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ABSTRACT

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 Nifio 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 Nifio. 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 Nifio. 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

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
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months in 2004 and total allowable catches and individual non-
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 Nifio 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 Nifio 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 Nifio was respon-
sible for the recovery of Peruvian hake population in the 1980s,
whereas Wosnitza-Mendo et al. (2004) argued that El Nifio was
one of the main causes of the decline in hake size during 1991-
1992. These opposing views of the possible effects of El Nifio 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.
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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).

To determine any overall El Nifio 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 Nifio’s
effect on hake biology can be isolated if an El Nifio 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 Nifio and fishing pressure.

We first discuss the effects of El Nifio and fishing on CF and GL
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; 20-35cm; 35-50 cm; >50 cm) were determined
from sampling performed by IMARPE (Ballén 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=w'L"

2. An indicator of reproductive health or condition, the gonad

index (GI), with Wg; the gonad weight (in g)
GI=Wg'Ww™!, and
3. An indicator of recent feeding, the fullness index, with Ws; the

stomach weight (in g)

Fl = Ws'W™!

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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period 1971-2004 (Fig. 2). El Nifio 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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Fig. 2. Monthly mean condition factor (black full squares) + confidence intervals (black bars), gonad index (red empty triangles) + confidence intervals (red bars) and lineal
trends (black and red solid lines) for (a) all sizes, (b) small (<35 cm) and (c) large (>35 cm) female hake from 1971 to 2004. The overlaid areas in salmon colour correspond to

El Nifio periods.
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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.

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
Nifio 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 Nifio, coincided with
reduced CFs for both size classes. To a lesser extent, negative
anomalies associated with La Nifia 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

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
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

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 Nifio-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 Nifio

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
Nifio) than small hake.

Hake distribution is restricted by the presence of the oxygen
minimum zone. During El Nifio, 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 Nifio (Tam et al., 2006). Un-
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der El Nifio conditions, apparently favourable, hake condition and
reproduction output should improve. However, we observed that
El Nifio has a strong negative effect on hake biology (depressed CF
and GI; Figs. 2-4). The low GI and CF observed during El Nifio
contradict the idea that these events favour hake (Espino,
1990). Additionally, low hake CFs during El Nifio 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 Nifio, 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 Nifio, 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 Nifio 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 Nifio combined with its depleted
population and diminished distribution area could explain the
disappearance of adults during and following the El Nifios 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
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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
(Pajaro 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 Nifio, 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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