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ABSTRACT
Jumbo squid (Dosidicus gigas) off central Chile

(32˚00'S–41˚30'S) was estimated using data collected
from July to November during 2005 and 2006 on board
the commercial bottom trawl fleet, where D. gigas is
part of the bycatch. A geostatistical approach was ap-
plied to estimate the jumbo squid biomass in Chilean
hake (Merluccius gayi) fishing grounds, which reached
almost 135,000 t in 2005 and 131,000 t in 2006. The
consumption-biomass ratio and the diet composition
from a jumbo squid predation study during 2005 and
2006 were used to estimate the consumption ofMerluccius
gayi by D. gigas between 2001 and 2006. Assuming a
direct relationship between the biomass and the catch
per unit effort,D. gigas biomass and its consumption were
estimated for 2001 to 2004. We also consider that the
predation of jumbo squid on Chilean hake played an
important role in the biomass reduction of this species
off central Chile.

INTRODUCTION
The jumbo squid (Dosidicus gigas, d’Orbigny 1835),

called “jibia” in Chile and “pota” in Peru, is one of the
most abundant squid in the Eastern Pacific Ocean (Nesis
1970;Nigmatullin et al. 2001; Anderson and Rodhouse
2001; Argüelles et al. 2001; Ibáñez and Cubillos 2007)
and is one of the largest marine invertebrates of the
Chilean fauna (Schmiede and Acuña 1992; Fernández
and Vásquez 1995). The geographic distribution of
D. gigas extends from approximately 40˚N to 42˚S in
the Eastern Pacific Ocean (Wormuth 1998;Nigmatullin
et al. 2001), in both oceanic and neritic waters, and from
the surface down to depths of 1,200 m (Nesis 1970;
Roper et al. 1984; Fernández and Vásquez 1995;Markaida
and Sosa-Nishizaki 2001;Nigmatullin et al. 2001; Tafur
et al. 2001; Taipe et al. 2001). This species typically lives
in areas of high productivity and is most often concen-
trated in coastal waters from 25˚–30˚N to 25˚–30˚S,
but in 2004 jumbo squid were confirmed to have been
caught as far north as Alaska (57˚N) (Hatfield and
Hochberg 2007), and in the south near Chiloe island
(43˚00'S) in 2006.

Like most cephalopods, jumbo squid are character-
ized by rapid growth and short life spans, and typically
reach 120–150 cm of dorsal mantle length (DML)
(Lipiñski and Underhill 1995;Argüelles et al. 2001;Tafur
et al. 2001; Taipe et al. 2001).Nesis (1983) reported that
jumbo squid can reach large sizes of up to 360 cm in
total length (up to 200 cm in DML) and up to 150 kg
in weight, however,Clarke and Paliza (2000) suggest that
those sizes could be exaggerated because the maximum
dimensions they recorded from specimens found in sperm
whales’ stomachs caught off Peru had dorsal mantle
lengths of 120 cm and body weights of 58–65 kg.
In Chile, most of the existing literature available on

D. gigas describes the length structure and reproductive
activity, the strandings that have occurred in coastal areas,
and/or the sporadic and short-term pulses in abundance
that can be deduced from the catch records (Wilhelm
1951; Schmiede and Acuña 1992; Fernández and Vásquez
1995; Rocha and Vega 2003; Chong et al. 2005).
The existence of D. gigas invasions along the Chilean

coast during the 19th century is well-documented.
Alcides d’Orbigny, a French naturalist who visited South
America at the beginning of the 19th century, wrote in
his monumental 1834 work, “Voyage dans l’Amerique
Méridionale,” that high abundances of D. gigas in Chile
occurred between Arica (18˚20'S) and Valparaíso (33˚01'S)
during the summer of 1830 (Wilhelm 1930). Wilhelm
(1930) reported events of high abundance of D. gigas off
the central part of Chile, and related those high abun-
dances to the impressive jumbo squid beachings at the
end of the summer of 1930 in Concepción Bay
(36˚41'S–73˚02'W). Jumbo squid was abundant off Chile
between 1992 and 1994 (Schmiede and Acuña 1992;
Arancibia et al. 2007)1, and since 2001, a new period of
high abundance has occurred, with total catch reaching
297,000 t in 2005 (SERNAPESCA 2006, Anuario
Estadístico de Pesca 2005. http://www.subpesca.cl).
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1Arancibia, H., M. Barros, S. Neira, U. Markaida, C. Yamashiro, L. Icochea,
C. Salinas, L. Cubillos, Ch. Ibáñez, R. León, M. Pedraza, E. Acuña, A. Cortés,
and V. Kesternich. 2007. Informe Final Proyecto FIP 2005-38. Análisis del
impacto de la jibia en las pesquerías chilenas de peces demersales. Universidad
de Concepción/Universidad Católica del Norte, 299 pp. + Anexxes.
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D. gigas are characterized by a complex size structure,
high fecundity, sexual dimorphism, and a differentiated
sexual ratio (Markaida 2001; Markaida et al. 2004). On
the other hand, food habit studies indicate that these an-
imals prey on a number of stocks of commercial and
ecological importance in the central part of Chile, in-
cluding Chilean hake (Merluccius gayi), jack mackerel
(Trachurus murphyi),Chilean common sardine (Strangomera
bentincki), anchovy (Engraulis ringens), lantern fish
(Hygophum spp.), rattails (Coelorhynchus spp.), rockfish
(Helicolenus lengerichi), deepwater cardinalfish (Epigonus
crassicaudus), and euphausiids (Ulloa et al. 2006;Arancibia
et al. 2007).
Geostatistics is a relatively young statistics field in

which spatially-explicit phenomena are studied (Journel
and Huijbregts 1978). Petitgas (1993) defines geostat-
stics as the application of probability theory to esti-
mates of spatial or regionalized variables. Geostatistics
is applied in many fields, especially mineral resources,
in order to estimate and simulate regionalized variables
(Isaaks and Srivastava 1989; Martínez-Vargas and
Ramírez-Garcia 2005). Geostatistics was initially ap-
plied to fisheries data in 1985 for biomass estimates
(Conan 1985; Gohin 1985) using a technique that had
been developed for mineral resource estimation
(Rivoirard et al. 2000).
While geostatistics has mainly been applied to min-

ing applications, the generality of the subject and diver-
sity of applications are increasing. It has also been applied
to terrestrial issues in hydrology (Bardossy 1992;Gardner
et al. 2003), agriculture (Lacaze et al. 1994), and forestry
(Lyon et al. 2006), and to marine problems in bathym-
etry (David et al. 1986), mapping sea surface tempera-
ture (Gohin 1989), and estimation of various marine
biological resources. Included in this latter class are shell-
fish (Conan 1985), crustaceans (Loch et al. 1995;Rufino
et al. 2004), fish eggs and larvae (Fletcher and Sumner
1999;Bez 2002;Castillo-Jordán et al. 2007), spatial plank-
ton distribution (Bez and Rivoirard 2001; Simard et al.
2003), biomass of fishes (Simard et al. 1993; Petitgas 1993;
Maravelias 1999; Barange et al. 2005), and the present
subject, squids.
The consumption of Chilean hake by D. gigas is con-

sidered one of the factors that could explain the recent
biomass reduction and the quasi-collapse of the Chilean
hake fishery (Arancibia and Neira 20051). But, there are
no estimates of jumbo squid biomass with which to
assess the total consumption of Chilean hake. The ob-
jectives of this work are: (1) to estimate the biomass of
D. gigas in the fishing grounds of Chilean hake between
2001 and 2006; and (2) estimate the jumbo squid con-
sumption of Chilean hake using consumption-biomass
ratio estimates (Q/B) and jumbo squid diet composi-
tion (DC) during the same period.

METHODS

Biomass Estimates in 2005 and 2006
To estimate the biomass of D. gigas in the study area

(fig. 1), density data,measured as catch per unit of swept
area (cpua, t/km2), was collected between July and
November in 2005 and 2006 on board commercial bot-
tom trawl vessels from the Chilean hake fishery, between
32˚00'S–41˚30'S.This study area represents the main dis-
tribution area of the Chilean hake fishery.
The total study area was separated into two geographic

zones, defined according to the orientation and shape of
the coastline and the extension and distribution of the
continental shelf (Lillo et al. 2007)2. The limit between
the geographic zones was arbitrarily fixed at 37˚06'S,
defining a north area and a south area (fig. 1).
All the data used were collected on board by scien-

tific observers as part of a joint monitoring program be-
tween the Chilean hake fishing industry and the Instituto
de Investigación Pesquera (INPESCA).The jumbo squid
catch was weighed directly on board after being sepa-
rated from the Chilean hake specimens.D. gigas is caught
as bycatch in the Chilean hake fishery and the jumbo
squid catch is independent of the fishery, which means
that the jumbo squid catch can be considered a random
sample of its abundance, a condition needed to apply the
swept-area method to this species (Godø 1994).
The density (tons/km2) of jumbo squid in each haul

was calculated as:

Ci
z(xi) =

, (1)WSi · sdi
where z(xi) is the value of the density (tons/km

2) of
jumbo squid at xi, which is the trawl middle point;Ci is
the catch (tons) of jumbo squid;WSi is the wing spread
of the net; and sdi is the swept distance.
The wing spread of each haul used in this study was

measured directly on board by the scientific observers,
as we only use data from vessels that have electronic de-
vices to measure both wing spread and the vertical spread
of the net. At least five measures of the wing spread were
taken during the hauls; for each haul the average of those
measures were used. The wing spread of the nets fluc-
tuated between 16 and 20 m.
In using the geostatistical approach to estimate the

biomass of D. gigas in the Chilean hake fishing grounds,
the spatial relationship between densities was explored
by computing an empirical semivariogram, the basic geo-
statistics tool (Rivoirard et al. 2000). The empirical var-
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2Lillo, S., R. Bahamonde, J. Olivares, J. Saavedra, E. Díaz, E. Molina, M.
Braun, S. Núñez, A. Sepúlveda, R. Alarcón, and A. Saavedra. 2007.
Evaluaciones hidroacústicas de merluza común, año 2006. Informe Final
Proyecto FIP 2006-03. 597 pp.
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iogram is defined as the variance of difference between
values that are h units apart and is a function of variance
and covariance, i.e.:

1 N (h)

�* = � (z(xi)–z(xi+ h))2, (2)2N(h) i = 1

where h is a vector of distance and direction, and N(h)
is the number of pairs of observations at distance h and
a given direction.However,we also chose the robust (or
stable) variogram estimator (Cressie and Hawkins 1980;
Cressie 1993) since it permitted a better definition for

the variogram pattern for the spatial distribution of D.
gigas densities (Sullivan 1991):

1 4N (h)

� � (z(xi)–z(xi+ h))2 �
i =1

�* = . (3)
0.4942N(h)4�0.457 + �|N(h)|

In the present analysis, second-order stationarity was
assumed (Journel and Huilbregts 1978), where the fol-
lowing applied: (1) the mathematical expectation (or

159

Figure 1. Study area shown separated in two working areas (north and south).
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mean) of the random function, E(Z(x)), is independent
of the support point x; and (2) for each pair of region-
alized variables (z(xi) – z(xi + h)) the covariance, C, is
independent of the separation distance, h (Matheron
1971; Journel and Huilbregts 1978). The stationarity of
the covariance implies the stationarity of the semivari-
ogram (Journel and Huilbregts 1978). In order to ex-
plore and to detect whether the intensity of spatial
autocorrelation varies according to direction (anisotropic
process), experimental semivariograms were calculated
in four directions (0˚, 45˚, 90˚, and 135˚).
To characterize the spatial structure of the D. gigas

density, three mathematical models were tested: the
spherical, exponential, and the Gaussian models. These
models, in terms of the semivariogram, are described in
Cressie (1993):

0, h = 0
3 ||h|| 1 ||h|| 3

�(h;�) = { c0 + c ( ( )) – ( ), 0<||h||≤ r
2 r 2 r

c0 + c, ||h||≥ r

(4)
for the spherical model,

0, h = 0
||h||

�(h;�) = { c0 + c (1–exp(– )) , h ≠ 0
r

(5)
for the exponential model, and

0, h = 0
3||h||2

�(h;�) = { c0 + c [1–exp(– )], h ≠ 0
r2

(6)

for the Gaussian model, where c is the sill of the vari-
ogram that represents the maximum level of variability,
r is the range of the variogram beyond which data are
no longer autocorrelated, and c0 is the nugget effect. The
models were fitted to the variogram estimates accord-
ing to an approximate weighted-least-squares (WLS) pro-
cedure (Cressie 1993; Pelletier and Parma 1994).
To select the best model and evaluate alternative mod-

els for kriging, a cross-validation was performed. In cross-
validation analysis, each measured point in a data set is
individually removed from the set and its value is then
estimated via kriging as though it were never there (Davis
1987). In this way, the prediction error for each sampled
locality is defined as the difference between the mea-
sured value and the estimated value from the rest of the
data (Isaaks and Srivastava 1989). The mean squared de-
viation ratio (MSDR) of residuals was used as a good-
ness of fit measure:

1 n [z(xi) – ẑ(xi)]2MSDR = � , (7)
n i=1 �̂2(xi )

where �̂2(xi) is the kriging variance at cross-validation
point xi.
Ordinary point kriging was used as the interpolation

method to reproduce the stochastic processes within the
distribution regions (loci) of D. gigas in the study area.
An interpolation grid was imposed into each abundance
locus with internodal distance as the average minimum
distance between hauls. The abundance region (locus)
was defined according to the presence/absence of D.
gigas in trawls.
Both variogram and kriging parameters were used to

estimate the density, z*(x0, y0), of D. gigas in the locali-
ties (x0, y0):

n

z*(x0,y0) = � 	i z(xi,yi ), (8)
i=1

where 	i represent the weights for each sampled local-
ity. The sum of the weights is equal to 1.
Inside of each abundance locus, the mean density (z*kg)

was estimated by averaging the local estimates. The bio-
mass of D. gigas in each abundance locus (B̂j), was cal-
culated as:

1
B̂j = Ŝj· z*kg , (9)

ā

where Ŝj is the area (km
2) of the j-locus, and ā is the

average local capturability index which, for simplicity,
was assumed equal to 1. Then, the total biomass of
D. gigas is the sum of all abundance regions identified in
the study area, i.e.:

n

B̂ =� B̂j. (10)
j=1

Jumbo Squid Biomass Between 2001 and 2004
We established that no direct estimates of jumbo squid

biomass between 2001 and 2004 existed. Then,with an-
nual D. gigas CPUE (tons by sweep hour, t/sh) from 2001
to 2006 (fig. 2), and the direct relationship between
CPUE and biomass (Sparre and Venema 1997),

CPUE = q ·B, (11)

the capturability coefficient (q) was obtained separately
for 2005 and 2006, as was the two-year average (q̄).With
this average capturability coefficient, and the annual
CPUE data,D. gigas biomass was calculated for 2001 to
2004, according to the following expression:

CPUE
B̂y = . (12)

q̄

160
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Consumption of Chilean Hake
To estimate Chilean hake consumption (Qi) by D.

gigas, three parameters have to be known: (1) the bio-
mass of the predator (Bj), (2) the consumption-biomass
relationship of the predator (Q/B)j, and (3) the diet com-
position (DCij) of the prey (i ) in the stomach contents
of the predator ( j). The expression to calculate the con-
sumption is:

n Q
Qi = � Bj · ( ) ·DCij . (13)

i=1 B j

RESULTS
From analysis of positive and negative trawls (zero

catch) for D. gigas, ten abundance foci were identified in
2005, and thirteen in 2006 (fig. 3), covering 19,346.7
km2 and 12,695.5 km2, respectively (tab. 1).
The analysis of directional variograms showed differ-

ences in the spatial autocorrelation between both years
and areas. Therefore, a directional variogram was calcu-
lated for each area, except in the south area for 2006
where an omni-directional variogram was adjusted. In
all cases, the spherical model showed the best fit (fig. 4).

The range of the variogram fluctuated between 11.2 km
in the south area in 2005 and 19.0 km in the north area
in 2006 (tab. 2).

D. gigas biomass in the Chilean hake fishing grounds
estimated through the geostatistic method reached more
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Figure 2. Annual catch per unit effort (tons by sweep hour, t/s.h.) of jumbo squid (Dosidicus gigas) off central
Chile between 2001 and 2006.

TABLE 1
Number of biomass loci of Dosidicus gigas identified in

the study area in 2005 and 2006, the coverage area (km2),
and the biomass (t) estimated in each locus and total.

2005 2006

Locus Area (km2) Biomass (t) Area (km2) Biomass (t)

1 278.7 2,577.5 293.0 3,680.0
2 182.4 2,332.0 392.8 6,954.0
3 563.2 2,630.5 170.4 2,076.0
4 677.8 3,072.0 163.5 5,724.5
5 5,956.8 45,627.0 1,987.1 17,604.5
6 779.2 7,380.5 2,290.0 14,259.0
7 63.7 641.5 292.5 8,008.5
8 2,755.9 27,104.5 93.6 767.5
9 3,718.6 17,016.0 545.9 5,980.0
10 4,370.4 26,291.0 93.5 868.5
11 — — 569.3 11,973.5
12 — — 2,008.5 21,090.0
13 — — 3,795.4 32,200.5

Total 19,346.7 134,672.5 12,695.5 131,186.5
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Figure 3. Spatial localization of the biomass loci of jumbo squid (Dosidicus gigas) off central Chile in 2005 (A: north area; B: south area), and 2006 (C: north
area; D: south area). In parenthesis appears the number of the locus.

162
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than 134,000 t in 2005 and almost 131,000 t in 2006.
Then, using equation 11 we estimate the catchability
coefficient for 2005 and 2006 as equal to 4.054 x 10–7
(tab. 3).
To estimate the annual total biomass of D. gigas, it is

necessary to add together the corresponding landings
from the same area and year. Thus,D. gigas landings for
the study area were 213,393.0 t in 2005 and 180,355.0
t in 2006. Therefore, the annual biomasses of jumbo
squid in 2005 and 2006 were 348,065.5 t and 311,541.5
t, respectively (tab. 3).
Once the catchability coefficient and CPUE were de-

termined, we used equation 12 to calculate the annual
biomass of D. gigas as more than 680,000 t in 2003 and
almost 40,000 t in 2001. According to official landings,
there is no evidence of high jumbo squid abundance off
central Chile, since at least five years before 2001. Finally,
with the biomass estimate and the consumption-biomass
relationship (Q/B) for D. gigas (Q/B = 5.3), and the diet
composition (DC ) of Chilean hake in the stomach con-
tents of the predator (DC = 15%), parameters taken from
Arancibia et al. (2007), the annual hake consumption was
estimated for the years 2001 to 2006 as more than
500,000 t in 2003 (tab. 3).

DISCUSSION
Since December 2001, jumbo squid have been found

in relatively high abundances in both the purse seine and
bottom trawl fleet catches off the central-south coast of

163

Chile. These high abundances were apparently due to
the reproductive success of the species, associated with
cold oceanographic conditions that occurred in 1999
and 2000, after the El Niño event of 1997–98 (Cubillos
et al. 2004)3. The increase in the relative abundance of
D. gigas resulted in the species being found both in the
oceanic and coastal sector from August 2003 and January
2004 (fig. 5), with captures fluctuating between a few
kilos to almost 100 t per haul.
Nevertheless, in spite of the increase in the presence

of jumbo squid in the industrial and artisan captures
reflected in the landings as 15,000 t in 2003, 296,000
t in 2005, and 210,000 t in 2006 (SUBPESCA 2007,
www.subpesca.cl), biomass estimates of the resource do
not exist for that period, except in the recent work of
Arancibia and Neira (2007). They estimated the jumbo
squid biomass for 2005 at 400,000 t using an ECOPATH
model, which is not significantly different from our es-
timate of nearly 348,000 t (tab. 3).
Arancibia and Neira (2007), using the same ECO-

PATH model, estimate Chilean hake consumption by
jumbo squid for the same year that they estimate the
jumbo squid biomass (2005).Chilean hake consumption
was calculated to be 300,000 t, which is comparable to
our estimate of almost 277,000 t (tab. 3).
Concurrent with the increase in jumbo squid abun-

dance off central Chile was a reduction in the availabil-
ity/abundance of traditional fishing resources such as
Chilean hake,Chilean hoki (Macruronus magellanicus), and
cardinal fish (Epigonus crassicaudus)(Arancibia et al. 2007).
Before 2002, the Chilean hake fishery was considered
healthy with a robust population structure, stable aver-
age weights at age, and an increasing trend in abundance
(Lillo et al. 2007, tab. 4).
Reduction in Chilean hake abundance during 2004–06

TABLE 2
Parameters of the spherical variogram model fitted

to the empirical variogram for the spatial distribution
of the density of Dosidicus gigas off central Chile in 2005

and 2006. RSS = Residual Sum of Squares.

2005 2006

Parameter North area South area North area South area

Range (km) 11.639 11.169 18.966 12.174
Sill 0.242 0.345 0.368 1.306
Nugget 0.445 0.360 0.176 0.545
RSS 0.072 0.098 0.105 2.082

TABLE 3
Annual CPUE (tons per sweep hour, t/s.h.) of jumbo squid (Dosidicus gigas), capturability coefficient (q), estimate of
jumbo squid biomass in Chilean hake (Merluccius gayi) fishing grounds (Bfg, tons), D. gigas landings, estimate of annual

biomass of D. gigas off central Chile, and estimated consumption of M. gayi by D. gigas between 2001 and 2006.

CPUE Annual Consumption of
Year (t/s.h.) q Bfg (t) Landings (t) Biomass (t) Chilean hake (t)

2001 0.016 40,440.3 32,150.1
2002 0.135 331,878.8 263,843.6
2003 0.277 682,646.5 542,704.0
2004 0.148 364,139.3 289,490.7
2005 0.080 5.959 x 10–7 134,672.5 213,393.0 348,065.5 276,712.1
2006 0.028 2.148 x 10–7 131,186.5 180,355.0 311,541.5 247,675.5

Average = 4.054 x 10–7

3Cubillos, L., Ibáñez Ch., González C., and A. Sepúlveda. 2004. Pesca de
Investigación: Pesca de Jibia (Dosidicus gigas) con red de cerco entre la V y X
Regiones, año 2003 (Research Fishery: Catch of Jumbo flying squid (Dosidicus
gigas) with purse seine between V and X Region, Year 2003). Inst. Inves. Pesq.
VIII Región. Talcahuano (Chile): pp.1–48.
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has been attributed to three important factors: (1) a high
predation of Chilean hake by jumbo squid (Arancibia
and Neira 2005); (2) a high degree of cannibalism (Jurado-
Molina et al. 2006); and (3) overestimation of the stock
size in 2002 that relates to high capture quotas (Arancibia
and Neira 2006).
Before 2007, the true impact of jumbo squid preda-

tion on Chilean hake was very difficult to determine
because absolute abundance of the predator as well as
basic aspects of its feeding biology were not known. In
that sense, the biomass estimates made within the frame-
work of this study and the estimates of the consump-
tion-biomass ratio (Q/B) calculated by Arancibia et al.

164

TABLE 4
Biomass (tons) of Merluccius gayi estimated in
acoustics surveys made between 1995 and 2006

in central Chile (Lillo et al. 2007).

Year Biomass (t)

1995 505,765
1997 712,878
1999 899,307
2000 891,598
2001 917,133
2002* 1,555,422
2004 273,860
2005 222,721
2006 266,596

*This value of biomass is considered highly overestimated.

Figure 4. Theoretical variogram (black line, spherical model) adjusted to the empirical variogram (black dots) for the spatial distribution of the density of jumbo
squid (Dosidicus gigas) in central Chile in 2005 (A: north area; B: south area), and 2006 (C: north area; D: south area).
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(2007), both used to estimate the consumption of Chilean
hake by jumbo squid, allow us to conclude that jumbo
squid predation on Chilean hake played an important
role in the reduction of its biomass.
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