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A B S T R A C T

The Northern Humboldt Current System is the most productive eastern boundary upwelling system, generating
about 10 % of the global fish production, mainly coming from small pelagic fish. It is bottom-up and top-down
affected by environmental and anthropogenic variability, such as El-Niño Southern Oscillation and fishing
pressure, respectively. The high variability of small pelagic fish in this system, as well as their economic
importance, call for a careful management aided by the use of end-to-end models. This type of models represent
the ecosystem as a whole, from the physics, through plankton up to fish dynamics. In this study, we utilised
an end-to-end model consisting of a physical–biogeochemical model (CROCO-BioEBUS) coupled one-way with
an individual-based fish model (OSMOSE). We investigated how time-variability in plankton food production
affects fish populations in OSMOSE and contrasted it against the sensitivity of the model to two parameters with
high uncertainty: the plankton accessibility to fish and fish larval mortality. Relative interannual variability in
the modelled fish is similar to plankton variability. It is, however, small compared with the high variability seen
in fish observations in this productive ecosystem. In contrast, changes in larval mortality have a strong effect
on anchovies. In OSMOSE, it is a common practice to scale plankton food for fish, accounting for processes that
may make part of the total plankton in the water column unavailable. We suggest that this scaling should be
done constant across all plankton groups when previous knowledge on the different availabilities is lacking. In
addition, end-to-end modelling systems should consider environmental impacts on other biological processes
such as larval mortality in order to better capture the interactions between environmental processes, plankton
and fish.
1. Introduction

The Northern Humboldt Current System (NHCS), located in the
eastern-tropical south Pacific (ETSP) ocean, is the most productive
eastern boundary upwelling system, generating about up to 10% of
the global fish production (Chavez et al., 2008; FAO, 2020). It hosts
the largest single-species fishery of the planet, the Peruvian anchovy
(Engraulis ringens) (Chavez et al., 2003; Aranda, 2009). Along with
the Pacific sardine (Sardinops sagax), these small pelagic fish feed on
plankton and build up huge biomasses that support a large industry of
fishmeal production. They are also valued by the local communities
culturally (López de la Lama et al., 2021) and economically (Chris-
tensen et al., 2014), and are consumed by many marine predators such
as seabirds (Muck, 1987; Jahncke et al., 2004), marine mammals (Ma-
jluf and Reyes, 1989) and larger predatory fish (Pauly et al., 1987).
However, they have shown to be prone to collapses related to environ-
mental variability along with overfishing (Boerema and Gulland, 1973),
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putting at risk the fishing industry (Paredes and Gutierrez, 2008). The
drivers behind the disproportionately large fish production of the NHCS
compared to other eastern boundary upwelling systems are not fully un-
derstood (Carr, 2002). Possible explanations include the reset of the sys-
tem succession to small pelagic fish during the El-Niño periods (Bakun
and Broad, 2003), the compression of zooplankton prey for small
pelagic fish at the surface by a shallow oxygen minimum zone, and
increased trophic transfer efficiency caused by relatively weak winds in
combination to high primary production (Chavez and Messié, 2009).

The ETSP is affected by strong interannual variability. In addition
to the El-Niño and La-Niña events, the ETSP is subjected to regimes of
cold ocean temperature, named La Vieja, and warm temperature, called
El Viejo (Chavez et al., 2003). Anchovies and sardines also fluctuate
interannually with regimes of high anchovy abundance alternating
with regimes of high sardine abundance (Schwartzlose et al., 1999;
Chavez et al., 2003). Causes for these fluctuations are not completely
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clear and have been related to interannual variability in water tem-
perature (Chavez et al., 2003). Between the 1970s and 1990s, the
ecosystem was under a regime of abundant sardines. The regime shifted
during the 1990s towards an anchovy-dominated ecosystem. Anchovy
collapsed during the El-Niño of 1998 but managed to recover while
sardines continued declining to almost no presence by 2000 (Chavez
et al., 2003; Alheit and Niquen, 2004). In addition, red squat lob-
sters (Pleuroncodes monodon), a generally benthic species off central
Chile but mostly pelagic off Peru (Gutiérrez et al., 2008), became
particularly abundant in the pelagic system after this event (Gutiérrez
et al., 2008). Finally, the system is both bottom-up and top-down
affected by environmental and anthropogenic drivers, such as changes
in temperature and productivity due to El-Niño Southern Oscillation,
and fishing pressure, respectively (Boerema and Gulland, 1973; Barrett
et al., 1985; Barber and Chavez, 1983). The high and poorly understood
temporal variability of fishes in the NHCS, as well as their importance
for the economy, food security and the rest of the ecosystem, call for
a careful and sustainable fisheries management using an ecosystem-
based-management approach supported by end-to-end models (Pikitch
et al., 2004).

End-to-end models aim at representing the marine ecosystems as a
whole by including environmental components as well as lower (plank-
ton) and higher trophic levels (HTL) such as fish and their utilisation
by humans. Common ecosystem models represent functional groups
or individual species interacting in a trophic web (see Fulton, 2010;
Tittensor et al., 2018, for reviews). End-to-end models also include
primary producers, such as plankton, which are affected by the environ-
ment, either already included in the model (e.g., Atlantis; Fulton et al.,
2004) or provided by physical–biogeochemical models (e.g., PISCES-
APECOSM; Maury, 2010). Among other types of ecosystem models, the
multispecies individual-based models are as detailed as simulating the
single individuals or schools of fish (e.g., Rose et al., 2015). Belong-
ing to such type of models, the Object-oriented Simulator of Marine
Ecosystems (OSMOSE) simulates the whole life cycle of fish (Shin
and Cury, 2001, 2004, www.osmose-model.org [Accessed: 2021-10-
8]). It is usually one-way coupled with biogeochemical models which
rovide lower trophic levels, or plankton, as food for some of the fish
n the ecosystem (e.g., Halouani et al., 2016; Moullec et al., 2019b).

In this study, we simulated the ETSP ecosystem with a one-way cou-
pled model system including a physical–biogeochemical model (Coastal
and Regional Ocean COmmunity model (CROCO) - Biogeochemical
model developed for the Eastern Boundary Upwelling Systems (BioE-
BUS); Shchepetkin and McWilliams, 2005; Gutknecht et al., 2013) and
OSMOSE as HTL model.

To improve the model fit to observations, models have to be cali-
brated by adjusting model parameters for which no values are available
easily or unambiguously from literature. Using optimisation algorithms
– here in particular evolutionary algorithms – provides an automated
and objective way for calibration, and can converge to solutions that
may not be reached manually or analytically when handling complex
models (Duboz et al., 2010; Oliveros-Ramos and Shin, 2016). Yet, the
strong variability in physical forcing and in fish abundance observed
in the NHCS makes the calibration of OSMOSE for this specific ecosys-
tem challenging. OSMOSE has been implemented in several ecosys-
tems using time-constant parameters to represent a steady ecosystem
state (Travers et al., 2006; Fu et al., 2012; Grüss et al., 2015; Halouani
et al., 2016; Xing et al., 2017; Bănaru et al., 2019; Moullec et al.,
2019b), which can serve as a starting point for evaluating the ecosystem
response under changing conditions (e.g., Fu et al., 2012; Moullec
et al., 2019a; Diaz et al., 2019; Travers-Trolet et al., 2014b). Marzloff
et al. (2009) developed a configuration of OSMOSE with time-constant
parameters for the pelagic ecosystem off Peru using years 2000 to
2006 as reference for the calibration, just after the regime shift of
1998. On the other hand, Oliveros-Ramos et al. (2017) addressed the
interannual variability of the NHCS by calibrating time-varying param-
2

eters. The resulting configuration matched the seasonal and interannual
fluctuations in observations. This approach implicitly assumes that the
observed variability in fish may be caused by processes that need
to be accounted for by temporally varying parameter values and it
provides an estimation for such parameters. However, it might dampen
any variability caused bottom-up by fluctuations in physical forcing
and its propagation to plankton biomass. On the other hand, using
constant parameters allows to isolate the impact of time-variability in
the forcings.

The aim of this study is to understand the sensitivity of OSMOSE
to temporal variability in plankton food estimated by a physical–
biogeochemical model, and whether this replicates the temporal vari-
ability that has historically been observed in fish. To do so, we first
calibrated OSMOSE against biomass and landings data of nine fish and
invertebrate species from the post-El-Niño, low-sardine regime between
2000 and 2008, period in which no strong El-Niño event occurred. To
investigate the potential relevance of bottom-up causes of fluctuations
of fish biomass, we decided here to apply a configuration of OSMOSE
for the ETSP with calibrated temporally constant parameters. Such
a set-up allows to systematically probe the ecosystem regarding its
response to variability of food. For calibration, OSMOSE was forced
with a plankton climatology that we obtained from the biogeochemical
model (CROCO-BioEBUS) hindcast over the time-period from 2000 to
2008. We then forced the calibrated OSMOSE configuration with an
interannually varying biogeochemical hindcast from 1990 to 2010 to
assess whether or not the plankton forcing alone could generate the
regime shift after the El-Niño of 1998 in OSMOSE. To put the effects
of interannual forcing into perspective, we also carried out sensitivity
experiments varying two different parameters of the OSMOSE model,
which are either directly related to the food availability of the biogeo-
chemical model, or address the larval mortality of fish species. These
parameters have high uncertainty and, in previous studies, have often
been adjusted to calibrate OSMOSE. We also evaluated both CROCO-
BioEBUS and OSMOSE since this is a pre-condition for performing the
experiments. The results of this study provide insight on advisable im-
provements for the connection of OSMOSE with biogeochemical models
for a better representation of the effect of environmental variability in
end-to-end models.

2. Methods

2.1. The lower trophic levels model: CROCO-BioEBUS

We used the Coastal and Regional Ocean COmmunity model
(CROCO, Shchepetkin and McWilliams, 2005) coupled online with
a Biogeochemical model developed for Eastern Boundary Upwelling
Systems (BioEBUS, Gutknecht et al., 2013). The model domain spans
from 10◦N to 33◦S and from 69◦ to 118◦W with a horizontal res-
olution of 1

12
◦ and 32 sigma layers. BioEBUS consists of 12 prog-

nostic variables: oxygen, ammonium, nitrate, nitrite, nitrous oxide,
dissolved organic nitrogen, small and large detritus, small and large
phytoplankton, and small and large zooplankton. Initial and boundary
conditions for CROCO-BioEBUS are from Simple Ocean Data Assim-
ilation (SODA, Carton et al., 2018) and monthly climatology CARS
(CSIRO-Commonwealth scientific and industrial research organisation
Atlas of Regional Seas) observations (Ridgway et al., 2002). CROCO-
BioEBUS is spun-up for 30 years repeating the forcing of year 1990.
Afterwards, it is simulated from 1990 to 2010 with interannually-
varying forcing. The configuration used in this study is described in
detail by José et al. (2019) and a list of the parameters that were
adjusted for this configuration is available in Xue et al. (2022).

For coupling with OSMOSE, the four plankton groups – small and
large phyto- and zooplankton – were integrated above the oxygen
minimum zone (OMZ; here defined by an oxygen threshold of 90 μmol
O2 kg−1, Karstensen et al., 2008) and integrated biomasses were trans-
formed from nitrogen to wet weight (WW, main currency in OSMOSE)
by multiplying them by the conversion factors: 720, 720, 675 and

http://www.osmose-model.org
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Fig. 1. Top: Surface chlorophyll concentration in the model (black) and in MODIS observations (red; NASA, 2018), averaged over the closest 2◦ off the coast of Peru from 15 to
◦S. Bottom: comparison of mesozooplankton observations from the global dataset by O’Brien and Moriarty (2012), Moriarty and O’Brien (2013) and simulated large zooplankton
veraged over the upper 100 m depth (mmol N m−3).
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000 mg WW mmol N−1, respectively (Travers-Trolet et al., 2014a,
heir Tab. 4), regridded from 1

12
◦ to 1

6
◦ resolution, and then pro-

vided as food forcing for the fish in OSMOSE (see Section 2.2). Since
CROCO-BioEBUS provides daily plankton food output, we averaged the
plankton food to produce bi-weekly forcing for OSMOSE.

2.2. The higher trophic levels model: OSMOSE

OSMOSE is an object-oriented individual-based model that simu-
lates the whole-life cycle of fish, from eggs to adults. Individual fish
are grouped in schools of the same size and age. These are distributed
over a 2-dimensional grid and within species and life stage specific
distribution maps that are produced by statistical climate niche mod-
els (Oliveros-Ramos et al., 2017). On every time step, each school
moves randomly to one adjacent grid cell within its distribution map.
Predation is opportunistic, based on the spatial overlap of predator and
prey. Every species or group feeds on prey that falls within certain
minimum and maximum predator–prey size ratios. The predator feeds
until either being satiated or until the available prey runs out. Satiation
depends on the biomass of the predator, the number of mortality
sub-steps and a constant maximum ingestion rate which, in our config-
uration, is the same for all groups (see Appendix A.2). In consequence,
predatory interactions are not set a priori by the model user but these
emerge from the size structure of the populations. A full description of
the model is available in Shin and Cury (2001, 2004) and Travers et al.
(2009).

.2.1. Configuration overview
The configuration in this project uses OSMOSE version 3.3.3 and

as derived from the configuration by Oliveros-Ramos et al. (2017),
hich covers the same region, from 20◦S to 6◦N and from 93◦ to
0◦W (see Fig. 1 bottom), spans from 1992 to 2008 and was calibrated
gainst interannually-varying observations. For our configuration, we
3

p

veraged the observations from 2000 to 2008, to produce a configu-
ation representative of this period of time, after the strong El-Niño of
998. Observations were available for all groups simulated in the model
or this period of time. We also averaged the plankton simulated by
ROCO-BioEBUS from 2000 to 2008 to produce a plankton climatology
s forcing for OSMOSE. This time period is dominated by anchovies
hile sardines were dominant through the 1980s and decreased during

he 1990s until their final collapse after the El-Niño event of 1997–
998 (Chavez et al., 2003). Although for the period that we used to
alibrate the model (2000 to 2008) sardines play a minor role, they
re an important component of the ecosystem in the long term so
e included them in the configuration. We set up a configuration
ith constant parameters to generate a mechanistic model that can be
sed to understand the ecosystem response to certain forcings, such as
ishing pressure and environmental changes, in sensitivity studies.

The configuration for the Northern Humboldt Current System
NHCS) consists of Peruvian anchovy (Engraulis ringens), Peruvian
ake (Merluccius gayi), Pacific sardine (Sardinops sagax), Chilean jack
ackerel (Trachurus murphyi), Pacific chub mackerel (Scomber japoni-

us), mesopelagic fish, squat lobster (Pleurocondes monodon), Humboldt
quid (Dosidicus gigas) and euphausiids. Parameters as well as dis-
ribution maps for all groups are provided in Appendix A.2 and in
he supplement. The parameters in our configuration are the same
s in Oliveros-Ramos et al. (2017), with the exceptions mentioned in
ection 2.2.2. We applied constant annual fishing rates for each species
n our climatological set-up. Because anchovies are only fished during
ertain seasons, their landings show a marked seasonality. Therefore,
seasonality of fishing rate was derived from the anchovy landings

bservations (see Fig. 7 in the Appendix A.2). The fishing rate of all
ther species was assumed to be constant over the year. The model is
nitialised through a seeding process that generates schools of fish at
he egg and larval stages during several years at the beginning of the
odel run. After the first 12 years of the spin-up, the seeding is stopped

nd all further eggs are only produced by adult fish. Therefore, egg

roduction depends on the amount of adults biomass.
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In OSMOSE, the spatial distribution of fish is constrained by maps
defining their habitat. The maps define the probability of a school
to occur on each of the grid cells of the domain, with the sum of
all wet grid cells equalling 1. In our study, the distribution maps of
each species vary for every season. At the beginning of the season, the
schools are randomly located over the new map taking into account the
probability given by each grid cell. We averaged the distribution maps
of the configuration mentioned above, provided by Oliveros-Ramos
and Lujan-Paredes (personal communication), from 2000 to 2008, to
produce a seasonal climatology.

As part of the analysis performed in Section 3.3, we isolated the
egion where most of anchovies occur. To do so, we utilised a proba-
ility map calculated by averaging all temporally-varying maps. Based
n this map, first, we excluded all cells with a chance of anchovy
ccurrence equal to 0, as well as the dry cells. Out of the remaining
ells, we calculated the mean and then selected those cells with higher
robability than the mean. There is a probability of around 90% of
inding any of the anchovy schools within the region consisting of all
elected cells.

.2.2. Model calibration
The model was calibrated using the evolutionary algorithm de-

eloped by Oliveros-Ramos et al. (2017). Detailed instructions on
he calibration are available in the OSMOSE documentation: http://

documentation.osmose-model.org/index.html. The calibration ran for
400 hundred generations using a population size of 75 individuals
(an individual is a vector of parameter values in this calibration
framework) per generation for the evolutionary algorithm. In every
iteration, the model was run for 50 years consisting of 25 years of
spin-up and evaluating against observations the last 25 years of the
simulation. Available observations included biomasses from acoustic
surveys integrated over the exclusive economic zone of Peru (EEZ) and
averaged from 2000 to 2008, and monthly landings of exploited species
(anchovy, hake, sardine, jack mackerel, chub mackerel and Humboldt
squid) also averaged from 2000 to 2008. Because the acoustic indices
only cover the EEZ of Peru, we scaled the model output by dividing
it by a factor 𝑞 (see Table 4), which represents the proportion of the
veraged distribution map of each group that falls within the Peruvian
EZ.

In their configuration, Oliveros-Ramos et al. (2017) calibrated a
ime-varying larval mortality (LM), constant natural additional mor-
ality, time- and size-class-varying fishing rate, time-varying plankton
ccessibility coefficient (AC) and time-varying incoming flux of squat
obster. In our climatology, no incoming flux of squat lobster is in-
luded, because the squat lobster is present since the beginning of the
imulation, and we only calibrated time-constant LM and plankton AC.
ime-constant natural additional mortalities and fishing rates (with
seasonality for anchovies, see Section 2.2.1) were obtained from

he literature (see Table 4). In addition, we manually adjusted the
ishing rate of Humboldt squid before the calibration process since
ur configuration had a tendency to overestimate the landings of this
pecies.

The AC is the fraction of the total plankton that is provided as food
or the fish. It parameterises a range of processes that affect the avail-
bility of plankton for the fish such as turbulence, stratification and
ertical migrations and distribution (see Travers-Trolet et al., 2014a).
iterature values of this parameter for OSMOSE vary strongly, from
ery low values of 10−5% (Marzloff et al., 2009) up to 69% (Grüss et al.,
015). Our calibration suggested optimal values AC of 3.0, 5.0, 2.0 and
.4% for small and large phytoplankton and zooplankton, respectively.
he larval mortality rate (LM; ts−1) is applied to the first stage of fish

n OSMOSE (eggs and larvae) during its first time step (ts) of life.
his parameter is typically calibrated for OSMOSE (e.g., Travers et al.,
009; Marzloff et al., 2009; Halouani et al., 2016; Bănaru et al., 2019)

since field observations are scarce. The optimal parameter values are
4

available in Table 4 in Appendix A.2. e
After calibrating the model, we simulated the configuration for
300 years to evaluate its stability. With the calibrated parameters, the
sardine population collapses after the initial 50 years of simulation (see
Supplement). To avoid this decrease, we adjusted by hand the natural
mortality of juvenile and adult sardine, as well as its LM (see Table 4
in Appendix A.2).

2.3. Model evaluation

We evaluated CROCO-BioEBUS by comparing chlorophyll concen-
tration and large zooplankton against observations (see Section 3.1.1).
Simulated phytoplankton concentration was converted to chlorophyll
using function get_chla.m of the croco_tools package (Penven, 2019)
and compared against MODIS remotely sensed chlorophyll concentra-
tion (NASA, 2018).

A previous version of the model (José et al., 2017) strongly over-
estimated zooplankton in comparison to observations (Hill Cruz et al.,
2021). Therefore, for the present study, we tuned the model to better
match observed concentrations. After tuning the model, large zooplank-
ton model concentrations were compared against mesozooplankton
observations by Moriarty and O’Brien (2013) and O’Brien and Moriarty
(2012), which are provided in carbon units. For model comparison
we transformed the observations to nitrogen dividing by a carbon
to nitrogen ratio of 4.9 gC/gN (Kiørboe, 2013) and by the nitrogen
molar mass of 14 g/mol. Because the model does not parameterise diel
vertical migrations, simulated zooplankton is only present where food
is available, within the upper 100 m. We therefore compared only the
averaged zooplankton in the model and observations over the upper
100 m of the water column.

Further model evaluations of sea surface temperature and mixed
layer depth are provided in Appendix A.1. Simulated oxygen evaluation
is available in José et al. (2019).

We also evaluated the performance of OSMOSE by comparing
trophic levels with literature values (Section 3.1.2).

2.4. Experimental design

To evaluate the effect and relative importance of an interannual
versus a climatological plankton forcing on the simulated biomass of
fish and macroinvertebrates, we carried out six simulations. All simu-
lations ran for 25 years of spin-up followed by 21 years of simulation.
Our starting point was the calibrated climatological set-up described in
Section 2.2.2 (experiment 1 ‘‘climatological’’). In this experiment, the
6 years run (25 years of spin-up and then 21 simulation years) have
he same climatological plankton forcing. With the second and third
xperiments, we explored how interannually varying plankton affects
he fish. Both experiments have an interannual plankton hindcast from
990 to 2010 as forcing for the 21 years of simulation. The spin-up,
owever, differs in the two experiments to test whether variability
n the spin-up approach has any impact on the sensitivity of fish to
lankton forcing. For the second experiment, called ‘‘interannual’’, the
pin-up consists of four years with climatological plankton forcing and
hen 21 years of interannual forcing. The third experiment (‘‘hybrid’’)
as climatological forcing over the entire 25 years of spin-up.

We also put the impact of interannual plankton forcing into per-
pective by comparing it against the effect of changing two parameters.
e modified the plankton accessibility coefficient (AC) and the larval
ortality (LM) by 10%. These parameters were calibrated in the orig-

nal climatological set-up to optimise the model, and their uncertainty
s high. In experiment 4 (‘‘hybrid-AC’’), we evaluated the effect of a
eduction in the AC by 10% which translates into less plankton being
vailable as potential food. In reality, this can be interpreted as, for
xample, zooplankton hiding in a shallower oxygen minimum zone,
r a deeper mixed layer that dilutes phytoplankton. In our original
limatological OSMOSE configuration, we calibrated a different AC for

ach of the four plankton groups. This adds an additional source of

http://documentation.osmose-model.org/index.html
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variability by changing the relative contribution of each group to the
diet of fish. We removed this variability in experiment 5 (‘‘hybrid-
eqAC’’) by setting the AC to a constant value of 10% for all plankton
groups. We note that this represents a strong increase in the AC which
makes the resulting fish biomass of this experiment not directly com-
parable to the other scenarios. Therefore, for this specific experiment,
we only analysed the relative fluctuations in biomass. With all of the
above experiments, we investigated the effect of changing food, i.e. the
gains of fish biomass, either through the forcing, or through the AC.
In a final sixth experiment (‘‘Hybrid-aLM’’), we investigated how these
changes in the ‘‘gain’’, or food, side compare to changes in loss terms of
fish, by increasing the LM of anchovies by 10%. We only manipulated
the LM of anchovy in order to avoid an effect obscured by trophic
interactions when manipulating the LMs of the other groups. To make
the Hybrid-aLM and Hybrid-AC experiments comparable, we increased
the LM and decreased the AC so that both experiments would have a
negative impact on the anchovy biomass.

The six experiments are summarised below:

1. Climatological: 25 years spin-up with climatological plankton
followed by 21 years of simulation using the same plankton
climatology.

2. Interannual: The spin-up consisted of 4 years with climatological
plankton forcing and then 21 years with interannual forcing.
After the spin-up, we simulated an additional 21 years applying
the interannual hindcast of plankton from 1990 to 2010.

3. Hybrid: 25 years of spin-up time with climatological plank-
ton followed by 21 years of simulation using the interannual
hindcast of plankton from 1990 to 2010.

4. Hybrid-AC: Hybrid set-up with AC reduced by 10%.
5. Hybrid-eqAC: Hybrid set-up with AC of all four plankton groups

equal to 10%.
6. Hybrid-aLM: Hybrid set-up with anchovy LM increased by 10%.

Because OSMOSE is a stochastic model (random movement of
schools and ordering of mortality events in a time-step), the output
varies slightly among simulations. Therefore, we analysed the average
of 20 model runs for each experiment.

This study explores the effect of plankton variability on OSMOSE.
Therefore, we removed other sources of interannual variability, for
instance habitat, by keeping climatological distribution maps in all
configurations. Appendix A.5 provides the results of an alternative set-
up where interannually-varying distribution maps were applied from
1992 to 2008 in the hybrid configuration.

3. Results

3.1. Model evaluation

3.1.1. CROCO-BioEBUS
The model reproduces the temporal variability in chlorophyll ob-

servations generally well, replicating the seasonal pattern with higher
chlorophyll concentrations in austral summer (Fig. 1 top). However,
from 2006 on-wards it tends to overestimate chlorophyll, especially
during the austral summer.

Large zooplankton is generally of the same order of magnitude as
mesozooplankton observations (Fig. 1 bottom). This is a considerable
improvement compared to the older version of the model by José
et al. (2017) which was evaluated by Hill Cruz et al. (2021). Both,
model and observations, show a high concentration of mesozooplank-
ton in the region near the Equator as well as towards the coast of
Peru. Within 50 km from the coast, large zooplankton declines in the
model. This is not evident in the observations; however, this might
be due to the low spatial resolution of observational samples. Further,
observations show a hotspot of high mesozooplankton concentrations
5

around the Galapagos Islands which is not visible in the model. This
Table 1
Trophic levels reported in the literature in Ecopath models of the NHCS (1a, 1b and
2) and observations (3).
Sources: 1a, b Tam et al. (2008). 1a refers to a model of the ecosystem state between
1995–1996, during La-Niña conditions and 1b between 1997–1998 during El-Niño
conditions. 2 Guénette et al. (2008). 3 Pizarro et al. (2019).

(1a) (1b) (2) (3)

Anchovy 2.35 3.17 2.22 3.23
Hake 3.66–4.32 3.59–4.51 3.33
Sardine 3.16 2.99 2.98
Jack mackerel 2.6 3.57 3.3
Chub mackerel 3.74 3.59 3.18
Mesopelagics 3.49 3.12
Squat lobster
Humboldt squid 4.18 4.14
Euphausiids 2.50 2.12 2.12

could be either a weakness of the model or it could also be an artefact
in the observations due to averaging over very few samples for the
whole water column. An extensive discussion on the possible causes of
mismatch between simulated large zooplankton and mesozooplankton
observations observed in an earlier version of BioEBUS is provided
by Hill Cruz et al. (2021).

3.1.2. OSMOSE
After calibrating and hand adjusting the parameters, simulated

biomass and landings show a good fit to observed estimates for most
of the groups and are stable for at least 300 years (Fig. 9 in the
Appendix A). We evaluated the model performance by comparing the
trophic levels simulated by OSMOSE (Fig. 2) with literature values
(Table 1). The trophic structure in OSMOSE agrees with the trophic
structure of Ecopath. After plankton, euphausiids are the lowest trophic
level in the simulation, followed by the small pelagic fish. Humboldt
squid and hake are the top predators (Fig. 2 and Table 1). For an-
chovy, Pizarro et al. (2019) observed a trophic level of 3.23 while,
in our model, the trophic level of anchovies lies between 3.1 and
3.4. Pizarro et al. (2019) point out the presence of two groups of
anchovies with different diet preferences. One of them, with a mean
trophic level of 2.91, prefers to graze on phytoplankton and another
carnivorous group has a mean trophic level as high as 3.79 (Pizarro
et al., 2019). The smaller trophic level range of anchovy in our study
is likely due to having a single feeding preference (predator–prey size
ratio range) for all schools of the same age class. We could not find
trophic level estimations for squat lobster. However, given that it
occupies a similar niche to anchovy (Gutiérrez et al., 2008) we may
also expect a trophic level around 3. In OSMOSE we observe that it lies
between about 2.5 and 3 (Fig. 2).

3.2. Effect of plankton temporal variability, accessibility coefficient and
larval mortality on fish biomass

The climatological calibration replicates well the time-averaged
biomass of fish and macroinvertebrates for the averaged time period
2000–2008 (Fig. 9). For most scenarios and groups, simulated biomass
lies within the large variability in the observations (Fig. 3). The hybrid
and the interannual configurations show similar results (Fig. 3), point-
ing out that the different spin-ups do not have a considerable impact
on the simulation. This is especially evident for the euphausiids (Fig. 4
right) where both simulations converge after exhibiting different trajec-
tories during the spin-up. This may suggest that the initial conditions
are also not so important in OSMOSE once it reaches steady state. When
comparing these two experiments with the climatological simulation,
the effect of introducing interannual variability in food is evidenced by
the appearance of clear interannual fluctuations in euphausiids biomass
and an increase in their mean biomass (Fig. 4 right).

When introducing interannual variability in the plankton, most of

the simulated higher trophic levels exhibit interannual fluctuations of
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Fig. 2. Trophic levels per age class (yearly) of every group simulated by OSMOSE, starting from age-class 0. The mean of 25 years of simulation after spin-up is provided and
the error bars indicate the standard deviation.

Fig. 3. Biomass 12-month running mean after spin-up (see Section 2.4), as well as observations (dots) and 2000 to 2008 averaged observations used to calibrate the model.
Observations source: Dimitri Gutierrez, Instituto del Mar del Peru (IMARPE), personal communication. Also available in Oliveros-Ramos et al. (2017), their Fig. 13.
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Fig. 4. Same as Fig. 3 including spin-up of anchovies and euphausiids.
Fig. 5. Interannual (left) and seasonal (middle) variability of total plankton in the region occupied by about 90% of anchovies (anchovy habitat in the right panel), calculated
aking into account the plankton accessibility coefficient (red) and without plankton accessibility coefficient (black).
bout 5 to 10% in their running mean with respect to the climatological
et-up (see Appendix A.5). In the hybrid configuration, anchovy and eu-
hausiids exhibit a maximum relative interannual variability of 8.8 and
4.6% of the mean value, respectively. However, in the climatological
un, they also exhibit an interannual variability of about 4.1 and 1.1%,
espectively. Here we are referring to interannual variability as the
ifference between the maximum and the minimum of the 12-months
unning-mean. Therefore, about half of the interannual variability in
nchovies comes from the internal dynamics of OSMOSE rather than
rom the change in plankton forcing. In the case of euphausiids, most
f the variability can be directly related to the change in plankton
orcing. This is also evident when comparing the hybrid and interan-
ual configuration. Both experiments exhibit almost the same results
or the euphausiids, but they differ in the case of anchovies. (Fig. 4).
uch difference does not come from the plankton input but rather
rom the stochasticity and trophic interactions through the foodchain
n OSMOSE.

While the hybrid and interannual runs do show a different pattern
han the climatological run, their interannual fluctuations tend to be
mall compared to the high temporal variability in the observations.
ther groups show almost no difference between the climatological and

he interannual and hybrid configurations. Two important changes in
he ecosystem were observed after the El-Niño of 1998: an increase
n pelagic squat lobster and a complete collapse of sardines. These
re not replicated by the model, which keeps all groups relatively
onstant before and after the El-Niño (Fig. 3) and highlights the impor-
ance of including other sources of temporal variability in end-to-end
odels, such as species spatial distribution, in addition to food (see
ppendix A.5).

We also investigated the importance of total food concentration on
ish biomass by reducing the plankton accessibility coefficient (AC) by
0%. The reduction leads to a small decrease in fish biomass (Fig. 3).
7

oth decreasing AC and increasing the LM of anchovy by 10% have a
negative impact on anchovy. However, the impact of the LM is much
larger than the impact of the AC (Fig. 3). Increasing anchovy LM also
affects other species and, in some cases, the impact is also larger than
the impact of the decreased AC. Therefore, in this configuration, the LM
plays a greater role in controlling the biomass of fish. An extreme case
is the squat lobster whose biomass presents little change with decreased
AC but almost doubles in the scenario with high anchovy LM (Fig. 3).
This evidences the same niche utilisation of the two species.

3.3. Further assessment of plankton accessibility coefficient effect on model
temporal variability

The plankton accessibility coefficient (AC) is a parameter that scales
the plankton available for fish to eat. Because the AC was calibrated for
each plankton group individually, its differences across plankton groups
(low for large zooplankton and higher for the other groups) might mask
the impact of seasonal or temporal variability of plankton on fish. To
further investigate this issue, in Fig. 5, we examined the total amount
of plankton (i.e., without multiplication by AC), and the variation of
plankton as food (after multiplication by AC). For this specific analysis,
we focused on the anchovy habitat. Therefore, we isolated the region
inhabited by about 90% of the anchovies (Fig. 5 right) as explained in
Section 2.2.1. The maximum interannual variability of total plankton
in this region is 21 and 18% with and without the calibrated plankton
accessibility coefficient, respectively, and the maximum seasonal vari-
ability is 18 and 19% (Fig. 5 left and middle). Thus, the interannual
variability of total plankton in this region as food is increased by the AC
as much as 3%. Furthermore, applying a plankton AC shifts the seasonal
peak of highest food availability from October to May (Fig. 5 middle).

Finally, we assessed the effect of applying the same AC to all plank-
ton groups. In OSMOSE, in addition to the AC, the food availability to
each fish group is also affected by the predator–prey size ratio, and not
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Table 2
Euphausiids diet proportions.

Experiment 𝑃𝑆 𝑃𝐿 𝑍𝑆 𝑍𝐿 others

Hybrid 34.3 37.4 24.4 2.9 1.0
Hybrid-eqAC 29.7 19.9 31.0 18.6 0.8

all plankton groups are preyed by all planktivorous fish. For example,
sardines prey on small particles such as plankton while anchovies prefer
euphausiids. The temporal variability of plankton comes directly from
the biogeochemical model; while euphausiids are explicitly represented
in OSMOSE and affected by the variability of their main plankton
prey but also the trophic interactions with their predators. Therefore,
interspecies competition and predation between species of OSMOSE
may also play a role, possibly causing non-linear effects. To further
investigate this, in a final experiment (Hybrid-eqAC), we set the AC
parameter to a constant value of 10% for every plankton group, thereby
omitting any effects caused by the different AC values. For analysis, we
focused on the impact of this change on the diet of euphausiids which
are the main planktivorous group in OSMOSE and constitute about 85%
of the anchovies diet. The large, homogenous AC of 10% increases
the contribution of large zooplankton to the diet of euphausiids six
times, from only 3% to 18.6% (Table 2). Furthermore, setting up an
equal AC for all groups also decreases the direct consumption of large
phytoplankton by euphausiids by almost half (Table 2). This group
is replaced by small zooplankton as the main prey of euphausiids.
This implies that the temporal variability of zooplankton has a greater
impact on euphausiids as well as their subsequent predators.

4. Discussion

4.1. Modelling temporal variability in the NHCS

Our study shows an effect of temporal variability in the biogeochem-
ical model on higher trophic levels (HTL). This variability is similar to
the plankton forcing coming from the biogeochemical model. The inter-
annual variability in HTL in OSMOSE is, however, weak compared to
the variability in observations and it does not replicate the regime shift
after the El-Niño event of 1998. This discrepancy between model and
observations may be attributed to several reasons. First, it is possible
that the plankton temporal variability in the CROCO-BioEBUS model
is, in fact, too weak. The plankton interannual variability observed in
our plankton forcing, which is close to 20% of the mean (Section 3.3),
is much lower than the variability in anchovy observations. However,
compared to satellite data (see Section 3.1.1), the surface chlorophyll
in the model displays a similar variability (around 20% of the mean,
see Section 3.1.1).

A second reason may be that the link between the biogeochemical
model CROCO-BioEBUS and the HTL model OSMOSE is too weak. This
link is done only through plankton food forcing for juvenile and adult
fish. Other possible links may include the effect of oxygen, temperature
and food availability on larval survival and through interannually-
varying distribution maps. Temperature and oxygen are some of the
variables that were considered when developing the distribution maps
for constraining the habitat of the fish (see Oliveros-Ramos, 2014).
In Appendix A.5, we provide an alternative configuration where ad-
ditional interannual variability is introduced by applying interannual
distribution maps instead of climatological ones. However, the direct
impact of temperature on the physiology of the fish is not considered
in OSMOSE. This may be relevant for future developments, especially
considering increasing temperatures due to climate change (see Penn
and Deutsch, 2022). Metabolic needs of swimming against currents
and non-random movement of individual schools, such as searching for
food and avoiding predators, are also not considered in the model. This
proved to be relevant in the modelling study by Watson et al. (2015).
8

It may also be that in the real ocean, there is not a straightforward
bottom-up control of HTL as supported by Ayón et al. (2004). They
found no significant correlation between zooplankton and anchovy
observations off Peru between the period of 1984 to 2001, pointing
to other potential drivers than food production. Therefore, the main
driver of the interannual variability in the NHCS might not be as simple
as adult fish following the trends in plankton food. This may be a
peculiarity of the NHCS that makes the modelling of this ecosystem
so challenging. Simulating environmental variability in OSMOSE only
through changes in plankton food for juvenile and adult fish has, in
fact, produced stronger impacts in other ecosystems. Fu et al. (2012)
evaluated the effects of interannual variability in plankton input on
their OSMOSE model configuration for the Strait of Georgia in British
Columbia, Canada. In their study, interannual variability in phyto-
plankton produced strong effects of more than ±50% on their small
forage fish, herring (Fu et al., 2012, their Figure 5a). This is much larger
than the response observed in our study. In contrast, interannually-
varying plankton in our study produces a change of about 5 to 10%
in the biomass of most of the simulated HTL groups (see Appendix A).

Fourthly, the period simulated in the NHCS is, rather than a steady-
state-El-Niño-new-steady-state setting, a part of a longer trend of inter-
annual and multidecadal fluctuations in the ecosystem. Anchovy and
sardine have been the two small pelagic fish fisheries with the highest
catches since the 1960s. These fishes fluctuate over the years with
periods dominated by anchovies and others by sardines (Chavez et al.,
2003). The period from 1990 to 2010 corresponds to a progressive
decrease of sardines and an overtake by anchovies. To simulate these
fluctuations, a longer timeseries would be necessary. This, however, is
limited by the availability of data.

Furthermore, while our configuration includes the biggest pelagic,
macroinvertebrate and demersal fisheries off Peru (PRODUCE, 2013),
it may require other ecosystem components to account for the main
drivers affecting these fisheries. As a demersal species, hake feeds on
both pelagic and benthic fish species as well as euphausiids (Ware,
1992). However, in our configuration, we only accounted for pelagic
prey. Hence, the variability in this species is missing the effects of its
benthic prey. In addition, a possible explanation for the high production
of the NHCS is the resetting of the system every few years by El-
Niño events that impact both forage fish and their predators. Since
higher trophic levels usually have longer generation times and take
longer to recover, this opens a loophole for forage fish to dominate the
succession (Bakun and Broad, 2003; Bertrand et al., 2004). However,
we are missing apex predators in OSMOSE. The top predators in our
configuration are the Humboldt squid and the demersal fish hake but
we are missing other groups such as marine mammals and sharks. Tay-
lor et al. (2008) achieved some level of interannual variability in
an Ecopath with Ecosim configuration of the NHCS utilising a fit-to-
time-series routine that evaluated different predator–prey interactions,
emphasising the importance of trophic dynamics. Their configuration
included, among other animals, seabirds, chondrichthyans, cetaceans
and pinnipeds. While not containing as many groups as Ecopath, OS-
MOSE, in contrast, allows for a detailed spatial representation of species
with explicit life cycles, and can take input from a biogeochemical
model with finely resolved nutrient cycles.

Finally, the representation of survival of larvae may be of funda-
mental importance. To our knowledge, the study by Oliveros-Ramos
et al. (2017) is the only modelling project with OSMOSE that has
successfully replicated the regime shift after the El-Niño event of 1998.
They achieved this, in addition to including interannual distribution
maps, by calibrating time-varying parameters. While such an approach
successfully replicates the interannual variability in the system, it
masks the interactions between the biogeochemistry and HTL because
the temporally varying model parameters account for all temporal
variability, which is not necessarily justified, not allowing to pinpoint
processes. For instance, in Oliveros-Ramos et al. (2017, their Figure 10),

anchovy larval mortalities (LM) fluctuated more than 2-fold around the
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Table 3
Comparison of survival rates (dimensionless) during egg and larval stages (period of estimation provided
in days) in three species of our configuration and species in the same genera provided by Dahlberg (1979,
their Tables 1 and 2). Species provided by Dahlberg (1979): Anchovy, Engraulis japonica (Nakai et al., 1955);
Jack mackerel, Trachurus symmetricus (Farris, 1961); sardine, Pacific sardine (Murphy, 1961, scientific name
not provided). The relationship between the daily larval mortality (LM/15 days = 𝜇) and survival (𝑆) in
OSMOSE is given by 𝑆 = 𝑁(𝑡+𝛥𝑡)

𝑁(𝑡)
= 𝑒−𝜇𝛥𝑡 (using the exponential approach provided in OSMOSE source code:

https://github.com/osmose-model/osmose/tree/master/java [Accessed: 2021-10-28]).
Species Anchovy Sardine Jack mackerel

Dahlberg (1979) Period of estimation (days) 31 50 57
Survival per day 0.799 0.883 0.83

OSMOSE Period of estimation (days) 15 15 15
Survival per day 0.555 0.461 0.524
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central value. In our study, we found that OSMOSE is very sensitive to
the value of LM, with only a 10% change decreasing the biomass of
anchovy by more than half. The impact is much stronger than the effect
caused by a 10% decrease in available food. This suggests that the key
to reproduce the interannual variability of the fisheries in the NHCS
may not be in the food provided to adults but rather on the survival of
larvae.

4.2. Towards a better parameterisation of larval mortality

Understanding the drivers of recruitment is essential to assess the
growth of a population and, in turn, its maximum sustainable yield. The
maximum sustainable yield is the maximum amount of fish that can be
taken from the system while keeping the population growth at sustain-
able levels. Past studies emphasise the importance of recruitment and
mortality on the growth rate of fish populations (Tsikliras and Froese,
2019). In OSMOSE, recruitment is affected by the mortality of larvae.
Therefore, in this section, we discuss the larval mortality in OSMOSE
and how to improve its parameterisation.

Sources of larval mortality can be divided in four categories: (1)
mortality related to parents condition and variability among eggs (2)
abiotic factors such as temperature (3) starvation and (4) predation.
Predation (4) is already explicitly included in OSMOSE. The other
factors are represented by the larval mortality parameter (LM) which
accounts for mortality during the first 15 days of life of eggs and
larvae. It intends to account for processes that happen during the
earliest life stages of fish when mortality is very high but hard to
estimate from empirical studies. For instance, spatio-temporal match
between larvae and plankton allows fish recruitment (Cushing, 1990).
n upwelling regions, this occurs at an optimal wind stress (Cury and
oy, 1989; Cushing, 1990). In this way, the LM parameter in OSMOSE

also accounts for the impact of environmental processes on larvae such
as wind-dependence mixing. Our OSMOSE configuration proved to be
highly sensitive to the LM parameter. Following the setting-up of other
OSMOSE configurations (e.g., Vergnon et al., 2008; Marzloff et al.,
2009; Travers et al., 2009; Fu et al., 2012; Grüss et al., 2015; Halouani
t al., 2016), we estimated this parameter during the calibration process
f the model. Therefore, it was used, in combination with the plankton
ccessibility coefficient (AC), to adjust the fish biomass to observed
evels. Alternatives to calibrating this parameter may include to find a
echanistic representation of the fine scale larvae dynamics in relation

o the physical environment and food availability. This could resolve
tarvation (3) and abiotic causes of mortality (2), leaving only causes
elated to individual variability (1) to be calibrated.

In Table 3, we compare survival, derived from larval mortali-
ies, of sardine, jack mackerel and anchovy against values provided
y Dahlberg (1979). The daily survival rates in OSMOSE are smaller
han in Dahlberg (1979) (Table 3). However, this comparison has to
e taken with caution since the egg and first-feeding larvae period in
SMOSE (15 days) is shorter than the periods reported by Dahlberg

1979) (Table 3). Therefore, the high mortality of the initial days of life
f fish is concentrated over a shorter timeframe and it is not surprising
hat the survival rates are lower.
9

Finding a mechanistic link between the LM and the environmen-
al drivers will be a crucial step in the development of end-to-end
odels. Roy (1993) found a relationship between wind speed and

ecruitment of anchovy and sardine populations in several eastern
oundary upwelling systems. This is based on the hypothesis that
ow wind and upwelling is linked to low primary productivity and
ecruitment; high wind-speeds, on the other hand, generates strong
ixing that disperses larvae away from the food. Therefore, there is

n ‘‘Optimal Environmental Window’’ (Cury and Roy, 1989) where the
ind is neither too strong, nor too weak and maximum recruitment

s achieved (Roy, 1993). From a modelling perspective, Lett et al.
2008) proposed an explicit simulation of the larval stages of fish as

Lagrangian individual-based model with salinity, temperature and
elocity inputs. A simple experiment to increase the effect of food
vailability on fish in OSMOSE is to link the LM to the food availability
hrough a linear relationship. Other potential improvements for the
arval parameterisation in OSMOSE may include to either link the
M parameter to environmental conditions, for instance, through the
elationship found by Roy (1993); or to include a whole new larval
ub-model in OSMOSE, similar to the one proposed by Lett et al.
2008). Brochier et al. (2008) simulated anchovy larval survival off

the coast of Peru based on a hydrodynamic model simulating larval
drift and also considering lethal temperature, egg buoyancy and active
vertical swimming of the larvae. The temporal dynamics of their results
roughly resemble the seasonality in observations. While no interannual
variability was taken into account, this approach shows potential for
resolving larval dynamics in a mechanistic way. The time-series of
estimated larval mortalities by Oliveros-Ramos et al. (2017) provides
a good fitting hindcast. A statistical relationship with the physical
parameters and traces of the biogeochemical model could then be
derived to produce estimates for future projections. This may not
only reduce the uncertainty in the LM but, because LM and AC act
in opposite directions, it would potentially also provide insights into
better estimations of the AC during the calibration process by reducing
the number of parameters to be optimised.

There is no model that fits all purposes but models are useful
tools to investigate certain questions. Every question, however, poses
specific requirements for the model. OSMOSE was originally developed
to investigate trophic interactions among HTL such as fish (Shin and
Cury, 2001, 2004). At this time, fish schools were divided into pisciv-
orous and non-piscivorous fish and their maximum populations were
regulated by a carrying capacity (Shin and Cury, 2001, 2004). Later
on, it was modified to also include explicit food forcing from plankton
groups (Travers, 2009) which could be derived from satellite and
surveys data (Marzloff et al., 2009) or biogeochemical models (Travers
et al., 2009). At this point, a carrying capacity parameter was not
necessary anymore since limited resources were explicitly modelled.
However, the AC was implemented to scale the biomass of plankton
that is available to the fish. The reasoning behind is that not all
plankton in the water-column is available for the fish to feed (Travers
et al., 2009). This parameter is, however, poorly understood and it is
usually calibrated. A blind calibration of the AC may, however, obscure

https://github.com/osmose-model/osmose/tree/master/java
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Fig. 6. Sea surface temperature (SST) and mixed layer depth (MLD) averaged over the closest 2◦ or about 200 km off the coast of Peru from 15 to 5◦S. Top: SST in the model
black) and in MODIS observations (red; https://oceancolor.gsfc.nasa.gov/l3/ [Accessed: 2022-07-24]). Bottom: Simulated MLD (black) compared with climatological observations
f temperature threshold mean MLD (red) by Holte et al. (2017).
Fig. 7. Seasonal variability in the fishing rate. The sum of all points for 24 time-steps in one year is 1. These were calculated from monthly landings data provided by
Gutierrez-Aguilar and Instituto del Mar del Peru (IMARPE) (personal communication).
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the interactions between higher and lower trophic levels in the end-to-
end model. The study by Travers-Trolet et al. (2014b,a) looked at the
ombined effects of top-down and bottom-up pressures on a two-way
oupled N2P2Z2D2-OSMOSE model system. The fish-to-plankton feed-
ack was achieved by calculating a mortality map of plankton based on
10

z

he consumption by fish. The maximum consumption of every plankton

roup was given by the AC which came from a calibration. Since, in

two-way coupling system, fish consumption has a direct impact on
ooplankton mortality, the AC might also affect the biogeochemistry of

https://oceancolor.gsfc.nasa.gov/l3/
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Table 4
Parameters. Species and groups are: a for anchovy, h for hake, s for sardine, jm for jack mackerel, chm for chub mackerel, m for mesopelagics, sl for squat lobster, hs
for Humboldt squid, e for euphausiids. For a detailed explanation on each parameter please refer to Shin and Cury (2004), as well as the official OSMOSE documentation:
http://documentation.osmose-model.org/index.html [Accessed: 2021-10-28].
Source: Oliveros-Ramos and Lujan-Paredes, personal communication, based on the configuration by Oliveros-Ramos et al. (2017).

Parameter Unit a h s jm chm m sl hs e

simulation.ncschool n 24 12 12 24 12 148 4 48 148
species.lInf cm 19.5 68 38.71 81.6 40.6 8 4.2 95 2.6
species.K 1/yr 0.76 0.,025 0.22 0.,167 0.41 1.15 0.,375 1.1 1.8
species.t0 years −0.14 −0.,269 −1.34 −0.28 −0.05 −0.06 −328 −0.09 −198
species.vonbertalanffy.threshold.age years 0.35 0.5 0.5 0.5 0.5 0.35 0.5 1 0.1
species.length2weight.condition.factor g/cm 0.0065 0.,007 0.0089 0.0135 0.0086 0.00832 0.,174 0.,005 0.00925
species.length2weight.allometric.power – 3 3.05 2.99 2.9248 3.26 3.15 3.03 3.4 3
species.relativefecundity – 1
species.egg.size cm 0.1
species.egg.weight g 0.0005386
species.sexratio – 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
species.maturity.size cm 12 35 21 29 29 2.5 1.9 66 0.8
species.lifespan years 3 12 8 8 10 2 4 1.5 1
mortality.starvation.rate.max 1/ts 1 0.05 0.1 0.15 0.05 0.5 0.1 0.1 0.5
predation.efficiency.critical – 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
predation.ingestion.rate.max g food/ g fish/ year 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
predation.predPrey.sizeRation.max – 8, 6 3, 2.5 25, 150 20, 15 20, 15 3.5 2 2.5, 2, 1 15, 10
predation.predPrey.sizeRation.min – 800, 200 50, 50 1000, 10000 300, 200 300, 200 100 150 35, 55, 70 3000, 2000
predation.predPrey.stage.threshold cm 10 18 13 20 20 – – 30, 60 0.6
movement.distribution.method – maps
movement.randomwalk.range cells/ts 1
mortality.algorithm – stochastic
mortality.fishing.recruitment.size cm 12 35 21 26 26 2.5 1.9 30 0.8
mortality.natural.ratea 1/yr 0.34 0.3 0.3c 0.24 0.25 1.19 0.3 6.27 0.954b

mortality.fishing.ratea 1/yr 1.1 0.3 0.4 0.3 0.5 0 0 0.11c 0
mortality.natural.larva.rated 1/ts 8.83 9.63 11.6c 9.7 9.16 4.63 0.61 4.47 2.6
mortality.subdtc n 10
osmose.version – Osmose 3 Update 3 Release 3 (2018/11/28)
ltl.java.classname – fr.ird.osmose.ltl.LTLFastForcing
grid.java.classname – fr.ird.osmose.grid.OriginalGrid
predation.predPrey.stage.structure – size
predation.accessibility.structure – size
q-factor (see main text) – 0.87 0.41 0.74 0.54 0.76 0.16 0.88 0.31 0.5
population.seeding.biomass (tons) 8 × 106 2.1 × 105 1 × 104c 4.36 × 106 9 × 105 1.5 × 107 1 × 107 3 × 106 4 × 107

aMarzloff et al. (2009).
bTam et al. (2008).
cAdjusted.
dCalibrated.
Fig. 8. Mean plankton accessibility coefficient (dimensionless), larval mortality (1/ts) and their standard deviation (shaded area) of the parameters in the 75 individuals of the
calibration.
the model. Therefore, special attention has to be taken for the choice
11
of this parameter.

http://documentation.osmose-model.org/index.html
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Fig. 9. Simulated biomass (red) and monthly landings (blue) over 300 years of climatological simulation and observations averaged from 2000 to 2008 (black). These were the
observations used to calibrate the model and the model output with the final set of calibrated and adjusted parameters.
5. Conclusion

We set up a climatological configuration for the Northern Humboldt
Current System, coupling the higher trophic levels model OSMOSE with
the physical–biogeochemical model CROCO-BioEBUS. The calibrated
model replicates well the mean biomass between 2000 and 2008 of
most of the groups in a steady state. Changing the climatological
plankton forcing to an interannual time-series introduces temporal
variability in the ecosystem. However, it does not replicate the strong
fluctuations in fish, especially sardine and anchovy, observed before
and after the El-Niño event of 1998. The inability of our model to
replicate the regime shift may arise from the period between 1990
and 2010 not being in a steady state, like our configuration, but
being a transitionary state from a sardine to an anchovy-dominated
regime. Covering a longer time-series might help to capture longer-
term fluctuations. In addition, other processes should be assessed as
potential major drivers of variability. Temporal changes in the habi-
tat of fish may be an additional source of interannual variability.
These were included by Oliveros-Ramos et al. (2017) as interannually-
varying distribution maps based on statistical methods. In climate
projections, these could be directly linked to the variables in the
ocean-circulation-biogeochemical model. Linking other environmental
drivers, for instance temperature and oxygen, with life stages of higher
trophic levels, for instance larvae, may shed light into the main causes
of the strong fluctuations of small pelagic fish in the Northern Hum-
boldt Current System. This, in turn, may reduce the uncertainty in the
plankton accessibility coefficient which is the most poorly constrained
parameter in OSMOSE. When the main goal of using OSMOSE is to
explore the interactions between higher trophic levels and biogeochem-
12

istry, including plankton, we recommend a thoughtful consideration
of what the plankton accessibility coefficient represents in the model.
For example, some of the large zooplankton may perform vertical
migrations and hide in the oxygen minimum zone. In this case, it would
not be available for the fish during part of the day and it would require
a different accessibility coefficient. However, if this information is
missing while parameters need to be calibrated, for evaluating the link
between the biogeochemical processes and OSMOSE, we recommend to
calibrate the same accessibility coefficient for all plankton groups.
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Appendix A

A.1. CROCO sea surface temperature and mixed layer depth

The model sea surface temperature (SST) resembles well satellite
observations from 2002 to 2010 (Fig. 6 top). The SST increases during
El-Niño event of 1997–1998 in comparison to the rest of the time series
(Fig. 6 top). The mixed layer depth becomes deeper during El-Niño
event of 1997–1998 (Fig. 6 bottom).
13
A.2. Higher trophic levels model parameters

Table 4 provides the parameters used to run OSMOSE. The orig-
inal name of each parameter as it is read by the model is provided.
Fig. 7 provides the seasonality of the anchovy landings. Additional
parameters and the distribution maps are provided in the Supplement.

A.3. Calibration evolution

The calibration ran for 400 generations using 75 individuals. The
global fitness function evolved from an original global fitness of 521.59
on the first generation, to 0.29 on generation 200. From here, it only
decreased to 0.26 at generation 400. Fig. 8 shows the evolution of the
parameter sets over the first half of the calibration.

A.4. Climatological configuration

Fig. 9 shows biomass and landings in the climatological configu-
ration of OSMOSE over a 300 years run. The model resembles well
averaged observations against which it was optimised.

A.5. Configuration with interannual distribution maps

In this section we provide the relative variability with respect to
the climatological configuration (see Section 2.4). We also examine
the hybrid configuration (see Section 2.4) running with interannually-
varying distribution maps from 1992 to 2008 instead of climatological
distribution maps. The initialisation, food forcing and parameters are
the same as in the hybrid configuration. The interannual distribution
maps are the same as used by Oliveros-Ramos et al. (2017). For most
Fig. 10. Normalised difference between the 12-month running mean of the control (climatological configuration) and the other experiments (see Section 2.4). We also included a
hybrid configuration with interannual distribution maps from 1992 to 2008 (Hybrid-interMaps).
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Fig. 11. Rows top to bottom: annual running mean of plankton, annual running mean of plankton multiplied by their respective accessibility coefficients, plankton time-series
multiplied by their respective accessibility coefficients (tonnes) and time-averaged total plankton (tonnes per grid cell). intV and seasV refer to the relative difference between the
maximum and minimum of the annual running mean and the seasonal cycle, respectively. Columns: plankton in the whole domain (left) and plankton in the region where 90%
of the anchovies live.
A

A

B

B

B

B

B

B

groups, introducing interannual variability in plankton produces a rela-
tive change of around 5 to 10% (Fig. 10). Changing the larval mortality
of anchovy in addition to the interannual variability in plankton has a
larger impact in all groups, except for the Humboldt squid, than only
introducing interannual variability in the plankton (Fig. 10). Applying
interannual variability to the distribution maps has a visible impact
on the fish when compared to using climatological maps (Fig. 10).
Compared to the hybrid configuration, in the configuration with inter-
annual maps, some of the groups, for instance Humboldt squid, exhibit
a stronger interannual variability (Fig. 10). In all experiments but the
climatological set-up, sardines get destabilised and exhibit a continuous
decline throughout the time-series (Fig. 10).

A.6. Plankton interannual and seasonal variability

Plankton has interannual and seasonal variability. These are highly
affected by the accessibility coefficient (intV = 13% and 9.1% and seasV
= 19% and 27%, Fig. 11) in the full domain. On the other hand, the
accessibility coefficient has a smaller effect when considering only the
anchovy habitat (see Section 3 for a description of the anchovy habitat;
intV and seasV differences are only 3 and 1%, respectively, Fig. 11).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
14

at https://doi.org/10.1016/j.ecolmodel.2022.110097.
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