series modeled here, we also
found a bottom-up relationship between mesozooplankton and
the predators – anchovy and sardine (agrees with Ayón et al. 2008).

It has been proposed that Peru’s proximity to the equator allows
for optimal conditions for upwelling and fish production (Cury and
Roy, 1989; Bakun, 1996), by allowing plankton communities to be-
come particularly rich above the stable and relatively shallow ther-
mocline. Furthermore, the shallow oxygen minimum may
concentrate plankton above it, thus improving the grazing effi-
ciency of small pelagic fish. We have demonstrated the importance
of diatoms in the dynamics the Humboldt Current System, yet to
the best of our knowledge a comparison of phytoplankton compo-
sition (i.e. based on cell size, taxa, unicellular vs. chain-forming,
etc.) between EBCSs is lacking, thus preventing speculation if dif-
ferences in phytoplankton composition exist. Highly concentrated
plankton in Peru would not necessarily explain why zooplankton
and small pelagics would both benefit simultaneously during peri-
ods of high upwelling. In fact, highly concentrated plankton might
make top-down grazing pressure even more pronounced due to
more efficient filter-feeding by anchovy. This possibility is sup-
ported by Ayón et al. (2008) through evidence of top-down control
on smaller scales in Peru, wherein zooplankton biovolume is lower
where anchovy and sardine biomass is high (acoustically deter-
mined, within a 5 km radius of the zooplankton sample). This find-
ing is contrary to the negative correlation between large-scale
trends of zooplankton volumes versus small pelagic fish biomass
(Cury et al., 2000); however, Ayón et al. mention the importance
of scale in explaining this discrepancy.

Cury et al. (2000) found negative relationships between zoo-
plankton and small pelagics abundances in several upwelling sys-
tems (Ghana and Ivory Coast; Southern Benguela; Oyashio, Japan),
yet the finding may be in part due to sampling bias, as zooplankton
time-series tend to be based on samples restricted to the continen-
tal shelf. Where zooplankton over a larger extension from the coast
and with evenly spaced sampling stations (California), no signifi-
cant correlation to small pelagic catches is found. Similarly, zoo-
plankton sampling conducted by IMARPE is fairly uniform and
extends to ca. 185 km (100 nm) from the coast. This does not elim-
inate the possibility of wasp-waist forcing in Peru, but it does im-
ply that it may occur only on smaller scales than our model
domain.

Bottom-up configurations were found between sardine and an-
chovy to all their higher predator groups. In particular, the de-
creases in anchovy biomass associated with EN contributed to
the decreases in several predatory groups, especially horse mack-
erel and small hake. Over longer time scales (i.e. decadal), both of
these fish species show flexibility in their diets, especially during
periods of low anchovy biomass (mid 1970s to late 1980s) – horse
mackerel shift to zooplankton (Muck, 1989) and hake shift to sar-
dine (Castillo et al., 1989). The shorter simulation period of this
study appears to capture the reduction in system size due to
the reduced upwelling during EN. As a result, most functional
groups of the coastal environment experience reductions in bio-
mass, which may differ from dynamics on decadal time scales
such as a regime change. Generally, our results support previous
studies presented in Pauly and Tsukayama (1987a), where tele-
osts, especially horse mackerel, are far more important consumers
of anchovy than guano birds and pinnipeds; however acoustic
surveys show that teleost spatial overlap with anchovy appears
to have decreased significantly since 1997 (A. Bertrand, personal
communication).

A more probable bottom-up relationship is that between ancho-
vy and seabirds and pinnipeds, whose distributions strongly over-
lap with anchovy habitat. Even with a forced bottom-up
configuration to anchovy, the model did not reproduce the large
decreases in seabirds and pinnipeds that were observed following
EN. We believe that a reduction in anchovy vulnerability may ex-
plain such a result. Muck and Pauly (1987) first proposed that
seabirds are probably more affected by changes in vulnerability
resulting from sea surface temperature-mediated distribution
changes of anchovy than by changes in anchovy biomass. As men-
tioned earlier, not only did anchovy retreat to remaining centers of
upwelling during EN (Alheit and Ñiquen, 2004), but also moved
deeper (up to 150 m) with the thermocline (Bertrand et al.,
2004). We believe that this movement made them less vulnerable
to these predators. This is well illustrated in a diagram presented
by Jarre et al. (1991) whereby changes in the vertical distribution
of anchovy affect their vulnerability to predation or capture from
seabirds, pinnipeds, and purse seiners. Diving seabirds are special-
ists on anchovy and have the shallowest effective hunting depth,
and so would become the most susceptible to changes in the an-
chovy’s vertical distribution.

Other important internal controls are observed with the more
oceanic-associated functional groups. The expansion / immigration
of mesopelagic fish into the model area impacted several groups
directly, including possible top-down forcing of macrozooplankton
and bottom-up forcing to jumbo squid. As mentioned before, this
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result must be taken with caution given that the diet of mesope-
lagic fish was not based on in situ measurements during the model
period; however, the inclusion of several interactions involving
macrozooplankton as prey in the vulnerability fitting routine sug-
gests that their dynamics may be of more importance than previ-
ously thought. In particular, a top-down configuration between
mesopelagics and macrozooplankton helped to explain decreases
in macrozooplankton biomass, and subsequent decreases in sev-
eral competitors for macrozooplankton (other cephalopods, mack-
erel, horse mackerel). While these groups’ are more oceanic, they
nevertheless have connections to the coastal zone. Mackerels are
known to come closer to the coast both seasonally and during EN
in response to decreased upwelling, where they may impact an-
chovy and other coastal species. Jumbo squid and other cephalo-
pods also occur across the shelf. Cephalopods populations are
subject to dramatic fluctuations and their impact on prey popula-
tions is equally variable. Their role as predators on fish and crusta-
ceans clearly implicates them as a factor influencing natural
mortality and recruitment-success in stocks of commercial
exploited species (Rodhouse and Nigmatullin, 1996).

4.3. Conclusions and future prospects

The introduction of external drivers has allowed us to repro-
duce several key dynamics of the Northern Humboldt Current Eco-
system. Changes in phytoplankton associated with ENSO are
important on the short-term while fishing rates and immigration
from outside the upwelling region are important dynamics in the
long-term. This has helped to elucidate that the dynamics of the
Humboldt Current Ecosystem associated with the impact of an El
Niño event appear to be relatively restricted to the immediate
years following the event, and that once normalization returns,
the management of fishing rates will be increasingly important.
The separation of principal phytoplankton taxa allows for the sim-
ulation of important changes of energy flow in the Northern Hum-
boldt Current Ecosystem over several temporal scales.
Additionally, a link between the dynamics of the phytoplankton
components and more easily observable environmental parame-
ters, i.e. SST anomalies, takes a first step in the development of pre-
dictive models forced in real time.

A larger offshore extension allowed for the incorporation of
important interactions between the coastal and more oceanic com-
ponents of the ecosystem. Nevertheless, artificial forcing of meso-
pelagic fish was still necessary in reproducing the dynamics of the
more oceanic-associated groups. Further investigation into the
underlying drivers of the offshore ecosystem may become increas-
ingly important in describing the dynamics of the more economi-
cally-important coastal upwelling system.

Internal control settings showed a mix of interactions; however
a ‘‘wasp-waist” configuration around small pelagic fish is not sup-
ported. Specifically, top-down forcing of meso- and macrozoo-
plankton by small pelagic fish is not observed.

Additional non-trophic interactions may also play important
roles in dynamics (e.g. changes in vulnerability, recruitment, phys-
iological constraints), and must be considered in future modeling
efforts. We have highlighted possibilities of these in cases where
the model fails to reproduce the historical trends. This has been
an unexpected but extremely positive outcome of the two parts
of this work, and has helped to formulate further questions and
investigation foci for the future.

Finally, future prospects for trophic modeling include the adap-
tation of longer reconstructed time-series by Pauly and Tsukayama
(1987b), Pauly et al. (1989) and Guenette et al. (this issue) to the
model in order to explore dynamics since the development of the
industrial fishery around the 1950s. This would create a more ro-
bust analysis by which to further tune the internal forcing controls
of the model, including the larger-scale dynamics of a regime shift.
Ultimately, this will allow for further exploration of fishing scenar-
ios for improved management of the ecosystem.
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Peruvian anchovy (Engraulis ringens) stock abundance is tightly driven by the high and unpredictable var-
iability of the Humboldt Current Ecosystem. Management of the fishery therefore cannot rely on mid- or
long-term management policy alone but needs to be adaptive at relatively short time scales. Regular
acoustic surveys are performed on the stock at intervals of 2 to 4 times a year, but there is a need for more
time continuous monitoring indicators to ensure that management can respond at suitable time scales.
Existing literature suggests that spatially explicit data on the location of fishing activities could be used
as a proxy for target stock distribution. Spatially explicit commercial fishing data could therefore guide
adaptive management decisions at shorter time scales than is possible through scientific stock surveys.
In this study we therefore aim to (1) estimate the position of fishing operations for the entire fleet of
Peruvian anchovy purse–seiners using the Peruvian satellite vessel monitoring system (VMS), and (2)
quantify the extent to which the distribution of purse–seine sets describes anchovy distribution. To esti-
mate fishing set positions from vessel tracks derived from VMS data we developed a methodology based
on artificial neural networks (ANN) trained on a sample of fishing trips with known fishing set positions
(exact fishing positions are known for approximately 1.5% of the fleet from an at-sea observer program).
The ANN correctly identified 83% of the real fishing sets and largely outperformed comparative linear
models. This network is then used to forecast fishing operations for those trips where no observers were
onboard. To quantify the extent to which fishing set distribution was correlated to stock distribution we
compared three metrics describing features of the distributions (the mean distance to the coast, the total
area of distribution, and a clustering index) for concomitant acoustic survey observations and fishing set
positions identified from VMS. For two of these metrics (mean distance to the coast and clustering index),
fishing and survey data were significantly correlated. We conclude that the location of purse–seine fish-
ing sets yields significant and valuable information on the distribution of the Peruvian anchovy stock and
ultimately on its vulnerability to the fishery. For example, a high concentration of sets in the near coastal
zone could potentially be used as a warning signal of high levels of stock vulnerability and trigger appro-
priate management measures aimed at reducing fishing effort.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Peruvian pelagic ecosystem is highly dominated by ancho-
vy (Engraulis ringens). This species sustains the world’s largest sin-
gle species fishery with 6.5 millions tons landed per year on
average over the last decade. Management of the fishery presents
a unique challenge as anchovy stock dynamics are tightly driven
by the high and unpredictable variability of the Humboldt Current
Ecosystem (Alheit and Niquen, 2004). Successful management can-
ll rights reserved.

, Miraflores, Casilla 18-1209,

).
not rely on mid- or long-term policies but needs to be adaptive on
weekly or monthly time scales. Decisions on catch and effort lim-
itations within this adaptive management framework need to be
based on almost continuous, near real-time estimates of the fish
stock condition (available biomass and vulnerability to the fleet),
which depend largely on how the fish population is distributed
in space (Csirke, 1989; Arreguín-Sánchez, 1996; Harley et al.,
2001). Regular scientific acoustic surveys of Peruvian anchovy are
performed 2 to 4 times a year by the Instituto del MAR del PEru
(IMARPE). To obtain estimates of the condition of the stock at the
shorter time steps needed to implement an adaptive management
framework, complementary monitoring indicators based on prox-
ies are required.
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Existing literature suggests that the spatial distribution of fish-
ing operations should reflect to some extent patterns of fish distri-
bution. Fishers constitute, with marine birds and sea lions (Muck
and Pauly, 1987; Muck and Fuentes, 1987), the main predators of
the Peruvian anchovy population. Although predator–prey spatial
relationships may be complex (Fauchald et al., 2000; Davoren
et al., 2002), fishers have to search for and find their prey, and their
spatial behaviour track the dynamics of prey distribution in a sim-
ilar way to animal predators (Frontier, 1987; Russel et al., 1992;
Bertrand et al., 2005, 2007). Peruvian anchovy are targeted primar-
ily by purse–seiners. Fishing set locations are currently known for a
small fraction of the fleet (about 1.5% of the vessels) from an at-sea
observer program run by IMARPE. Continuous monitoring of vessel
location is obtained via a satellite vessel monitoring system (VMS)
called SISESAT (SIstema de SEguimiento SATelital). Implemented in
1999, SISESAT covers the movements of the entire industrial an-
chovy fishery (approximately 1350 fishing vessels), providing high
resolution, real-time, and low cost information on fleet behaviour
and spatial dynamics. In this study our aim is to estimate fishing
set locations from the one-dimensional geometry of the vessel path
provided by the raw VMS data, and to assess the extent to which
these estimates are representative of the distribution of anchovy
along the Peruvian coast.

A growing number of studies have made use of satellite VMS
data to better understand fishery dynamics and behaviour
(Bertrand et al., 2005; Bertrand et al., 2007; Deng et al., 2005;
Dinmore et al., 2003; Mills et al., 2007; Murawski et al., 2005). In
the Peruvian anchovy fishery, purse–seiners fitted with VMS auto-
matically report their position once an hour or less on average.
VMS data do not explicitly report whether a vessel is fishing. Each
fishing trip lasts from a few hours to 2 days, and one fishing oper-
ation (set) lasts on average 2 h. In the course of a fishing trip, be-
tween one and five fishing operations may occur on average.
Because the time taken for a fishing set is only twice that of the
VMS sampling period, identifying fishing set locations from VMS
is possible but not trivial. Speed-related criteria have been trialled
Table 1
Summary of the study periods, the corresponding number of fishing sets and elementary s
and fishing sets distributions: mean distance to the coast (MDC), total area of the convex

Month fishing
operations

Num fishing
sets

MDC
(km)

TA
(km2)

Clust.(km2) Acoustic survey
reference

March 2000 2376 49.5 39,115 63,323 Sv 2000 01–02
April 2000 997 61.4 40,332 54,343 –
May 2000 1648 52.4 31,023 55,633 –
June 2000 1592 55.6 53,898 73,026 –
July 2000 2801 80.1 56,713 153,481 Sv 2000 06–07
October 2000 1058 18.9 25,055 279,410 Sv 2000 08–09
November 2000 1902 23.9 39,235 79,306 Sv 2000 10–11
December 2000 1703 79.7 37,190 102,379 –
April 2001 1590 55.4 32,131 61,265 Sv 2001 02–04
June 2001 3455 41.0 45,299 26,836 –
July 2001 172 32.8 40,696 77,077 Sv 2001 07–08
October 2001 760 19.1 7 738 64,026 Sv 2001 08–09
November 2001 208 18.0 5 632 191,618 Sv 2001 10–11*

December 2001 129 18.7 10,691 34,618 –
March 2002 1287 31.5 7 851 123,525 –
April 2002 2512 48.2 29,850 39,015 Sv 2002 02–03
May 2002 2880 48.2 33,771 82,736 –
June 2002 1635 77.6 40,487 57,118 –
July 2002 1662 88.4 43,769 170,898 Sv 2002 08
October 2002 407 77.0 28,797 73,383 –
November 2002 3512 58.1 31,439 165,164 Sv 2002 10–11
December 2002 4088 20.5 14,711 155,632 –

* One survey performed during 10-11 2001 was discarded because an important bias b
period.
(speed usually ranges between 0.2 and 1.6 knots, i.e. 0.4–
2.9 km h�1, during a fishing set) but tend to over-estimate the
number of fishing sets (+182%) due to similarities in vessel speeds
when fishing, drifting, and searching.

To improve identification performance, we implement an iden-
tification methodology based on artificial neural networks (ANN,
Bishop, 1995; Ripley, 1996; Fine, 1999) which have recently be-
come popular tools for non-parametric classification and predic-
tion in many fields of science and engineering. ANNs have
proven to be successful at modelling a number of fishery-related
variables and to outperform comparable linear models for Pacific
herring (Clupea pallasi) recruitment (Chen and Ware, 1999), for
modelling of virtual fishermen searching behaviour (Dreyfus-
León, 1999), and for predicting the relative abundance of bigeye
tuna (Thunus obesus) from catch and effort data (Maunder and
Hinton, 2006) for instance. In this study, we developed an ANN
fed with raw VMS data and trained on a sample of fishing trips
with known fishing set positions (provided by at-sea observers)
to predict a binary response (fishing set/no fishing set). Fishing
set positions estimated by the ANN were then compared with
acoustic data estimating anchovy biomass to determine the extent
to which the spatial distribution of the fleet fishing operations cor-
relates with the patterns displayed by the anchovy stock.

2. Material and methods

2.1. Data

VMS data used to identify fishing set locations were extracted
from the SISESAT database, which contains vessel movements for
the entire industrial anchovy fleet (about 1350 vessels) since
1999. Each vessel is equipped with an Argos satellite transmitter
and global positioning system (GPS) receiver. The transmitter
sends a time-referenced position with an accuracy of 100 m on
an hourly basis. VMS data extracted from the database covered
all of the fishing seasons between 2000 and 2002 (22 months,
ampling distance units (ESDU), and the different indexes computed for describing fish
polygon enclosing the distribution (TA) and clustering index (Clust).

Date of the survey in the
study zone

Number of
ESDU

MDC
(km)

TA
(km2)

Clust.
(km2)

sA

> 0
sA

> 500

09/02–20/02 1451 765 89.3 73,589 32,985
– – – – – –
– – – – – –
– – – – – –
10/06–22/06 741 131 91.9 82,664 175,378
30/08–12/09 551 113 23.7 66,022 132,648
16/10–24/10 646 81 28.7 60,864 113,667
– – – – – –
09/03–18/03 961 514 60.2 50,317 37,050
– – – – –
11/07–20/07 824 116 70.9 52,899 64,472
30/08–14/09 622 133 18.9 49,442 122,406
– – – – – –
– – – – – –
– – – – – –
01/03–10/03 619 337 40.4 37,105 36,858
– – – – – –
– – – – – –
17/08–27/08 679 110 82.8 64,523 135,481
– – – – – –
25/10–09/11 631 99 41.1 53,925 72,227
– – – – – –

etween sampling by acoustic and by the fishery was evidenced by IMARPE at this
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see Table 1 for details) and Peruvian coastal waters from 7�S to
10�S (Fig. 1). SISESAT does not make the distinction between posi-
tions at sea or in port. To identify the positions corresponding to
fishing trips, and to resample the trajectories into elementary
straight moves (Turchin, 1998), we used the set of 3 pre-processing
algorithms described in Bertrand et al. (2005, 2007). From the raw
positions, we identified 15,975 fishing trips operated by 563 ves-
sels. VMS data held in the database comprises of vessel ID, date,
hour, longitude and latitude. From these raw data we derived high-
er order variables for each elementary straight move: speed (ratio
of move length to move duration), speed variation (difference be-
tween the speeds of two consecutive moves), and change of direc-
tion (absolute angle between the headings of two consecutive
moves). Of the raw and derived variables, five were selected as
important from the viewpoint of the fishing operation: speed, hour,
absolute change of direction, and two calculations of speed
variation (current and next position, and current and previous po-
sition). All the other available variables that could be deduced from
raw latitude–longitude data (distance, heading, etc.) were not in-
cluded in the set of characterizing variables as they were not found
to improve model performance. After pre-processing these
variables (standardizing and linearization of the circular variables),
they served as inputs to a neural network model.

In order to train the neural network, we needed a reference
sample of fishing trips for which we knew where the fishing oper-
ations truly occurred. We used information collected by the at-sea
observer program run by IMARPE since 1996 and which has sam-
pled an average of 25 vessels almost continuously since that time.
The observers collect among other information the exact position
of the fishing operations and the corresponding catches. We se-
lected from this data the fishing trips corresponding to the period
and area of interest (142 fishing trips, 494 fishing operations). We
then extracted the corresponding fishing trips from the VMS data-
base. To build a training dataset, each vessel elementary move gen-
erated from the VMS data was assigned the five selected input
Fig. 1. Map highlighting the region
variables (speed, hour, absolute change of direction, and speed var-
iation � 2) and a Boolean variable where 1 identified a fishing
operation and 0 was assigned to all remaining elementary moves.
The remaining VMS elementary moves (the forecast dataset) corre-
sponded to fishing trips where there were no corresponding at-sea
observer records.

2.2. Design of the neural network

Neural networks have become a popular tool for classification.
The type of neural network used in this study is a multilayer per-
ceptron (MLP), which is probably the most widely used architec-
ture for practical applications. They are supervised networks, so
they require a desired output to be trained. They learn how to
transform input data into a desired output response, so they are
widely used for pattern classification. MLPs have been shown to
be able to approximate any continuous function when a sufficient
number of hidden nodes are used (Cybenko, 1989; Funahashi,
1989; Hornik et al., 1989). These properties make neural networks
good tools for non-parametric classification as they do not assume
any parametric form for distinguishing between categories. The
MLP used in this study is made up of three neural layers: the input
layer, the output layer, and a middle ‘hidden’ layer. The input layer
consisted of the five input neurons, i.e. the speed and hour of the
move, the absolute change of heading between the current and
the previous move (|Dh|), the speed variation between the current
and the previous move (Dv�1) and the speed variation between the
current and the next move (Dv+1). The output layer (neuron) con-
sisted of a simple two-class classifier: fishing set or no fishing set.

Fig. 2 displays the topology of a 5-3-1 MLP. In this network
typology, the input layer is determined by the input signals. This
upper layer sends these signals to neurons in the hidden layer.
Each hidden neuron computes the weighted sum of the inputs,
i.e. the inner product between its inputs and corresponding
weights plus a ‘bias’ term. This quantity is then transformed using
of interest (7�–10� S off Peru).



Fig. 2. Topology (5-3-1) of the multilayer perceptron (MLP), a kind of supervised
artificial neural network, used to identify fishing sets from VMS data.
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an activation function. The output layer processes its signal in the
same manner. Therefore, the neural network has multiple inputs
(xi, i = 1, . . ., l) which are non-linearly mapped to m intermediate
variables called hidden neurons (hj, j = 1, . . ., m), and which are
then mapped to an output variable y. Mathematically, the relation-
ship linking input to output can be described as follows:

hj ¼ /1

Xl

i¼1

wijxi þ bj

 !
; j ¼ 1; . . . ; m ð1Þ

y ¼ /2

X
j¼1

m w
�

j
hj þ b

�
 !

ð2Þ

The characteristics of this empirical model are determined by
m*(l + 1) weight parameters (wij and wj) and (m + 1) bias parameter
(bj and b). For a two-classes classifier, one output neuron is suffi-
cient. /1 and /2 are activation functions for the hidden and output
layer. They can be any monotonic smooth function. A multiple lin-
ear regression is therefore a special type of neural network with no
hidden layer and where /i are linear functions. By allowing /i to be
monotonic non-linear functions the neural network can model the
non-linear relationship that might exist between the input and
output signals. In a neural network model, the weights between
neurons are the connections between the problem and its solution.
The weights and biases contain all the information about the net-
work. Therefore, the objective is to train the network to obtain a
combination of weights and biases that minimizes the error be-
tween the neural network output signal and the observed output.
The most commonly used criterion is to minimize the least mean
squares error function (MSE) between the simulated output (y)
and the observed output.

To train the network, we used a back-propagation procedure
(Reed et al., 1999). This procedure aims at adjusting the weights
and biases of the network to minimize the error function. Back-
propagation adjusts the weights in the steepest descent direction
in which the performance function is decreasing most rapidly.
We used the Levenberg–Marquardt algorithm that has the major
advantage of speed.

One of the problems that occur during neural network training
is called overfitting. The error on the training set is driven to a very
small value, but when new data is presented to the network the er-
ror is large. The network has memorized the training examples, but
not learned to generalize to new situations. We use an efficient
technique for improving the generalization performance of the
MLP, called early stopping. In this technique the data is divided
into three subsets. The first subset is the training set which is used
to compute the gradient and update the weights and biases of the
network. The second subset, the validation set, is used to stop the
training when the error on the validation set begins to rise (i.e. the
network begins to over-fit the training data) and the weights and
biases at the minimum of the validation error are returned. The
test set error is not used during the training, but it is used to com-
pare different models. Another method for improving generaliza-
tion, called Bayesian regulation (MacKay, 1992) has also been
tested but did not give better results than early stopping.

For achieving the balance between data-fitting and model com-
plexity from the proposed performance function, we also aimed to
find the best number of hidden nodes. Several statistical criteria
were analyzed in order to find the best MLP architecture and gen-
eralization performance: (i) mean squared error (MSE), (ii) correla-
tion coefficient (r) and (iii) the correct and incorrect predicted
classification rate of fishing operations with respect to the ob-
served fishing operations. The output of the MLP is a real number
with range in [0, 1]. We therefore needed to select a threshold
on the output to provide the percentage of detections correctly
and incorrectly classified. This threshold was chosen so that the to-
tal number of identified fishing sets was about the same as the
number of observed fishing sets. Its value was set at 0.5.

For each model architecture tested, sensitivity analyses were
performed by way of multiple test runs starting from random ini-
tial weights to decrease the chance of getting trapped in a local
minimum and to find stable results. To compare the results ob-
tained with the MLP, we also used a generalized linear regression
model directly adapted using the MLP topology. We used a MLP
with one input layer, one output logistic layer and no hidden layer,
which is equivalent to a generalized linear regression model with
logistic function. The same threshold (0.5) was used to compute
the classification.

2.3. Training of the neural network

We trained the MLP described in the previous section with dif-
ferent number of neurons in the hidden layer to find the best archi-
tecture to predict fishing operations. The MLP with one hidden
layer was tested using hyperbolic tangent sigmoid and logistic sig-
moid activation functions for hidden (/1) and output layers (/2),
respectively. Other activation functions were also used but did
not perform as well. The MLP with two hidden layers was also
tested but no significant improvement was observed. Training
was confined to 2000 iterations, but in most cases there were no
significant improvement in the MSE after 300 iterations. The MLP
was tested with the number of hidden nodes ranging from 1 to
10, while the training set size was set up randomly as 75% of the
sample set. The validation and testing sets each took half of the
rest. For reliable results and to better approximate the generaliza-
tion performance for prediction, each experiment was repeated 50
times with different initial weights, training, validation and testing
sets. The reported values were averaged over the 50 independent
runs.

2.4. Comparing fish stock and fishing operations distributions

We tested the hypothesis that the distribution of fishing opera-
tions was correlated to the distribution of the anchovy stock using
two approaches. The first relied on a visual comparison of monthly
maps of spatial distribution of fishing sets identified by the neural
network with the concomitant spatial distribution of acoustic bio-
mass as observed by 10 IMARPE acoustic surveys (exact dates of
these surveys are given in Table 1). The second test was based on
a comparison of three spatial indices describing general features
of the concomitant distributions of fishing sets and anchovy stock.
Acoustic data were collected with a scientific echosounder system
(38 and 120 kHz split-beam SIMRAD EK500, Kongsberg SIMRAD
AS, Norway), calibrated using standard procedures (Foote et al.,
1987). The water column was sampled to depths of 250 and
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500 m, for 120 and 38 kHz, respectively. The survey design con-
sisted of parallel transects running from 3.7 km from the coast to
approximately 185 km offshore, with inter-transect distances
varying between 26 and 30 km. Acoustic backscattered energy by
surface unit (sA) was recorded in each elementary sampling dis-
tance unit (ESDU) of 1852 m (1 nautical mile). Species composition
was determined from the combination of information from trawl-
ing, echo-trace characteristics, and abiotic conditions. Data corre-
sponding to anchovy for the study area were selected, with sA

used as an index of anchovy abundance.
For the comparison of spatial distributions of fishing sets and an-

chovy abundance (given by non-zero sA ESDU) we first computed an
index of the longitudinal extent covered by each dataset, using
mean distance to the coast as a proxy for longitudinal extent. For
Peruvian anchovy, longitudinal extent can be used as an indicator
of adverse warm conditions (i.e., anchovy highly vulnerable to the
fleet) or cold favourable conditions (Mathisen, 1989). A classical
illustration for anchovy population relies on the effect of El Niño
events on its spatial patterns. Typically, the stock distribution fol-
lows the inshore contraction of cold coastal waters (Valdivia
1978; Bertrand et al., 2004), which increases its availability to fish-
ermen, resulting in magnification of catchability when the stock is,
at the same time, particularly vulnerable to unfavourable environ-
mental conditions. For fishing sets, the average distance to the coast
was estimated with an accuracy of 10 nm (18.5 km) (isoparalitoral
areas, IMARPE unpublished data) and then averaged by month. The
mean distance to the coast (MDC) for anchovy distribution was esti-
mated as the average distance to the coast of the ESDU associated
with anchovy presence. Because fish acoustic data usually include
a high proportion of ESDU values with a very low sA, we weighted
the distance estimates by the corresponding ESDU sA value.

For the second index we estimated the area covered for each
distribution (fishing sets and fish abundance). We first determined
the minimum convex polygon encompassing all points of the dis-
tribution (for an example see Fig. 7), and then estimated the area
of these polygons using an algorithm based on a partition of the
polygon into a series of elementary triangles.

The third index characterized the patchiness or clustering of the
spatial distributions using Ripley’s K function (Ripley, 1976). De-
signed for analysing spatial point processes, the K function is based
on the estimation of the average number of events occurring in a
disc of radius t
Fig. 3. Performance of the MLP according to the number of neurons in the hidden
layer: (a) mean square error (MSE) and (b) correlation coefficient (CC) between
observed and predicted fishing sets for the training (solid line), validation (dashed
line) and test (dashed-dotted line) dataset. MSE and CC were estimated as an
average of 50 independents runs. From this figure, the best MLP used for prediction
is chosen to be the one with 3 neurons in the hidden layer.
K̂ðtÞ ¼ A
n2

X
i

X
j–i

Iðdij � tÞ ð3Þ

where I = 1 for each point within t distance otherwise I = 0, A is an
estimate of the area covered by the process, dij the distance between
the ith and the jth point, and n the total number of points of the pro-
cess. This estimator is biased for large values of t as edge effects may
lead to an underestimation of the number of neighbours for the
points located at the edges of the process. Several correction factors
may be applied (e.g. Dixon, 2002), but one empirical way to limit
the impact of these edge effect is to consider only t values smaller
than half of the main dimension of the domain. Here we used
t < 18.5 km as this represented the smallest mean distance to the
coast for both anchovy and fishing set distributions. To quantify
the degree of clustering of the observed distributions, we calculated
the area comprised (the sum of the differences) between the K func-
tion estimated from observed data with a random reference K func-
tion. The observed distribution of fishing sets is a point process
which can be directly compared to a theoretical complete random
distribution (homogeneous Poisson process), for which we have

KðtÞ ¼ p t2 ð4Þ
For anchovy distribution, we had to adapt this approach in two
ways. First, anchovy distribution is essentially a 2D field distribu-
tion sampled by a 1D continuous transect. From this data, we de-
fined as a point process the occurrence of ESDU presenting sA

values above 500 m2 nm�2. This threshold was numerically defined
as the median value for the mean non-zero sA by survey. Empiri-
cally, this threshold can be considered to represent fish densities
of primary interest to the commercial fleet. Second, because the
survey is systematic, the locations where the process may occur
are fixed. The random hypothesis as defined here is therefore not
a true random spatial process but a random distribution of the se-
lected ESDUs (sA above 500 m2 nm�2) among all the existing ESDU
locations. For each survey, we generated 100 replicate random dis-
tributions of high density ESDUs among transects of the same sur-
vey. We defined the clustering index as the area comprised (the
sum of the differences) between the experimental K function and
the higher K function from the random replicates. Values of K are
expressed in nm2. The clustering index, defined as a difference be-
tween two K functions, was therefore also expressed in nm2.

To explore the potential relationships between fish and fishing
sets distributions, we estimated the correlation for these indexes
between each survey period and the closest month of fishing activ-
ity (see Table 1 for time references). For the tests we calculated
Pearson’s correlation statistic for normally distributed variables
(total area of distribution) and Spearman’s non-parametric rank
correlation for non-normally distributed variables (mean distance
to the coast and the clustering index).

3. Results

3.1. Identification of fishing operations

The performance of a neural network depends on the number of
neurons in the hidden layer. Generally speaking, the more neurons
there are in the hidden layer, the better the network performs dur-



Fig. 4. Correct and incorrect classification rates averaged over 50 independent runs,
given different numbers of hidden nodes. The percentage shown represents the
number of correctly and incorrectly identified fishing operations divided by the
number of real fishing operations. The results were consistent with Fig. 3. MLP with
three neurons gave about 83% of correct classification (solid line) and 17% incorrect
ones (dashed line) which is a good generalization performance for predicting
fishing operations.
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ing training. However, the more neurons there are, the higher is the
risk of over-fitting, which leads to poorer predictions. This is illus-
trated by Fig. 3 which gives the average of the MSE (Fig. 3a) and
correlation coefficient (Fig. 3b) of 50 runs, given different numbers
of hidden neurons for the training, the validation and the test
dataset.

While the correlation coefficient monotonically increases with
the number of neurons for the training set, it reaches a maximum
for both the validation and test set at about three neurons. With
more neurons in the hidden layer, this value decreases signifi-
cantly, indicating that there is over-fitting with more than three
neurons. Similar results are obtained with the MSE, with the small-
est MSE for the testing set obtained with three neurons. The best
MLP network from structural learning is therefore chosen to be
three nodes in the hidden layer. Fig. 4 gives the average of the cor-
rect and incorrect classification rates of 50 runs, given different
numbers of hidden nodes. The results were consistent with
Fig. 5. Tracks of three fishing trips (horizontal succession of pictures) showing the total e
registered by observers on board (Fig. 5d–f), the number (n) and position of the sets estim
estimated by the MLP (Fig. 5j–l). Note that in the first trip the MLP optimized the iden
overestimated by one the number of real sets and during the third one the MLP undere
classification, MLP is statistically significantly more powerful than other methods tested
Fig. 3. MLP with three neurons gave about 83% of correct classifica-
tion and 17% incorrect ones which is a good performance for pre-
dicting fishing operations. Regardless of the number of neurons
considered in the hidden layer, the performance of the MLP ex-
ceeded that of the generalized linear regression model (65% correct
classification, 16% incorrect classification). Similarly, the speed
threshold (Fig. 5) overestimated by 182% the number of observed
fishing sets, justifying the use of a more complex tool. The neural
network was therefore used to forecast fishing operations for those
trips where no observers were onboard. The neural network iden-
tified between 129 and 4088 fishing set positions (mean 1744) for
the 22 study months and 3 degrees latitude study area (Table 1).
Variability in the number of sets per month is largely caused by
the imposition of short term access restrictions.

3.2. Spatial distribution of fishing sets and comparison with acoustic
biomass

Fig. 6 graphically compares the spatial distribution of fishing
sets with concomitant acoustic biomass. In general the patterns
are broadly similar. Fishing sets were located near to the shore
when high acoustic densities were concentrated along the coast
(e.g. October 2000, November 2000 and October 2001), and con-
versely during times when higher levels of anchovy abundance
were recorded offshore (e.g. July 2000). Large clusters of high den-
sity fish aggregations are highly coincident with the distribution of
fishing sets (e.g. March 2000, April 2001). The degree of spatial
coincidence is less apparent as the patch size of fish abundance de-
creases. At times catches are not seen to occur in areas where an-
chovy densities appear to be very high (see the small offshore
patch of fishing sets in November 2000); conversely some high
density but small anchovy patches are not tracked by fishing set
distribution (see the offshore anchovy patch in October 2001).

For the distribution of fishing sets, mean distance to the coast
varied between 18.5 km (November 2001) and 90.9 km (July
2002). The total area covered by these fishing sets (See Fig. 7a
and b for an example of convex polygon used) ranged between
missions during the trip (Fig. 5a–c), the number (n) and position of real fishing sets
ated only by speed threshold (Fig. 5g–i) and the number (n) and position of the sets
tification process by successfully finding the real sets, in the second trip the MLP
stimated by one the real sets. Although the last two cases show examples of mis-
for identifying fishing set locations.
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5631 km2 (November 2001) and 56,714 km2 (July 2000). The
clustering index (see Fig. 7c and d for an example of estimated
Ripley K function) varied between 26,836 km2 (June 2001) and
279,410 km2 (October 2000).

There was sufficient data from the acoustic survey to allow a
comparison of the indices computed for anchovy distribution for
10 corresponding months (Table 1). The number of ESDU
Fig. 6. Monthly maps of spatial distribution of fishing sets identified by the MLP and th
scientific survey performed during the periods of interest (exact dates of these surveys
(1.852 km long) with presence of anchovy (sA > 0) varied be-
tween 551 and 1451. The corresponding mean distance to the
coast varied between 18.9 km (October 2001) and 91.9 km (July
2000). The total area of the polygon enclosing ESDU having an-
chovy presence varied between 37,105 km2 (April 2002) and
82,664 km2 (July 2000). Finally the clustering index was maxi-
mum in July 2000 (175,378 km2) and minimum in April 2002
e corresponding spatial distribution of acoustic biomass as observed by 10 IMARPE
are given in Table 1).



Fig. 6 (continued)
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(36,858 km2). Correlations between corresponding indices from
anchovy and fishing set distributions were significant (p < 0.05)
for the mean distance to the coast and for the clustering index
(Table 2). The correlation between the area of the polygons
enclosing fish and fishing set distributions was not found to be
significant.
4. Discussion

4.1. On the neural network

In this study we showed the effectiveness of neural networks
for identifying the location of fishing operations. The use of a mul-



Fig. 7. Example of the minimum convex polygon used to determine the area encompassed by (a) the anchovy distribution and (b) the fishing sets distribution for the month
April 2001. Below are represented the corresponding K function estimations for fish (c) and for fishing sets (d). In (c), dots represent the empirical K function; below are
represented the 100 K functions corresponding to the 100 replicates of simulated random distributions. In (d), the dotted line represents the empirical K function and the
dashed line represents the K function for a theoretical complete random (Poisson) spatial distribution. The clustering index was estimated as the area comprised between the
empirical K and the simulated/theoretical random distribution K.

Table 2
Correlation results between fishing and fish indicators, n number of individual, q
Pearson or Spearman correlation coefficient, p-value probability of type I error.

Descriptor n q p value

Mean distance to the coast 10 0.78 (Spearman) 0.0200
Total area of distribution 10 0.61 (Pearson) 0.0587
Clustering index 10 0.77 (Spearman) 0.0220
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tilayer perceptron allowed us to properly identify 83% of the fish-
ing operations, significantly outperforming linear methods. The
ability of neural networks to capture non-linear patterns among
a collection of inputs allows them to be robust classifiers for com-
plex systems. The performance values verify that this particular
neural network has potential to identify fishing operations.
Improvements, however, could still be made. Other types of neural
networks, such as Kohonen Maps, as well as different classification
techniques, such as support vector machine, could be tested to see
whether identification performance can be further improved.

4.2. Fishing activity as an indicator of the fish stock condition

There was generally a high level of visual agreement between
the spatial distributions of anchovy and fishing sets. The few dis-
crepancies noted may have several explanations: (1) a slight time
lag between acoustic and fishery data (this is the case for October
2001 which was compared to acoustic data collected in Septem-
ber); (2) only few days in a month open to fishing, as in July
2001, where there are too few fishing sets to reliably track anchovy
distribution; (3) when anchovy is dramatically abundant, fishers
may tend to preferentially exploit the more coastal aggregations
(see March 2000 for instance); and (4) the port location may also
influence fishing sets distribution, with areas closer to port being
preferentially exploited. However, in the Peruvian anchovy fishery,
fishing power is so strong (in terms of fleet size: around 1700 ves-
sels for the industrial sector; in terms of number and latitudinal
extent of the landing points, spanning all the Peruvian littoral),
and anchovy distribution is so narrow in longitude (less than
200 nm), that the effects of these biases are minor and do not affect
the overall ability of fishing operations to effectively track the main
pattern of anchovy stock distribution.

The distributions of anchovy abundance and fishing sets tend to
exhibit a seasonal pattern. Highest values for the mean distance to
the coast and the total area of the polygon of presence are found
during the austral winter (July). During this time the coastal
upwelling is stronger and cold coastal upwelled waters (CCW),
the habitat for anchovy, cover a wider extent (Mathisen, 1989;
Muck et al., 1989; Bertrand et al., 2004). The reverse situation oc-
curs in austral summer. Despite the clear seasonal patterns in envi-
ronmental conditions, similar patterns are not apparent for the
clustering indexes. Spatial clustering of the anchovy stock is
thought to be more dependant on meso-scale physical features,
such as eddies (Hyrenbach et al., 2006; Bertrand et al., 2008) which
dynamic is influenced by non-periodic oceanic events, such as the
arrival of oceanic Kelvin waves in the coastal system (Lengaigne,
2004).

We found significant correlations between fish and fishing set
distributions for the mean distance to the coast and for the cluster-
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ing index. Thus despite the potential biases that may affect the
ability of fishing operations to track anchovy distribution (see
above), and some spatial discrepancies for small patches of fish
abundance, we can assert that the distribution of fishing sets do in-
deed capture the main features of anchovy stock distribution, such
as longitudinal extent and patchiness. Of the three spatial indices,
the correlation between the areas covered by anchovy and fishing
sets failed to be significant. One explanation could be that surface
estimation was more sensitive to the high number of low sA ESDUs,
abundance values that fishers do not consider to be commercially
exploitable. It will be interesting in the future to extend the time
series to examine in more detail the relationships described by
the relatively small sample size available for this study (10 periods
could be compared).

Both of the spatial dimensions, longitudinal extent and cluster-
ing, are closely related to fish catchability and vulnerability. High
clustering and low distance to the coast correspond to situations
where fish biomass is concentrated in a small area, and thus make
fish aggregations easier to detect, and to catch (e.g. Valdivia, 1978;
Csirke, 1989; Fréon and Misund, 1999). In other words, the stock is
more vulnerable to the fishing fleet in these situations. Conse-
quently, times when the fleet is found to be highly concentrated
in the coastal zone (e. g. October 2001 in Fig. 6), or highly clustered,
should be used as a warning signal of anchovy being highly vulner-
able to the fishery, and lead to management measures aimed at
reducing fishing effort.

4.3. Perspective opened by the use of spatially explicit fishing data

Because fishing activity constitutes, albeit indirectly, the main
sampling effort on exploited populations, catch per unit effort
(CPUE) has long been and is still widely used as an indicator of
stock size by fishery management authorities. The use of CPUE
may, however, be questionable with anchovy, because of the
strong variability in catchability (e.g. Csirke, 1989). A number of
studies have shown that an important part of this variability is ex-
plained by the spatial dynamics of fish populations and the fleets
that exploit them (e.g. Winters and Wheeler 1985; Csirke, 1989;
Crecco and Overholtz 1990; Rose and Leggett, 1991; Hilborn and
Walters, 1992; Swain and Sinclair 1994; Petitgas 1998; Gaertner
and Dreyfus-Leon 2004). Hilborn and Walters (1992) notes that
‘‘spatial mapping of CPUE should be done whenever possible to
determine. . .how the spatial distribution of the stock and effort
are changing”. Our study has shown that with the advent of VMS
technology we are now able to produce routine, near real-time
and comprehensive maps (whole fleet) of the distribution of fish-
ing effort. We noted above how information on the location of fish-
ing sets provides useful insights into the condition of the Peruvian
anchovy stock and its vulnerability to fishing, and in turn can be
used to inform management measures aimed at reducing fishing
pressure in an adaptive manner. An important next step will be
to combine information on fishing set locations with catch statis-
tics for each trip in order to develop a more complete understand-
ing of the spatial distribution of the catches made by the Peruvian
anchovy fishery.

The availability of spatially explicit catch statistics has consider-
able value in fisheries science, in part to address issues of catch-
ability mentioned above, but also to improve our understanding
of fishers’ behaviour and to forecast the spatial allocation of effort.
These last questions, which constitute an important field of fisher-
ies science, have been addressed mainly through limited observa-
tional studies (limited in space, in time and in number of
individuals observed) or through numerical models. Allen and
McGlade (1986), for instance, were interested in the strategies
developed by fishers in searching for fish. They established through
a simulation model the existence of two types of fishermen strat-
egies: the stochasts (or risk takers) and the Cartesian (or followers).
Millischer and Gascuel (2006) studied, through an individual based
model, the impacts of communication and cooperation between
vessels during fish searching activities. Spatially explicit catch data
will allow a return to the underlying assumptions of this kind of
models, to validate or invalidate their general results, and hope-
fully shed light on the processes contributing to fishers’ behaviour.
This will be an important step forward as strategies for fishing ef-
fort allocation directly impact the effectiveness of fishery manage-
ment measures. Management measures usually have a spatial
component, whether explicit through marine protected areas, mar-
ine reserves, or temporary zone closure, or implicit through regio-
nal quotas (Babcock et al., 2005). A number of studies have
emphasized the importance of testing the effect of different spa-
tially explicit management devices on fisher’s behaviour and to
forecast their efficiency (e.g. Walters et al., 1999; Sanchirico and
Wilen 2001; Smith and Wilen 2003; Hutton et al., 2004; Mahevas
and Pelletier, 2004). Spatially explicit fishing data should prove
particularly beneficial in this regard by ensuring that the assump-
tions of the forecasting simulation tools are more realistic and clo-
sely adapted to each fishery.

5. Conclusions

This work aimed to assess the extent to which the distribution
of fishing operations could track the distribution of the Peruvian
anchovy stock, and to assess how fisheries-dependent data could
complement acoustic estimates of fish abundance from scientific
surveys in an adaptive management process. Fishing set positions
were routinely available for only a very small fraction of the fleet
(1.5%). We therefore developed an automatic process for the iden-
tification of fishing set positions for the entire fishery from vessel
trajectories as routinely collected in real-time by VMS. A neural
network approach provided the best results, being able to identify
83% of total fishing set locations. Two of the three spatial indices
we tested (longitudinal extent and patchiness) found that the dis-
tribution of fishing sets and fish abundance were significantly cor-
related and showed that fishing activity reflects the main features
of the spatial dynamics of the stock. These patterns can subse-
quently be used to inform levels of stock vulnerability. Our results
further encourage the use of VMS data as a near real-time monitor-
ing tool for the condition of the Peruvian anchovy stock. The frame-
work is currently being integrated into daily monitoring and
management.
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In an ecosystem approach to fisheries (EAF), management must draw on information of widely different
types, and information addressing various scales. Knowledge-based systems assist in the decision-mak-
ing process by summarising this information in a logical, transparent and reproducible way. Both rule-
based Boolean and fuzzy-logic models have been used successfully as knowledge-based decision support
tools. This study compares two such systems relevant to fisheries management in an EAF developed for
the southern Benguela. The first is a rule-based system for the prediction of anchovy recruitment and the
second is a fuzzy-logic tool to monitor implementation of an EAF in the sardine fishery. We construct a
fuzzy-logic counterpart to the rule-based model, and a rule-based counterpart to the fuzzy-logic model,
compare their results, and include feedback from potential users of these two decision support tools in
our evaluation of the two approaches. With respect to the model objectives, no method clearly outper-
formed the other. The advantages of numerically processing continuous variables, and interpreting the
final output, as in fuzzy-logic models, can be weighed up against the advantages of using a few, qualita-
tive, easy-to-understand categories as in rule-based models. The natural language used in rule-based
implementations is easily understood by, and communicated among, users of these systems. Users unfa-
miliar with fuzzy-set theory must ‘‘trust” the logic of the model. Graphical visualization of intermediate
and end results is an important advantage of any system. Applying the two approaches in parallel
improved our understanding of the model as well as of the underlying problems. Even for complex prob-
lems, small knowledge-based systems such as the ones explored here are worth developing and using.
Their strengths lie in (i) synthesis of the problem in a logical and transparent framework, (ii) helping sci-
entists to deliberate how to apply their science to transdisciplinary issues that are not purely scientific,
and (iii) representing vehicles for delivering state-of-the-art science to those who need to use it. Possible
applications of this approach for ecosystems of the Humboldt Current are discussed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Management of human activities in the ocean is increasingly
based on integrated ecosystem considerations, instead of isolated
assessments of seemingly disconnected issues such as temperature
change, single-species issues in fisheries, and/or pollution. Along
with this development, scientific advice in support of ecosystem-
based management must encompass a multitude of information
ll rights reserved.

MA-RE) Institute and Zoology
X3, Rondebosch 7701, South

Oceans, Northwest Atlantic
A1C 5X1.
sources, evaluate uncertainties and risks, and combine this infor-
mation into a single, coherent framework in a logically consistent,
defendable and transparent way.

The problems of integrating disparate kinds and sources of
information are encountered in many arenas. For example, Roetter
et al. (2005) describe a system for land use planning in Asia, Pater-
son et al. (2008) developed a decision support model for wildlife
translocations into communal conservancies in Namibia, and Gui-
marães Pereira et al. (2005) show how an innovative information
tool is applied to a groundwater governance issue in France. This
last study emphasized the usefulness of knowledge tools for initi-
ating and informing debates, rather than simply for legitimising
decisions.

Knowledge-based systems (also termed ‘‘expert systems”) are a
particular class of computer-based decision support systems that
can be subdivided into four major components: (i) a structured
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knowledge base storing the underlying information, (ii) an
information system accessing and retrieving the information, (iii)
a modelling component predicting the outcome of a problem posed
(‘‘inference engine”), and (iv) a framework that facilitates commu-
nication between the user, the knowledge base and the inference
engine.

Knowledge bases that are formalised within ‘‘rule-based mod-
els” applying classical, Boolean (‘‘crisp”) logic (Starfield and Ble-
loch, 1983; Noble, 1987; Starfield et al., 1989) are well suited for
the integration and interpretation of different knowledge sources.
In the context of ecosystems, rule-based models can synthesize dif-
ferent ecosystem indicators so that, as a group, the indicators are
interpreted effectively and consistently. For marine ecosystems
in particular, Boolean, rule-based models have been constructed
to predict recruitment strength of anchovy in the southern Bengu-
ela region (e.g., Korrûbel et al., 1998; Miller and Field, 2002).

Decision support tools in general, and knowledge-based sys-
tems in particular, have evolved considerably during the past
A

B

Fig. 1. Objective hierarchy (value tree) for the evaluation of the performance of the Sout
Specific objectives for the direct impacts of the fishery on sardine. Adapted from Paters
two decades (Belton and Stewart, 2002; Guimarães Pereira
et al., 2005). In particular, fuzzy-set theory (Zadeh, 1965; ‘‘fuzzy
logic”) has been promoted to deal with uncertainties in our
understanding of aquatic systems (e.g., Mackinson, 2000; Cheung
et al., 2005) and in evaluating the performance of a pelagic fish-
ery (Paterson et al., 2007). Fuzzy logic potentially provides an ele-
gant solution in information-rich contexts such as continuously
measured variables, in circumventing possible rule proliferation
in an attempt to accurately represent the data (e.g., Miller and
Saunders, 2002).

In the context of natural resource management in general, and
fisheries management in particular, the need for communication of
advice among stakeholders is increasingly recognised as an impor-
tant component of the decision-making process (e.g., FAO, 2003;
Degnbol and Jarre, 2004). In preparation of scientific advice for
management, and in acknowledging the large uncertainties around
seemingly accurate measurements, quantitative information often
is categorized into few categories only (e.g., ICES, 2005; Caddy and
h African pelagic fishery directed at sardine in an EAF. (A) High-level objectives. (B)
on et al. (2007).
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Fig. 2. Transformation of a Boolean classification (Miller and Field, 2002; Sea surface temperature anomaly at Hondeklip Bay, South Africa) into a fuzzy variable as used by
NetWeaver. Note that temperature anomalies between �0.1 and 0.38 �C are classified as above-median recruitment (=true), but instead of sharp transitions to ‘‘below median
recruitment”, gradual transitions are modelled using the fuzzy variables.

Table 1
Definition of fuzzy membership functions of the preliminary indicators used to evaluate the impact of the South African pelagic fishery directed at sardine on its target resource
(adapted from Paterson et al., 2007).

Indicator Type ‘‘100% false” ‘‘Undecided” ‘‘100% true”

Spatial distribution fishery: difference between catches relative to biomass at west coast and of total area (%) Number 20 10 5
Fraction of large sardine west of Cape Agulhas (%) Number 0 10 20
Sardine exploitation rate (dimensionless) Number 0.55 0.4 0.2
Bycatch of juvenile sardine (%) Number 6.1 0.6 0.0
Unaccounted dumping of sardine Category 0 5 10
Lipid content in recruits (% wet body mass) Number 2.636 4.140 5.640
Lipid content in spawning females (% wet body mass) Number 2.384 3.384 4.384
Length at 50% maturity in females (cm) Number 16.0 17.5 19.0
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Agnew, 2004). This raises the question whether the straightfor-
ward – and easily communicated – approach of arranging the
available information into a small number of categories, and apply-
ing classical, Boolean logic in small knowledge-based systems
would not be sufficient?

The present study addresses this question by comparing two
existing knowledge-based systems relevant to an ecosystem ap-
proach to fisheries in the southern Benguela, with potential appli-
cation to the Humboldt Current system. The aims of the study are
to assess whether the two approaches give similar results, and
where differences occur, to evaluate the reasons for these. The
study also aims to identify advantages and disadvantages of both
systems.
2. Material and methods

We constructed a fuzzy counterpart to the Boolean knowledge-
based system for anchovy recruitment as developed by Miller and
Field (2002), and a Boolean counterpart to the prototype fuzzy
knowledge-based system evaluating the performance of the South
African pelagic fishery for sardine developed by Paterson et al.
(2007). Both Boolean approaches were implemented in WinExp�

(Quadling and Quadling, 1995), and both fuzzy-logic approaches
were implemented in NetWeaver� (Miller and Saunders, 2002).
The Boolean knowledge-based system developed in Miller and
Field (2002) predicts anchovy recruitment based on five variables,
with the first variable representing a characteristic of the female
spawning population (gonad atresia), and the other four represent-
ing the ocean environment as it relates to spawning, transport and
recruitment areas for eggs and larvae. A decision is reached pre-
dicting recruitment at four levels: above-median recruitment,
median recruitment, likely below median recruitment and very
likely below median recruitment, and an additional category,
‘‘too few data” accounts for serious gaps in the knowledge base
in a given year. Boolean thresholds for each of the predictor vari-
ables, separating ‘‘below” from ‘‘above” median recruitment, as
well as relative weights of these variables, were derived using clas-
sification trees. For each predictor variable, the knowledge-based
system requires input of ‘‘above”, ‘‘below” the corresponding
threshold, or ‘‘not known” for missing data. For inputs indicating
‘‘below median recruitment”, the model adds the corresponding
weights of the predictor variables to arrive at the predicted cate-
gory. The model is coded using the above five decisions, and with
five questions (pertaining to each of the predictor variables) with
three possible answers (‘‘below threshold”, ‘‘above” threshold, or
‘‘not known”) each. At each step in the interrogation and decision
process, the user can retrieve explanatory information on the use
of the information, or the reason for the decision reached. A possi-
ble ‘‘run” is illustrated in Box 1.
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Box 1 An illustrative run of a Boolean knowledge-based system on forecasting anchovy recruitment in the southern Benguela, implemented in WinExp (Miller and
Field 2002). Text in bold shows user action. See text for details.

Load
This is a deterministic rule-based model created with the intention of predicting years of below median anchovy recruitment (BMR). Rules are based on a decision
table created with the use of classification trees for both setting of thresholds and weighting of variables (Miller and Field, 2002).
Five variables have been used in the construction of this rule-based model:
SST AB – the extent of 16–19 �C water (suitable spawning habitat) on the entire Aghulas bank for the period September–October.
CT4 anomaly – the sea surface temperature anomaly off Cape Town for the last four weeks of December.
HB4 anomaly – the sea surface temperature anomaly off Hondeklip Bay for the first four weeks of January.
CAP anomaly – the Cape Agulhas Pressure index anomaly from September to December.
Atresia – the occurrence of alpha oocyte atresia among spawners.
Start
Q1: Does water with a SST of between 16 and 19 �C occupy less than 57% of the Aghulas Bank?
(A1: Yes; A2: No; A3: Unsure/no data available).
A1: Yes
Q2: Is the CT4 SST anomaly for the last four weeks of December low?
(A1: Yes (i.e. less than 0.6 �C); A2: No (i.e. 0.6 �C or more); A3: Unsure/no data available).
Why?
Increased southerly wind frequency (and therefore increased upwelling, decreased CT4 anomaly) is likely to result in many pre-recruits being washed offshore
from where they may not be able to return to the productive inshore waters. A positive linear relationship exists between the CT4 anomaly and log-transformed
recruitment. A low CT4 anomaly can contribute to below median recruitment.
A2: No (i.e. 0.6 �C or more)
Q3: Is the HB4 SST anomaly for the first four weeks of January extreme?
(A1: Yes (i.e. less than �0.1 or more than 0.38 �C); A2: No (i.e. between �0.1 and 0.38 �C); A3: Unsure/no data available).
Why?
Weak upwelling (high HB4 anomaly) is likely to result in poor feeding conditions on the nursery grounds while too intense upwelling (low HB4 anomaly) could
lead to offshore transport and a loss of pre-recruits.
A dome-shaped relationship with an ‘optimal environmental window’ exists between the HB4 anomaly and log-transformed recruitment. Extreme values of the
HB4 anomaly can contribute to below median recruitment.
A2: No (i.e. between �0.1 and 0.38 �C)
Q4: Is the standardised CAP anomaly for September to October low?
(A1: Yes, i.e. less than �0.9 hPa); A2: No (i.e. 0.9 or more HPa); A3: Unsure/no data available).
Why?
The CAP index correlates with the mean daily easterly wind component recorded at Cape Point and is therefore indicative of wind over the Cape Peninsula and
marine surroundings. Decreased wind velocity (low CAP index) over the transport area (Cape Point to Cape Columbine) is likely to result in less efficient transport.
Low CAP values indicate impeded transport to the nursery grounds, and can contribute to below median recruitment.
A1: Yes (i.e. �0.9 hPa or less)
Q5: Is the incidence of oocyte atresia high?
(A1:Yes (i.e. more than 10%); A2: No (i.e. 10% or less); A3: Unsure/no data available).
Why?
Anchovy showing alpha stage oocyte atresia during the spawning season will only spawn with a 50% likelihood. If a significant proportion of the spawners are
affected, reproductive success is likely to be lower due to decreased egg production (or condition). A high frequency of alpha oocyte atresia in anchovy on the
spawning grounds is likely to result in reduced spawning success. High atresia can contribute to below median recruitment.
A1: Yes (ie more than 10%)
Decision reached!
The forecast is: BELOW AVERAGE RECRUITMENT – LIKELY.
Why?
You have input that three of the five variables (SST AB, CAP and atresia), between 50% and 67% of the overall weighting, indicate below median recruitment.
The fuzzy knowledge-based system developed by Paterson et al.
(2007) evaluates the South African pelagic fishery directed at sar-
dine using the concept of an EAF as laid out in FAO (2003). Overall
performance of the fishery is evaluated relative to three overarch-
ing objectives, i.e., ecological well-being, socio-economic well-
being and institutional feasibility. Each of these objectives is
decomposed into a hierarchy of increasingly specific (‘‘opera-
tional”) objectives which in the end are linked to indicators as
illustrated in Fig. 1.

In NetWeaver, indicators can be continuous or categorical vari-
ables, and the indicator values are the model inputs. Based on an
evaluation of the logical value associated with each input relative
to its specific objective, every input is transformed into a real num-
ber between �1 (representing the ‘‘false” in classical, Boolean lo-
gic) and 1 (representing ‘‘true” in classical, Boolean logic), where
the value of 0 represents ‘‘undetermined”. The result of the trans-
formation is called a ‘‘fuzzy variable”, and examples are provided
in Figs. 2 and 5. The transformation is defined by assigning input
thresholds to these three values. For applications in NetWeaver, a
maximum of four thresholds can be used to describe the truth va-
lue associated with any input (the ‘‘corners” – points of non-differ-
entiability – of the graphs in Figs. 2 and 5), and the transitions
between the thresholds are assumed to be linear. For the purpose
of this study, we fitted the transformation lines by eye, taking the
border between ‘‘above” and ‘‘below” median recruitment as de-
fined by Miller and Field (2002) as a basis, as depicted in Fig. 2. Ide-
ally, and certainly with a larger database, a robust least-squares
method would be employed to define the transformations.

In NetWeaver, the truth values of several inputs (‘‘fuzzy vari-
ables”) are combined by fuzzy operators called ‘‘nodes”. Of the sev-
eral available options, the ‘fuzzy AND’ and ‘UNION’ nodes were of
interest for our purposes. The fuzzy AND is evaluated as com-
pletely false if one or more antecedents are fully false, and com-
pletely true if all antecedents are completely true. Intermediate
values are obtained according to

ANDfxg ¼MINfxg þ ðWeightedAvefxg �MINfxgÞ � ðMINfxg þ 1Þ=2;

ð1Þ

where {x} is the set of antecedents of the AND node, MIN is the
smallest value in that set, and WeightedAve is the weighted
arithmetic mean of that set. It is of particular interest that the last
term represents a ‘‘penalty” for uncertainty in the knowledge of
the feeding information, and (like the Boolean AND) the system will



Fig. 3. NetWeaver representation of the Boolean, rule-based model predicting
anchovy recruitment in the southern Benguela (1985–2001) developed by Miller
and Field (2002). Terms in lower half of boxes represent the condition for which the
corresponding statement is true, numbers in rounded boxes give weights in the
overall evaluation.
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tend towards a conservative evaluation of the truth value of the
antecedents. As an example, the combined evaluation of two ante-
cedents, of which one is undetermined and the other one is com-
pletely true, returns AND{0,1} = 0.25. In contrast, the UNION node
performs a weighted average of its antecedents, without inflicting
any further penalty, i.e. UNION{0,1} = 0.5 if all antecedents are
equally weighted. Missing data are transformed into ‘‘undeter-
mined”, i.e., enter the average with value zero.

All antecedents of the prototype model of Paterson et al. (2007)
are connected by AND nodes, following the hierarchy outlined in
Fig. 1. For the comparative study, we restricted our scope to the
evaluation of the ecological performance of this fishery, and
specifically the impacts of the fishery on its target species
(Fig. 1B). The specification of the fuzzy variables used for the com-
parisons is given in Table 1.

After constructing the respective fuzzy and Boolean counterpart
models, we demonstrated these models to a small set of potential
users for comments on the relative merits of the approaches. This
set comprised about 25 persons, all were computer literate and had
a higher education. The group comprised modellers and non-
modellers.

3. Results

3.1. Anchovy recruitment

As a first step, we implemented a straightforward Boolean
translation of the anchovy recruitment model in NetWeaver
(Fig. 3). Secondly, we implemented a fuzzy version of this network,
by defining the projector (‘‘fuzzy membership”) functions for the
five predictor variables and combining their weighted values using
a UNION node (Fig. 4). We noted that Miller and Field (2002) used
weights that were derived from a Boolean classification tree, an
approach that does not account for the soft transition from false
to true which is the particular feature of fuzzy logic. We therefore
had to explore different alternative sets of weights.

For comparison with the Boolean recruitment model, the results
were categorized using the following transformation: for each
fuzzy truth statement v:

�1 6 v 6 �0.5 below median recruitment very likely.
�0.5 < v 6 �0.1 below median recruitment likely.
Fig. 4. Definition of the fuzzy Netweaver model predicting anchovy recruitment in the
(2002). The terms in lower half of the four leftmost boxes represent the condition for wh
true. For the rightmost box, the terms represent completely false – completely true – co
node, and the ‘‘or” is included at the top of the network for reasons of convention.
�0.1 < v 6 0.33 median recruitment.
0.33 < v 6 1 above-median recruitment.

The results of the network runs are summarized in Table 2.

3.2. Ecological performance of the South African pelagic fishery
directed at sardine

The (continuous) variables of the fuzzy model were trans-
formed into four categories ‘‘critical”, ‘‘bad”, ‘‘medium” and ‘‘good”
using the following thresholds for each fuzzy transformed variable
x (Fig. 5):

Critical: �1 6 f(x) < �0.8.
Bad: �0.8 6 f(x) < �0.33.
Medium: �0.33 6 f(x) < 0.33.
Good: 0.33 6 f(x) 6 1.
southern Benguela 1985–2001, developed in this study based on Miller and Field
ich the corresponding statement are completely false – undetermined – completely
mpletely true – completely false, see also Fig. 2. ‘‘U” represents Netweaver’s UNION



Table 4
Truth values after fuzzy transformation (as defined in Table 1) of inputs pertaining to
three realistic examples in the evaluation of the ecological performance of the South
African pelagic fishery directed at sardine.

Operational objective Fuzzy transformation output
(truth value)

Example 1 Example 2 Example 3

Spatial distribution of catch proportional to
biomass distribution

1.00 �1.00 �1.00

Large fraction of large sardine west of
Cape Agulhas

1.00 �0.17 �0.87

Low sardine exploitation rate 1.00 1.00 �0.99
Low bycatch of juvenile sardine �0.01 0.95 0.92
No unaccounted dumping of sardine 0.80 0.40 0.00
High lipid content in recruits 0.85 0.69 �0.57
High lipid content in spawning females �0.07 0.85 0.04
High length at 50% maturity in females 1.00 0.83 �0.37

Table 2
Results of the two knowledge-based systems predicting recruitment of anchovy in the
southern Benguela. Recruitment categories from Miller and Field (2002): AM – above
median, M – median, BML – below median likely, BMVL – below median very likely.
Recruitment estimates are largely based on survey observations, and are calculated
back from the time of two dedicated surveys to the beginning of the corresponding
fishing season (see Miller and Field, 2002 for details). U denotes agreement between
data and our model outputs.

Year Recruitment
categories
(=data)

Boolean,
rule-
based

Fuzzy-logic
Weight Set
1a

Fuzzy-logic
Weight Set
2b

Fuzzy-logic
Weight Set
3c

1985 M M U M U M U M U

1986 AM M AM U M M
1987 AM AM U AM U AM U AM U

1988 AM AM U AM U AM U AM U

1989 BMVL BMVL U BMVL U BMVL U BMVL U

1990 BMVL BML BML BML BMVL U

1991 BMVL AM AM M M
1992 M BMVL M U M U M U

1993 BML BML U BMVL BML U BML U

1994 BMVL BMVL U BML BMVL U BMVL U

1995 AM AM U AM U AM U AM U

1996 BMVL BML M BML BML
1997 BML BMVL M M M
1998 M AM AM M U M U

1999 M AM AM AM AM
2000 AM AM U AM U AM U M
2001 AM M M M AM U

(M or AM) correct 9 of 10 10 of 10 10 of 10 10 of 10
(BML or BMVL) correct 6 of 7 4 of 7 5 of 7 5 of 7

AM correct 4 of 6 5 of 6 4 of 6 4 of 6
M correct 1 of 4 2 of 4 3 of 4 3 of 4
BML correct 1 of 2 0 of 2 1 of 2 1 of 2
BMVL correct 2 of 5 1 of 5 2 of 5 3 of 5

a Weight set 1: Gonad atresia 0.241, Habitat 0.241, CAP Anomaly 0.274, CT4
Anomaly 0.110, HB4 Anomaly 0.274 (Identical to Miller and Field’s (2002)).

b Weight set 2: Gonad atresia 0.12, Habitat 0.12, CAP Anomaly 0.10, CT4 Anomaly
0.33, HB4 Anomaly 0.33.

c Weight set 3: Gonad atresia 0.09, Habitat 0.09, CAP Anomaly 0.07, CT4 Anomaly
0.35, HB4 Anomaly 0.40.
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The evaluation was passed through the hierarchy (Fig. 1), apply-
ing the precautionary principle ‘‘to err on the side of caution in case
of uncertainty”, where the evaluation rules were derived by evalu-
ating the antecedents following the definition in Table 3. Three
sample runs of both models were carried out using realistic input
data. The truth values of the inputs after fuzzy transformation
are given in Table 4 and the output of the fuzzy and Boolean net-
works are compared in Table 5. The results show good agreement.
The small discrepancy in the overall evaluation of Example 1 is dis-
cussed below.

3.3. User feedback

The potential users commented on various aspects of the two
approaches related to attainability and flexibility of the software,
learning/understanding of the underlying approach, ease of com-
munication of model structure and outputs, and model testing.
Their feedback is detailed in Table 6.
Table 3
Evaluation matrix of antecedents in the Boolean version of the knowledge-based
system assessing the ecological performance of the South African pelagic fishery
directed at sardine.

Antecedent category Critical Bad Medium Good

Critical Critical Critical Critical Critical
Bad Critical Bad Bad Bad
Medium Critical Bad Medium Medium
Good Critical Bad Medium Good
4. Discussion

4.1. Performance of the fuzzy-logic vs. the Boolean implementation of
the knowledge-based systems

Forecasting of ‘‘bad” recruitment is important for the manage-
ment of the anchovy fishery in South Africa, and particular atten-
tion must therefore be paid to correct predictions by the
knowledge-based system of ‘‘bad” recruitment, defined here as
likely or very likely below median recruitment. The Boolean imple-
mentation of the anchovy recruitment knowledge-based system
(Miller and Field, 2002) performed well: on this scale, it misclassi-
fied two years out of the 17 years (1991 and 1992, where 1991 was
classified too high, and 1992 too low). Here, it is worth remember-
ing that this result exceeds the success rate of 70% postulated by
Cochrane and Starfield (1992) for better results in the fishery
resulting from improved management. On the finer scale of the
four result categories, eight years were classified correctly, four
were classified too low (i.e., the knowledge-based system’s predic-
tion was lower than the category of the calculated recruitment va-
lue) and five were classified too high (i.e., the knowledge-based
system’s prediction was higher than the category of the calculated
recruitment value).

The fuzzy-logic implementation using weight set 3 (Table 2)
performed somewhat better: eleven years were classified correctly,
two were classified too low and four years were classified too high.
On the coarse scale of ‘‘ok” vs. ‘‘bad” recruitment, both approaches
performed the same, i.e., with a success rate of 88%.

With a more detailed focus, the fuzzy models returning the best
results placed 66–75% of the weight on processes directly related
to the strength of the trade winds as drivers of the upwelling. This
stands in contrast to Miller and Field’s (2002) result which placed
only 38% of the weight on these processes. Consequently, the two
approaches suggest different relative importance of the two pro-
cesses related to anchovy spawning, transport and feeding. This
is an interesting outcome, the consequences of which we will ex-
plore in a related study. We omit that discussion here, because it
falls beyond the objective of the present study which is to compare
the relative performance of the models with respect to predicting
below median recruitment.

The rule-based knowledge-based system evaluating the ecolog-
ical effects of the South African pelagic fishery directed on sardine
on its target resource performed as well as its fuzzy-logic proto-
type original. Three points need to be considered in evaluating
the result:

1. The weights used can make a difference, as shown by the fol-
lowing example: The fuzzy AND evaluation of {1,0.29,0.24}



Table 5
Comparison of the two knowledge-based systems evaluating the ecological performance of the South African pelagic fishery directed at sardine. U denotes agreement between
the two sets of outputs.

Higher-level objective NetWeaver fuzzy-logic Boolean, rule-based

Example 1 Example 2 Example 3 Example 1 Example 2 Example 3

Appropriate spatial distribution of fishery 1.00 �1.00 �0.831 Good U Critical U Critical U

Low sardine mortality due to fishing 0.29 0.67 �0.98 Medium U Good U Critical U

High sardine production 0.24 0.77 �0.51 Medium U Good U Bad U

Maintain sustainable resource level 0.41 �1.00 �1.00 Medium Critical U Critical U

Table 6
Summary of user feedback on building knowledge-bases using a rule-based (as implemented in WinExp) or fuzzy-logic (as implemented in NetWeaver) approach.

Criterion Comments, Rule-based / WinExp Comments, Fuzzy-logic / NetWeaver Advantage

Cost WinExp is cheap. Stand-alone versions of knowledge-based
systems can be distributed free of charge.

NetWeaver is a commercial software, and is relatively
expensive for many stakeholders.

WinExp

Complexity WinExp is designed for small knowledge-bases. NetWeaver is a powerful software package that allows the
design of complex knowledge-based systems.

NetWeaver

Ease of learning A small, simple shell like WinExp is learnt very quickly (within a
few hours).

NetWeaver has its own ‘‘language” which takes a few days to
learn. It has a helpful tutorial.

WinExp

Ease of
understanding

Rule-based, Boolean reasoning is easily understood by users of the
knowledge-based system.

Fuzzy-logic is an intuitively appealing method of taking
account of uncertainty in knowledge, e.g., about processes in
ecosystems.

Preference-
dependent

Ability to
communicate
among
stakeholders

Rule-based reasoning is easily understood and communicated
among users of the knowledge-based system. Natural language is
used to design and use the system, this makes it easy for users not
familiar with quantitative modelling to run the system.

Users unfamiliar with fuzzy-set theory must ‘‘trust” the logic
of the model.

Rule-based

Visual
communication
of outputs

WinExp would improve with a graphical interface, e.g. to track
partial decisions already reached, and/or to inform the user on
progress towards the ultimate decision.

Graphical interface and output are very useful because they
summarise a large amount of information in a few images/
diagrammes. a

NetWeaver

Flexibility when
running the
system

The ‘‘trail” (log of a particular run) is helpful. Single inputs can be changed while keeping the others
constant, and the sensitivity of the result to that change in that
input can be assessed immediately both numerically and
visually. Useful for demonstrating the working of the model to
stakeholders.

NetWeaver

Ability to add
explanations

WinExp strongly encourages (nearly forces) the inclusion of
explanations both for questions and decisions. However, the
window size would benefit from more flexibility.

Explanations can be entered into NetWeaver knowledge-
bases, but the emphasis is on the definition and processing of
the truth values, i.e., the numerical information, and their
graphical representation. An analyst can omit the explanations
from the system, thus detracting from its transparency.

WinExp

Ease of building the
knowledge
based system

Can be done by an analyst in consultation with stakeholders,
Software is sufficiently easy to learn so that stakeholders could use
it themselves in a hands-on fashion, e.g. in breakaway sessions.

Typically would be done by analyst in consultation with
stakeholders. Stakeholders do not necessarily have to be
involved in the technical detail of the software, which include
intricacies of fuzzy-set theory and the NetWeaver language.

Preference-
dependent

Definition of
variables

Categorial inputs do not need to be forced onto a continuous scale,
but can be processed with rules straight away.

Converting the inputs (indicators) into fuzzy variables requires
careful attention. Numerically literate users probably feel
more comfortable than others in this process.

n.a.

Interpretation of
model output

Some users expressed their appreciation of having continuous
inputs transformed into (few, qualitative, value-interpreted)
categories which were easy to understand and work with. Once
the rules are agreed upon, the decisions leave little room for
additional interpretation (and possible disagreement) with the
system output.

Fuzzy network output is a number between -1 and 1, and as
such is essentially value-free. Stakeholders can debate (and
hopefully agree upon) interpretations of the resulting number.

Preference-
dependent

Testing model Will be guided by an analyst, but can be carried out by users in
hands-on fashion.

Will typically be carried out by an analyst. Preference-
dependent

a However, the fixed colour-coding can be misleading, e.g., the dark green for truth values of about 0.3 visually indicates a ‘‘rather true” outcome, although agreed ‘‘true”
interpretation may only start for truth values larger than 0.5. Also, the red/green colour scheme is not helpful for colour-blind users. User-defined colour scales on result bars
would circumvent both problems, and be a valuable addition to NetWeaver.
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(Table 5, Example 1) led to a less conservative result (0.41,
category ‘‘good”) than the rigorous application of the precau-
tionary principle (Table 3) used to the rule-based model
({Good,Medium,Medium} evaluated as ‘‘medium”. Different
sets of weights for the three antecedents of e.g., 0.10/0.75/
0.15, 0.125/0.625/0.25, 0.15/0.6/0.25, 0.15/0.5/0.35, all would
have resulted in the ‘‘medium” category under fuzzy evaluation
in NetWeaver. These sets of weights are not inconsistent with
current fisheries management in general, which (i) tends to
place primary emphasis on mortality, (ii) would consider the
productivity of the stock next important, and (iii) would con-
sider factors related to the spatial distribution of fishing least
important.
2. The choice of weights is tied up with the thresholds or the bor-
derlines between categories or bins. At the lower levels of the
network, the choice of weights might well reflect uncertainty
around the thresholds for fuzzy membership (Table 1) of a
given indicator.

3. If follows that both the weights and the borderlines have to be
chosen deliberately to reflect an appropriate level of risk. What
represents ‘‘good” – A truth value of 0.33? A truth value of 0.50?
A truth value of 0.67?

This leads to a number of questions and possibilities. For
example; How do we work with managers and stakeholders to
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Fig. 5. Illustration of the transformation of a fuzzy variable into categories for the Boolean model. For this example, bycatch of juvenile sardine in the sardine-directed fishery
is categorized as ‘‘low” (�good) for truth values of 0.33 and higher, corresponding to a bycatch of less than 0.4%, as ‘‘medium” for truth values between �0.33 and below
+0.33, and as ‘‘high” (�bad) for truth values of less than �0.33. The additional category ‘‘critical” corresponds to truth values of less than �0.8, i.e. bycatch of juveniles
exceeding 5% of the total catch.
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determine weights and thresholds that are ecologically sound and
reflect their value and risk systems? Would it be useful to offer two
alternative sets (more conservative and less conservative)? Would
it be useful to model the likely consequences of rigorously applying
a knowledge-based system to the South African pelagic fishery, e.g.
by building on the approach of Cochrane and Starfield (1992) in an
ecosystem context? Does the data base justify sharp borders for
Boolean categories? Would it be advantageous to define subsets
of rules to improve the decision-making process?

The flexibility of the rule-based approach readily allows the def-
inition of such subsets of rules (e.g., based on additional questions
such as ‘‘Is the value entered close to the border of the category?
How accurate is it? How precise is it?”) to circumvent the potential
problem of unduly negative evaluation. More generally, Stewart
and Joubert (2006) point out that rule-based approaches are more
flexible than any other approach in multiple criteria decision anal-
ysis. On the other hand they caution that it can take considerable
effort to identify a sufficiently rich set of rules to cater for a wide
enough range of comparisons of alternatives. Careful applications
of other methods, including fuzzy-logic models implemented in
NetWeaver, can provide a more elegant model formulation, but
the elegance must not come at the expense of extensive sensitivity
testing. As far as the two examples presented here are concerned,
applying both approaches in parallel has helped us to deepen our
understanding of the underlying problem, and to improve our
models.

4.2. User feedback and possible stakeholder participation in the
decision-making process

As a general observation, modellers and computer scientists
tended to respond more positively to the NetWeaver implementa-
tion, whereas users who struggle with numerical concepts tended
to respond more positively to the natural language implementa-
tion in WinExp.

An important difference between the approaches concerns the
possibility of stakeholders working with the knowledge tool in a
‘‘hands-on” fashion. Stakeholder participation is a paramount com-
ponent of an ecosystem approach to fisheries management (FAO,
2003; Degnbol and Jarre, 2004). In practical application, a model
developer (‘‘analyst” or ‘‘knowledge engineer”) would be responsi-
ble for creating a first prototype system in consultation with stake-
holders. The NetWeaver software is expensive and subject to
licensing. The WinExp developing software on the other hand is
very cheap, and models can be distributed to and used by stake-
holders free of charge. The software is simple and easily learnt,
making it possible for stakeholders to explore (and probably fur-
ther refine) the system in a ‘‘hands-on” fashion. Because the entire
process of designing a knowledge-based system in WinExp uses
natural language, rules are straightforward to discuss among users
inexperienced in modelling. In this way, all users/stakeholders
could participate in the design of the entire knowledge-based sys-
tem (inputs, rules, and decisions), and contribute actively to sensi-
tivity testing not only of inputs, but also of the functional form and
model structure (through the formulation of alternative sets of
rules).

The educational aspects of rule-based models have been
pointed out by Starfield (1990), and the additional communicative
aspect of a model formulated in natural language, and involving
good explanations for users, had been expressed earlier (Starfield
and Bleloch, 1983; Starfield and Louw, 1986), and confirmed by
our test-users. Rule-based models allow interfaces to be designed
that could change depending on whether a technical expert or a
general user is using the system, e.g. directly through initial ques-
tions on the perceived level of expertise, or on the answers given to
questions already asked.

The strength of the WinExp software is directly linked to that of
small knowledge-based systems. In contrast, NetWeaver is a very
powerful software package, well suited for complex knowledge-
based systems. However, because it is distributed commercially,
it has the disadvantage of possibly being beyond the economic
reach of some stakeholders. This could restrict its active use by
stakeholders in addition to the constraints imposed by having to
intellectually master the many possibilities of the software as dis-
cussed above.

NetWeaver will best be handled by the model developer (‘‘ana-
lyst” or ‘‘knowledge engineer”), but the graphic capabilities of the
software readily allow demonstration of the consequences of
changes to the model in a workshop situation, where the model
developer would capture stakeholders suggestions or preferences,
implement them in the system, and the discussion would proceed
around the system outputs in an interactive way. This implies that
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testing the sensitivity of the model, other than to initial conditions
(as recommended by Platt and Radach (1981), and see Paterson
et al. (2007) for an example), would probably be carried out by
the analyst in a consultative, but not necessarily participatory, pro-
cess. This includes testing of sensitivity to (a) parameters (e.g., rel-
ative weights of antecedents at each node), (b) functional form
(e.g., the steepness of the false–true transitions in defining the fuz-
zy variables), and (c) model structure (e.g., number of levels in the
model hierarchy, and selection of node types).

4.3. Do decisions on complex problems necessitate complex knowledge
tools?

It is often stated that ecological systems and human expertise
are complex, and the complexity of the real world needs to be re-
flected in the complexity of the models describing it. If that is true,
then designing an integrated and detailed knowledge-based sys-
tem for the evaluation of the performance of an ecosystem ap-
proach to all fisheries in a large and complex marine ecosystem
such as the southern Benguela, comprising several different and
interacting fisheries, a multitude of stakeholders and large set of
different external drivers, would necessitate a large knowledge-
based system. A powerful software tool like NetWeaver can be
advantageous in this situation, because it allows the development
of small and large knowledge-bases alike.

We argue that small knowledge-based systems are worth
developing and using. First and foremost, their strength lies in syn-
thesis (as opposed to analysis) of complex problems. As models or
tools for synthesis, small knowledge-based systems take account of
the full complexity of the problem at hand. They force participants
in that synthesis (e.g., a decision-making process) to discipline
their thoughts on distilling the essence of that complex problem,
and to apply Occam’s razor. The development of small knowl-
edge-based systems is a process of modelling, of creating a simple
model, and is no exception to the general rule that the process of
creating the model is as important as the model results (e.g., Belton
and Stewart, 2002, Chapter 3.2). Noble (1987) expresses the expec-
tation that knowledge-based systems may contribute to advance
ecological theory when the developers are forced to rethink the
nature of ecological relationships, thus creating ‘‘deep knowledge”.
The rigour of expressing complex problems in an algorithm (how-
ever that algorithm may be expressed – numerically, categorically
or in natural language) sets straight the thinking of the participants
in the modelling process, and thereby improves both process and
outcome. The recommendation to keep a model as simple as pos-
sible has repeatedly been expressed in both science (e.g., Haidvogel
and Bryan, 1992) and at the interface between science and man-
agement (e.g., Starfield, 1990, 1997; Degnbol, 2003; Cotter et al.,
2004).

Second, as synthesis tools in a management context, small
knowledge-based systems can help scientists put their results into
a multi-disciplinary perspective, and think through how to apply
their science to issues that are not purely scientific. This is partic-
ularly relevant in an ecosystem approach to fisheries management,
where results of biological oceanography, marine ecology, stock
assessment, economics and social sciences need to be considered
in a given institutional (political) setting, and under external driv-
ers such as climate change. Jarre et al. (2006: Fig. 11-3) outline how
to use a knowledge-based system that indicates the possibility of
long-term ecosystem change in a management context.

Third, our experiment of involving users in the evaluation of a
prototype system of the sardine fishery has demonstrated the
use of small, simple knowledge-based systems as vehicles for
delivering state-of-the-art science to those who need to use it. Fuz-
zy transformation can clearly be advantageous for continuous vari-
ables, particularly in situations where the database is sufficiently
strong that the shape and slope of the transformation can be de-
fined well. The knowledge underlying even small decision support
systems is complex, and requires a rigorous scientific approach to
the selection of variables (indicators), and of their categorisation
and/or continuous transformation. This underlying science will
be documented in the explanations to the questions the user will
be asked by the system, whereas stakeholder consensus will be
documented in the explanations behind the rules (or nodes,
weights) and decisions. Visual aids such as implemented in Net-
Weaver, can be a great help in this process.

Last but not least, particularly at the interface between science
and management, small knowledge-based systems provide a struc-
ture for adaptive management (Burgman, 2005, Chapter 12.7; Lin-
kov et al., 2006) and document ‘‘corporate memory”. By facilitating
agreement on the components and on the logic of processing the
information in a decision-making process, small knowledge-based
systems provide a means to think about, communicate, argue
about and document, best common practice for all involved (also
see Belton and Stewart, 2002, Chapter 1.2). In other words, they
provide a methodology for professionals to describe how they
make decisions, and hence evaluate and improve how they make
decisions. Several methods for structured multiple criteria deci-
sion-making exist, and their relative merits have been discussed
by Belton and Stewart (2002). For EAF problems in particular, the
value of the data base documenting the information, qualitative
as well as quantitative, and which forms an intricate part of a
knowledge-based system, cannot be overemphasized.

4.4. Possible applications of knowledge-based systems in an ecosystem
approach to fisheries management in the ecosystems of the Humboldt
Current

This study has introduced two knowledge-based systems
implemented for the southern Benguela and compared their re-
sults. In a generic fashion, we have highlighted the advantages
of continued design and implementation of small knowledge-
based systems as tools supporting decision-making on complex
problems. Both the Benguela and Humboldt are eastern boundary
current systems connected to developing human societies. They
show many similarities (e.g., Jarre et al., 1998; Schwartzlose
et al., 1999; Moloney et al., 2005), and modelling techniques that
are applied successfully in one of them may therefore work in the
other.

As an example, our prototype knowledge-based system for
evaluating the ecosystem performance of the South African sardine
fishery could readily be transferred to the context of pelagic fisher-
ies in the Humboldt Current. However, it is necessary to remember
that an important property of multi-criteria decision modelling is
the involvement of stakeholders in the process of defining and con-
structing the model from the very beginning. Therefore, a model
constructed in one ecosystem certainly can serve as a platform
for discussions in the other, but each knowledge-based system will
necessarily be unique. Whereas the high-level objectives may re-
main very similar, the specific objectives, and particularly the indi-
cators need to be adapted to the specific situation in order to
meaningfully represent the knowledge base of the case in focus.
Nevertheless, the structures and outputs of different knowledge-
based systems built for the same objective can be compared. The
comparison will not only enhance our understanding of similari-
ties and differences between ecosystems, it will also contribute
to the debate on the necessity for ecosystem-specific sets of
objectives and indicators for practical fisheries management, as
discussed by Degnbol and Jarre (2004).

A closely related project currently underway aims to design a
knowledge-based system for understanding and predicting
long-term ecosystem change in the Benguela (Jarre et al., 2006).
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Long-term ecosystem change can manifest itself as species domi-
nance alternations, or profound changes in the functioning of mar-
ine ecosystems, and also has been documented for the Humboldt
Current ecosystems: For the ecosystem off northern-central Peru,
long-term ecosystem changes have been observed in the early
1970s and in the mid-1980s (Jarre et al., 1991; Jarre, 1992; Alheit
and Ñiquen, 2004). For the ecosystem off central-southern Chile,
too, long-term ecosystem change is hypothesized for the mid-
1980s Neira (2008). For the southern Benguela, we have character-
ised the years acting as ‘‘turning points” for ecosystem change by
using multivariate statistical methodology developed to analyse
regime shifts in the North Pacific (Howard, 2007; Howard et al.,
2007). In the absence of long time series of primary production
for the southern Benguela, we used time series since the 1950s
pertaining to zooplankton and two principal species of small pela-
gic fish (anchovy and sardine) as indicators of ecosystem state,
long time series of environmental data (winds, sea surface temper-
atures) as indicators of environmental pressures, and time series
since the 1950s of catches of the principal commercial fish species
as indicators of anthropogenic pressures. Building on these results,
a first prototype is currently being built. It firstly questions the user
with respect to determining the actual ‘‘state” of the system, then
questions the user with respect to environmental and anthropo-
genic pressures, and finally arrives at a decision whether these
pressures, in the given state, are likely to lead to ecosystem change.

Time series of similar length are available for ecosystems of the
Humboldt Current, notably the ecosystem off northern-central
Peru, and a similar approach might be followed. In both large east-
ern boundary current systems, our understanding of the exact
mechanisms behind long-term change currently is incomplete
(Shannon et al., 2008), and comparative research will likely con-
tinue to be fruitful. As illustrated above, knowledge-based systems
are able to summarize and indeed integrate various aspects of
complex problems, and we expect that they can help us to antici-
pate ecosystem change, to improve our understanding of the
underlying mechanisms, and last but not least contribute to
improving the management of human activities in the ocean.
5. Conclusions

� Small knowledge-based systems using fuzzy logic or Boolean
logic can readily be translated into one another. The question
is not so much on the type of logic used, but on the most appro-
priate representation of the problem at hand.

� With respect to the model objectives, neither method clearly
outperformed the other.

� The advantages of numerically processing continuous variables,
and only interpreting the output, such as in the fuzzy-logic Net-
Weaver implementation, can be weighed up against the advan-
tages of using few, qualitative, easy-to-understand categories
such as in the WinExp implementations.

� For purposes of decision model development and academic
research into decision support, NetWeaver is powerful software,
not the least because of its flexibility (e.g., allowing fuzzy and
Boolean logic within the same knowledge-based system) and
very attractive user interface.

� Rule-based, Boolean reasoning is easily understood and commu-
nicated among users of the knowledge-based system. Users
unfamiliar with fuzzy-set theory must ‘‘trust” the logic of the
model.

� The strengths of Boolean implementations in a small knowl-
edge-based system shell like WinExp lie in communication of
the logical reasoning behind a decision process, and in the edu-
cational value of a hands-on-approach for stakeholders in that
decision-making process.
� Applying the two approaches in parallel improved our under-
standing of the models as well as of the underlying problems.
We advocate using a number of different approaches to tackle
a complex problem.

� Even for complex problems, small knowledge-based systems are
worth developing and using. Their strengths lie (i) in synthesis
of the problem in a logical and transparent framework, (ii) in
helping scientists to think through how to apply their science
to transdisciplinary issues that are not purely scientific, and
(iii) in representing vehicles for delivering state-of-the-art sci-
ence to those who need to use it.

� We recommend development of similar knowledge-based sys-
tems in other large marine ecosystems, including those of the
Humboldt Current, for comparison with the Benguela, in order
to support the implementation of an ecosystem approach to
fisheries management.
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a b s t r a c t

Paleontological and historical stock abundance estimates indicate that pelagic fish populations inhabiting
upwelling ecosystems undergo large interdecadal variations in abundance with amplitudes equal to, if
not larger than, the interannual variability. The interdecadal variability is characterized by periods of high
and low abundance, termed ‘‘pseudo-cycles”, because of their irregular periodicity. Fisheries targeting
small pelagic fish suffer from overall overcapitalization, like many other fisheries, but also from an addi-
tional overcapitalization problem: a phase displacement between rapid fish population decreases and a
slower disinvestment which follows. This lag produces economic hardship.

Here we document the fish:fishery relationship for the Peruvian anchoveta. Anchoveta pseudo-cycles
of 20 to >100 years are observed, with the present stock abundance most likely located near upper part
of the cycle. Fleet overcapacity expressed as the proportion of unused present capacity is estimated at
72% and processing overcapacity at 89%. A simple bio-economic model demonstrates the risks associated
with the pseudo-periodicity in fish stock abundance in conjunction with fishery investment, open access,
and overcapacity: a timing bomb for the fishing sector. The lag between disinvestment and decrease in
fish abundance is quantified. A reduction of the fishing and processing capacity and measures to decrease
the investment lag are recommended to limit the social, economical and political tensions that will result
from the expected decrease in stock abundance. Finally, some management options to reduce these risks
are discussed.

� 2008 Published by Elsevier Ltd.
1. Introduction

Despite a century of research effort, the major challenge for
fishery biologists remains to forecast the abundance of exploited
fish stocks. Recently, fisheries have been managed within an eco-
system-based framework (Garcia et al., 2003) but still face the
same challenge. Historically, the scientific focus was placed on
environmental-forcing or exploitation-forcing (review in Fréon
et al., 2005), but until recently, only the interannual scale was ta-
ken into account. Historical data on catches and conventional stock
abundance estimates show that several fish populations, and espe-
cially small pelagic fish inhabiting upwelling ecosystems, undergo
large interdecadal variations in abundance with amplitudes equal,
if not larger than, the interannual variability (e.g. Bakun, 1996;
Spencer and Collie, 1997; Schwartzlose et al., 1999). Paleontologi-
cal records of scale deposition in anaerobic sediments indicate that
this interdecadal variability existed long before fishery exploita-
tion (Baumgartner et al., 1992; Holmgren-Urba and Baumgartener,
1993). The variability alternates between periods of high and low
Elsevier Ltd.
abundance, qualified as ‘‘quasiperiodic” (Turchin and Taylor,
1992) or termed ‘‘pseudo-cycles” (Fréon et al., 2005) because of
their irregularity in periodicity (pseudo-periodic) an shape (often
pseudo-sinusoidal or pseudo-U-shaped). Such pseudo-cycles also
exist in other environments and systems (Menu et al., 2002). The
mean period of the pseudo-cycles in the marine realm varies
widely between 10 and 80 years depending on the species and re-
gion, but within a system the coefficient of variation of the period
is approximately 30% and 50% according to historical and paleonto-
logical records, respectively. Because much investment within the
fishery industry (and also in small-scale fisheries, see Fréon and
Weber, 1983) also occurs on decadal rather than annual or interan-
nual scales, analyses of decade-scale fish:fisheries relations are
appropriate.

Fisheries suffer from overcapitalization (Glantz and Tompson,
1981) resulting in the first place from the tragedy of the commons:
communal resources suffer from an inexorable process of degrada-
tion due to selfishness of ‘‘free riders” who use or destroy more
than their fair share of common property. In open access fisheries
(unlimited number of fishing license), a ‘‘race for fishing” is ob-
served where the interest of any individual fisher of fishing com-
pany is to invest as much as possible in order to catch the

mailto:pfreon@ird.fr
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
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biggest part possible of the annual quota before it is filled. Further-
more two additional factors aggravate fishing overcapacity: the po-
sitive feedback between overexploitation and overcapitalization,
and misguided subsidies including buy-back programs of old ves-
sels that end up in re-investment of less but much more powerful
modern ones (Ludwig et al., 1993; Gréboval, 1999). The fisheries
targeting small pelagic fish suffer from an additional overcapitali-
zation problem – the phase displacement between highly variable
fish abundance and investment. Investors typically do not antici-
pate changes in fish abundance, yet there is a long lag between
investment and realization of profit (decision-making, factory or
boat building delay, accumulation of benefits). Invested capital of-
ten peaks and remains committed as stocks enter the declining
phase of their interdecadal pseudo-cycle. As stocks decline, the
heavy investment has not been recovered and must be reformed,
lost, or maintained in hope of a turnaround. Disinvestment in fish-
eries is slower than investment (Ludwig et al., 1993), which in-
creases losses, i.e. rent dissipation. These powerful economic and
political interests that drive fisheries to overcapitalize and overex-
ploit despite scientific evidence that stocks are declining were
called the ‘‘Ludwig’s ratchet” by Hennessey and Healey (2000).

The Peruvian anchoveta fishery is at present the largest single-
species fishery in the world, with average landings of Engraulis rin-
gens (an anchovy species known as ‘‘anchoveta”) over 5 million
tons annually during the last decade (Ñiquen and Fréon, 2006).
The fleet of over 1200 purse-seiners operates from several fishing
harbors along the Peruvian coast and performs daily trips of about
20 h. From 1976 to 1999, sardine Sardinops sagax was a major sec-
ondary target for this fleet with a maximum landing of 3 million
tons in 1985. But since then, catches declined, and since 2000,
the fleet has been catching around 95% of anchoveta. For this rea-
son the present paper concentrates on anchoveta. More than 99%
of the landings of the fleet are processed into fish meal and fish
oil, although recently, anchoveta processing for human consump-
tion has started to take place. There was initially a single type of
fishing vessel, all with steel hull but of different sizes ranging from
30 to 900 tons of holding capacity (HC), mostly owned by large
fishing companies (the ‘industrial’ fleet). Since 1999 a semi-arti-
sanal fleet of purse-seiners developed using wooden hulls and
ranging from 30 to 110 tons HC (denominated the ‘artisanal’ fleet
here, despite the local use of ‘industrial wooden fleet’). This fleet
is more labor-intensive than the industrial fleet, both for the con-
struction of boat and capture of fish per fisher. Most of the owners
have a single boat or share it with co-owners in familial or neigh-
borhood social structures. There are at present about equal num-
bers of industrial and artisanal boats (�600 in total), but the
industrial fleet lands over 85% of the catch.

Despite some official regulation of fishing effort, from a practi-
cal point of view the fishery is free access. Anchoveta fishery man-
agement is based on seasonal fishing quotas. IMARPE
recommendations to the Peruvian Ministry of Fisheries are based
on biological years starting on the 1st of October and ending on
30th of the following September. Usually there are two fishing sea-
sons, each with its own quota: a summer season from October to
March, and a winter season from April to September. The seasonal
quotas are mainly based on acoustic and ichtyoplankton surveys
performed at the beginning of every season estimating spawning
biomass, recruitment and the age-structure of the stock. Many
additional components of the ecosystem are also assessed in an at-
tempt to apply ecosystem-based management: other pelagic spe-
cies, major predators like birds, sea lions, seals and other fishes.
Presently, the immediate goal of management is to maintain
spawning biomass above about 5 million tons at the onset of each
spawning period (August and February).

In this paper we examine the stock’s pseudo-periodicity and
relations between Peruvian anchoveta abundance and two main
components of the fishery overcapacity: fleet overcapacity and
processing overcapacity. We first document the decade-scale vari-
ability via literature review and with new data. Then we present a
simple bio-economic model demonstrating the risks associated
with the pseudo-periodicity of fish stock abundance in conjunction
with the open access, the usual patterns of investment, and overca-
pacity. Finally, management options to reduce these risks are
briefly discussed.

2. Material and methods

The study area is the Peruvian continental shelf and margin. It
spreads from Tumbes (03�240S) to (18�210S), extending offshore
up to 90 nautical miles (Fig. 1). Major emphasis is given to the
north-central area, from 04�S to 14�S because the bulk of catches
comes from the sub-stock located in this area (Pauly and Tsukama,
1987). The catch from the southern area of Peru (from 14�000S to
18�210S) are commonly taken to be from a different sub-stock
shared by Peru and Chili (Serra, 1983). The issue of stock identity
is still debated because individuals from the two sub-stocks some-
times mix (Alheit and Ñiquen, 2004).

Annual time series of catches and effort result from the compi-
lation by IMARPE1 of daily records of landing by individual purse-
seiners, and are associated with sub-sampling of the catch composi-
tion as in Bouchon et al. (1997). By combining the information on
daily individual landings with the official files on the industrial fleet
(characteristics of the vessels), IMARPE produced annual series of
holding capacity (HC) and GRT2. Because there is a linear relation-
ship between HC and GRT (Tsukayama, 1969), only the first value
is used here. The number of fishing days between 1959 and 1996
was obtained by subtracting days of official (‘‘Vedas”) and strike clo-
sure of the fishery in legal records from 365.

The general definition of overcapacity in fisheries retained here
is the ‘‘harvesting capacity in excess of the minimum amount re-
quired to harvest the desired quantity of fish at the least cost”
(OECD, 1996). A conventional expression of excess capacity is the
capacity utilisation coefficient (CU) derived from the economy of
firms. Applied to fisheries this is

CU ¼ Y=Y 0 ð1Þ

where Y is the fleet harvest desired by the resource managers (e.g.
total allowable catch or TAC), and Y0 is the potential harvest of the
fleet, given the existing stock size. Thus, in a typical situation of
overcapacity, Y0 > Y, hence, we would have CU < 1 (review in Gréb-
oval, 1999). Following Gréboval (1999), we define excess fleet
overcapacity as the proportion of the unused present capacity, that
is

Overcapacity ð%Þ ¼ 100 � ð1� CUÞ ð2Þ

Y and Y0 being strictly proportional to fishing effort in case of con-
stant catch per unit of effort, Eqs. (1) and (2) can also apply to effort
as in literature examples below. The same equation can apply to
processing overcapacity, Y0 being here the potential processing
capacity.

Stock abundance is estimated by three different methods: the
daily egg production method, hydroacoustic surveys, and virtual
population analyses (VPA). Only VPA is used here because it covers
a longer time period, but acoustic data were used to calibrate VPA
estimates. Three VPAs were applied to the north-central stock of
anchoveta: one by Pauly and Palomares (1989) for 1953–1985,



Fig. 1. Studied area. The northern-central stock of anchoveta is mainly located from 4�S to 14�S, within the 200 m isobath (grey area). The Peruvian component of the
southern stock (not shown), less abundant and less exploited, is located from 14�S to the southern border around 18�210S. Source: bathymetry: ETOPO02/coastline: GSHHS/
boundary: DCW (produced by Dominique Dagorne, IRD US191).

P. Fréon et al. / Progress in Oceanography 79 (2008) 401–412 403
one by Csirke et al. (1996) for 1960–1994 and one from Ñiquen
et al. (2000) for 1961–1999 but updated here up to 2004.

Total fish consumption in Peru from 1999 to 2005 was esti-
mated by multiplying the consumption per capita provided by
PRODUCE (2007) by an estimation of the Peruvian population dur-
ing the same period, assuming that INEI computed its value with-
out using any age threshold. The Peruvian population was
estimated by linear interpolation of the INEI census performed in
1993 and 2005.

Five theoretical bio-economic models of increasing complexity
are used. All of them are simple implementations of a classical
bio-economic model by Smith (Smith, 1968; see also Clark,
2006). In model-I, the carrying capacity of the ecosystem regarding
anchoveta (mainly dependent on environmental conditions) is
constant and investment and disinvestment patterns symmetrical.
In model-II, a time-varying carrying capacity is used to simulate
the cyclic character of pelagic stock abundance and investment
patterns remain symmetrical. In model-III, the carrying capacity
is constant as in model-I, but the investment and disinvestment
patterns are dissymmetrical, investment being faster than disin-
vestment. Model-IV combines the cyclic pattern of abundance in
model-II with the asymmetrical investment patterns of model-III
(Table 1). Model-V adds total allowable catch (TAC) to model-III.
In models-I and -III, the biological compartment is based on the
logistic equation:

X0t ¼ rXtð1� Xt=KÞ � qXtEt; ð3Þ

where X is the fish stock abundance (and X0 its variation), r the nat-
ural renewal rate of the population, K the ecosystem carrying
capacity, q the coefficient of catchability and E the fishing capacity.

In models-I and -II, we make the assumption that variations of
effective fishing capacity ðE0tÞ are strictly proportional to benefits,
such that investment or disinvestment does not lag benefits:

E0t ¼ kðpqXtEt � cEtÞ; ð4Þ

where k is the proportion of gains invested or the proportion of
losses disinvested, p is a price coefficient and c a cost coefficient.
In the second member of Eq. (4), the first part represents sales, pro-
portional to catches (qXtEt), whereas the second part represents
costs proportional to fishing capacity. One may consider ðE0tÞ and
ðX 0tÞ as annual changes of fishing capacity and fish stock abundance
respectively.

In models-II and -IV, a periodic function is associated with the
biological compartment:

X0t ¼ rXtð1� Xt=KtÞ � qXtEt ; ð5Þ



Table 1
Characteristics of the four bio-economic models.

Compartment Model-I Model-II Model-III Model-IV Model-V

Biological (variation in K) Constant (Eq. (3)) Cyclic (Eqs. (5) and
(6))

Constant (Eq. (3)) Cyclic (Eqs. (5) and
(6))

Constant, then cyclic (Eqs. (5)
and (6))

Economical (investment/disinvestment
patterns

Symmetrical (Eq.
(4))

Symmetrical (Eq.
(4))

Asymmetrical (Eq.
(7))

Asymmetrical (Eq.
(7))

Symmetrical (Eq. (9))

Catch regulation No No No No TAC (Eq. (8))
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where

Kt ¼ K0ð1þ aSin ðxtÞÞ ð6Þ

In models-III and -IV, the economic compartment is modified in
order to obtain faster investment compared to disinvestment:

E0t ¼ SðpqXtEt � cEtÞ; ð7Þ

where S is a function defined such as S(P) = aP for P < 0, and S(P) = bP
for P > 0, with a < b, expressing that investment is faster than disin-
vestment. Indeed we made the strong assumption that capacity is
changing proportionate to profits, and being slower to respond
where profits are negative. Although we could have used a less
drastic asymmetry between investment and disinvestments (S, a
nonlinear smooth curve), we have chosen Eq. (7) to keep the model
simple, avoid overparameterization, and amplify the differences be-
tween dynamics.

In model-V, the catch is regulated by a constant TAC, and the
fishing effort is free to increase until the TAC is reached (which
does not always occur because of other constraints in the model):

X0t ¼ rXtð1� Xt=KtÞ �MinðTac;qXtEtÞ ð8Þ

and

E0t ¼ kðpMinðTac;qXtEtÞ � cEtÞ ð9Þ

The bibliographical reviews on pseudo-cycle in abundance and
history of the fishery were performed using Internet and direct ac-
cess to libraries in Peru.

3. Results

Evidence of pseudo-cyclic variation in the Peruvian anchoveta
stocks can be found among VPA data (Fig. 2) and paleontological
records. VPAs of the north-central Peruvian stock suggest the exis-
tence of one full cycle followed by half a cycle since the 1950s. If
we consider this series as pseudo-sinusoidal and arbitrarily assume
that the starting point of a cycle is its lowest value, then the first
cycle was likely to begin around 1948 and to end around 1983.
The second cycle follows immediately and continues. The analysis
of anoxic sediment cores from the continental shelf off Callao
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Fig. 2. Anchoveta biomass estimates from two VPA studies. Note the presence of
nearly two pseudo-cycles. Sources: Pauly and Palomares (1989) and Ñiquen et al.
(2000).
(�000S, 72�420S, 184 m depth) and in the upper slope off Pisco
(14�070S, 76�300S, 299 m) by Gutiérrez et al. (2008) confirm the
turning point of the 1980s, but only a local minimum in the early
1940s. Earlier decadal-scale turning points are obvious in the
Gutiérrez et al. (2008) data sets of Callo and Pisco that start at
the beginning of the 14th Century. The data suggest pseudo-cycles
from 20 up to 120 years long, even though the number of turning
points could be underestimated due to the low temporal resolution
of the data.

IMARPE (1974) stressed the overcapacity of the pelagic fleet at
the beginning of the 1970s, indicating that the fleet could catch a
third of the biomass in 1 month (which exceeded by far the turn-
over rate of the population). Assuming that a commercial fishing
vessel can operate 240 days per year, Aguero (1987) estimated that
only 364 purse-seiners were necessary to catch the TAC instead of
580 in activity in 1982, resulting in a 37% fishing overcapacity
according to Eq. (2). He found a similar value for the processing
overcapacity. At that time the total abundance of pelagic stocks
was low and the computation was based on sustained catches of
3.5 million tons per year, that is half the production of the 2000–
2006 period. More recently, Hatziolos and de Haan (2006) esti-
mated that in 2005 the industrial fleet used only 31% of its fishing
capacity and the artisanal fleet 25%, i.e. 69% and 75% of overcapac-
ity respectively; they also estimated the potential catch of the new
larger vessels was 95% greater than the old ones (no methodolog-
ical details provided). A major proof of overcapacity during the fol-
lowing decades appears when comparing trends in fishing capacity
and length of fishing seasons between 1987 and 2006. During this
period, dominated by anchoveta abundance and landings (Fig. 2),
both the number of fishing boats and their mean holding capacity
increased dramatically (Fig. 3). As a result, the total fishing capacity
of the fleet doubled from about 87,000 to 210,000 tons of holding
capacity (Fig. 4). Similarly, the number of processing plants in-
creased from 87 to 140 (Fig. 3a). In the mean time, although the an-
nual quota recommended by IMARPE increased from 1.5 in 1987 to
around 6 million tons in 1994, the fishing season decreased from
336 to 49 days because every year the quota was reached earlier
due to increased capacity. As a result, the annual number of trips
per fishing vessel is now extremely low. Most vessels made less
than 50 trips per year in 2006, and a third of the fleet made fewer
than 35 trips (Fig. 5). During November 2005, the total catch of
anchoveta landings reached a record 2.6 million tons in the
north-central area due to increased effort and capacity – there
was no evidence of increased anchoveta abundance or availability
(Ñiquen and Fréon, 2006). This record demonstrates that the po-
tential catch and processing capacity amount, if the fishery was
continually open and fish available, to at least to 31 million tons
a year or, more realistically if one take into account the 4 months
of fishing closure, 20.8 million tons in 240 days. The processing
capacity itself is actually even higher, as total factory capacity is
8 976 ton h�1, which over 240 working days per year amounts to
51.7 million tons processed annually. This processing capacity is
about six times more than the average biomass of the stock during
the last 5 years.

The recent increase in the number and size of vessels (and to
their technical improvements, not discussed here), reflects the
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response of the fishery to the recovery of the anchoveta stock
from 1986 onwards, with rapid and massive investments in more
and larger boats (Figs. 3 and 6). In contrast, as shown in Fig. 6,
the disinvestment that took place after the collapse of the ancho-
veta stock in the early 1970s was lagged and less intense than
the fish population decrease, and the lag would certainly have
been longer without the nationalization of the fishery (into Pesca
Perú in 1973; Flores, 1976; Aguilar Ibarra et al., 2000). At that
time, part of the fleet was sold to Chile and other countries,
and some boats targeted the slow-growing sardine resource,
other underexploited species like mackerel and horse mackerel,
and the remains of the anchoveta stock. But many boats were
idle until the mid 1980s (IMARPE, 1974a,b; Martinez et al.,
1990). Pesca Perú was dissolved in 1978 and fishing and process-
ing privatized (Hammergren, 1981). The misbalance between
investment and fish abundance increased during the late 1990s
and 2000s as stock abundance declined while investment and
capacity increased.
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The bio-economic model shows that, after the realization of a
few pseudo-cycles and under stable biological and economical con-
ditions, a stable equilibrium state for all variables develops, which
is an attractor of the model dynamics (model-I; Fig. 7). When add-
ing a periodicity to the ecosystem carrying capacity of the previous
model (Fig. 8a), the stock, fishing capacity and yield responses are
synchronous and stable oscillations (model-II; Fig. 8b–d). When
modifying model-I by the incorporation of asymmetry in the
investment/disinvestment pattern, the bio-economic system again
develops a stable equilibrium on the long term (model-III; Fig. 9).
The more dissymmetry in the patterns the larger the oscillations
and the longer damping takes. When increasing the investment
rate and decreasing the disinvestment rate, the stock average bio-
mass decreases and its standard deviation increases (Table 2). An
instable system, with frequent economic losses and collapses, is
obtained by combining a periodic variation of ecosystem carrying
capacity and an asymmetry in the investment/disinvestment pat-
tern (model-IV; Fig. 10). Finally, adding a constant total allowable
catch to model-III results in a relatively stable system where eco-
system carrying capacity is constant (model-V; Fig. 11), but when
oscillations of the carrying capacity are added, the system quickly
becomes unstable (model-V; Fig. 12). Model-V is extremely sensi-
tive to the amplitude of variations in carrying capacity (not
shown).
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4. Discussion and conclusion

4.1. Is there a need to decrease fishing and processing capacity?

Paleontological and historical data about conventional stock
abundance estimates during the last decades indicate that popula-
tions of small pelagic fish inhabiting upwelling ecosystems under-
go large interdecadal variations in abundance equal, if not larger,
than interannual variations. The anchoveta stock of north-central
Peru illustrates such a pseudo-cyclic pattern, which for anchoveta
is associated with chronic overcapitalization of its fishery. The sit-
uation is aggravated by a phase displacement between fish abun-
dance and investment, characterized by slow disinvestment after
declines in fish stocks. It is difficult to predict the length of pseu-
do-cycles and the cycle-to-cycle variability in stock abundance be-
cause (1) few realizations of the pseudo-cycles are available, (2)
the process(es) responsible for the pattern of variability are largely
unknown, (3) the recent global warming might have an impact on
anchoveta.

The reduction in fishing days since 1987 days during a period of
relatively stable anchoveta abundance demonstrates the overca-
pacity of the fishery (Fig. 4). Based on a capture capacity of over
20.8 million ton year�1 when average annual quotas was 5.8 mil-
lion tons since 1987, fleet overcapacity is about 72% according to
Eq. (2). Processing overcapacity is even higher
(100 � ((51.7 � 5.8)/51.7) = 89%), although only 35% of this capacity
can be used to produce first quality fish meal (high protein con-
tent) from fresh fish (Hatziolos and de Haan, 2006). The fishery
overcapacity problem is not new. Gordon (1954) reported the case
of the Pacific halibut fishery and its competitive race for fish: ‘‘In
1933 the fishing season was more than 6 month-long. In 1952 it
took just 26 days to catch the legal limit in the area from Willapa
Harbor to Cape Spence, and 60 days in the Alaska region”. The con-
tinuation of this story is provided by Munro (2001). After the 1950s
the race for halibut continued until the fishing season decreased to
6 days in 1990, when individual vessel quotas were established.
Ten years later the number of active halibut boats had declined
by over 50%. As a result, the number of fishing days per annum in-
creased from 6 to 245 (Munro, 2001).

Obviously a fishing fleet must benefit from a certain level of
overcapacity to adjust to high abundance periods and/or low avail-
ability of the resource. But the present fishing capacity of the Peru-
vian pelagic fleet is at least three times higher than the average
TAC, which does not seem justified. There is now growing evidence
that the catchability of pelagic species increases while abundance
decreases (review in Fréon et al., 2005), resulting, especially if
the quota is not enforced, in a high risk of population collapse. In
agreement, Csirke (1989) found a strong negative relationship be-
tween the monthly anchoveta biomass estimated by VPA by Pauly
et al. (1987) and the coefficient of catchability q resulting from the
use of GRT trip�1 as a unit of fishing effort.

Since the end of the 1980s, anchoveta off Peru are, despite sub-
stantial fishing pressure and interannual variability due to El Niño
events, abundant. Decreased abundance must be expected during
the next decade(s), and a Peruvian crisis with high social, econom-
ical and political tensions will follow. This crisis will occur, even if
IMARPE and the Peruvian Ministry of Fishery succeed in preventing
a collapse of the resource by unpopular reduced quotas.

This kind of warning and recommendation is not new (review in
Glantz and Tompson, 1981). In 1969 a panel of scientific experts
recommended decreases to the fleet and processing facilities, 2
years before the stock started to collapse (Bermejo, 2006). At that
time the fishing sector was heavily invested and in debt (Bermejo,
2006), illustrating the difficulty of fighting ‘‘Ludwig’s ratchet” in an
open access fishery (Hennessey and Healey, 2000). Gordon (1954)
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demonstrated that the competition among fishers culminates in
the rent dissipation in an open access fishery. The equilibrium con-
dition of uncontrolled exploitation is such that total costs must
match total income; hence the net profit is zero, at least in the long
run (Scott, 1955, 1993). This was also the base of our bio-economic
models. In model-IV we added pseudo-periodicity in the stock
abundance and an asymmetrical pattern of investment/disinvest-
ment. It showed that in fisheries, the ‘‘conventional capital” sensu
Munro (i.e. the non-human capital) is essentially ‘‘non-malleable”
(McKelvey, 1985; Munro, 1999), that is here with some inertia in
investment pattern.
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4.2. Technical versus economic overcapacity and food security

Even if models-IV and -V demonstrated the risks associated
with fishery overcapacity, the usual pattern of investment and
pseudo-periodicity in fish stock abundance, they did not treat
economic overcapacity – in particular price variability (p is a
constant in Eq. (4)). The Peruvian pelagic fishery dominates the
global fish meal and oil markets, as Peruvian products constitute
�40% of the world exportations (Tacon, 2003). As a result, price
responds to Peruvian rates of production (Aguero, 1987). This
production is now limited by fishing quotas and is relatively sta-
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Table 2
Simulation of the effect of changing investment and disinvestment rates on the average and standard deviation of the stock biomass.

Investment rate (� 100) Disinvestment rate (� 100) Average of the stock biomass Standard deviation of the stock biomass

20 20 40 7
22 18 40 8
25 16 39 8
28 14 38 8
33 12 37 9
40 10 36 10
50 7 33 12
66 5 28 15

100 3 16 16
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ble except during El Niño events. But the demand for both meal
and oil has grown during the last 25 years due to the increase of
aquaculture, especially for freshwater species in China, and farm-
ing of poultry and swine (Tacon, 2003; Asche and Tveterås,
2004). Thus if prices increase, overcapacity might be economi-
cally sustainable in Peru providing that fishing quotas are still
adequate and enforced to prevent stock collapse. Still, the
economic drawbacks of overcapacity in the Peruvian pelagic fish-
ery ought to be better documented, as economic forces can pro-
duce a loss of control of the nominal effort or inappropriate
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setting of the annual quotas. Sustainable high prices motivate
catch under-reporting and poaching, which occur in this fishery
as in many others (Castillo and Mendo, 1987; Hatziolos and de
Haan, 2006).
Beyond the operational and economic aspects of overcapacity
lies the issue of food security, especially in developing countries
with high poverty rates such as Peru. Since most Peruvian pelagic
catches are processed into fish meal and oil, Peru is a special case.
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First, within Peru fish meal is largely used to feed poultry and
swine which constitute a source of protein. Storz et al. (2005) esti-
mated that Peruvians consume 24 kg of poultry per year. Second,
the Peruvian Government has recently encouraged the use of
anchoveta products for human consumption, resulting in effective
landing of 27,000 ton of fish used for fresh consumption, canning
or production of fish pasta in 2005. In both cases the impact of fleet
and processing overcapacity on food security is economic. Abun-
dance of pelagic and demersal fish resources off Peru is so high,
compared to Peruvian demand, that resource scarcity is not likely
to occur within Peru. Only a few percent of the present fishing
capacity suffice to secure food: from 1999 to 2005 we estimated
that 6% of the total Peruvian production (Table 3), mainly demersal
fish, were used for direct human consumption in Peru. But because
overcapacity results in higher price of production, it can limit the
access of the main source of proteins for the poorest segment of
the Peruvian population.

All these negative aspects of fishing overcapacity need be bal-
anced against positive aspects like employment and profits in the
fishing sector in the broad sense of the word (construction or
importation of fishing gear, boats and plants, etc.). How such posi-
tive and negative aspects interact and how profits flow into the
overall economy are important economic and political issues that
deserve further investigations.

4.3. How to reduce capacity in Peru?

Open access leads to fishery overcapacity and neo-liberalism
implemented in Peru from the beginning of the 1990s favored
overcapacity (Aguilar Ibarra et al., 2000). Alternative models in-
Table 3
Estimation of the total annual consumption of fish by the Peruvian population based on t
population census.

Year 1999 2000 2001

Consumption per capita (kg) 18.7 21.3 22.5
Peruvian population (million) 24.9 25.3 25.7
Estimated consumption (ton) 466,179 539,124 578,0
clude (1) establishment of individual quotas (IQ), transferable
(ITQ) or not, (2) allocation of specific fishing rights to communities,
(3) involving local communities in co-management. These options
encourage conservation by fishers (McCay et al., 1998; Clark,
2006). Despite their strong theoretical background, experience to
date with these alternative models has been mixed, even to fight
the Ludwig’s ratchet (review in Hennessey and Healey (2000)).
But as pointed out by Troadec and Boncoeur (2003), alternative
models to free access are more likely to succeed when national
fleets exploit mostly resident stocks. Because the bulk of the re-
source (north-central anchoveta stock) is mostly a national re-
source this is presently the case of the Peruvian pelagic fishery.

Important questions remain. Are IQ feasible in Peru, are IQT
adapted to a species with a short lifespan such as anchoveta? From
an economic point of view, one may suggest that fishery capacity
should be strongly reduced. Nonetheless, such a decision must also
consider that fishing companies will need to refit older vessels,
convert others to alternative users, and hopefully find ways to
redeploy personnel. Now that the industrial and artisanal fleets
are characterized by a wide range of HC, there are several options
regarding the reduction of fishing capacity (Fig. 13). Because the
artisanal fleet is more labor-intensive, both at sea and on land,
reductions will more strongly affect manpower, whereas reduc-
tions to the industrial fleet will decrease invested capital.

All these ecological, economical and management consider-
ations show that if fishery overcapacity must be reduced, solutions
are complicated (e.g. effect of continuous technological improve-
ments) and difficult. Nevertheless, a first and urgent measure is
to remove the economic incentives that result in ever-increasing
investment and fishery overcapacity. Such incentives will surely
he consumption per capita (PRODUCE, 2007) and interpolation of the 1993 and 2005

2002 2003 2004 2005

19.1 20.7 20.4 19.0
26.1 26.5 26.8 27.2

85 498,019 547,638 547,487 517,166
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produce economic and political hardship when the Peruvian
anchoveta stock, inevitably, begins its next decline.

4.4. How to adjust changes in capacity to abundance fluctuations?

Beyond the need of reducing the overall overcapacity is the
need to adjust capacity to the fluctuation of stock abundance.
Fréon et al. (2005) proposed a two-level strategy to cope with
interannual and interdecadal variations. The first level is the con-
ventional adaptive management approach which incorporates
new ecosystem-based thresholds or limit reference points as much
as possible. The second level attempts to cope with inter-decadal
variations in abundance. Once the turning point in abundance
has been documented, uncertainty decreases and management
could limit long-term investment in fishing units and related infra-
structures and also take into account the entire range of social, eco-
nomic and political implications. To quantify the associated risks
will largely depend on our knowledge of the pseudo-cycle, which
remains limited. While better understanding of the interrelated
ecological, social, economic, political and governance issues are
needed, reduction of the fishing overcapacity is an obvious and
immediate need because it represents a timing bomb for the fish-
ing sector.
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