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The diet and the trophic level of the Argentine hake Merluccius hubbsi was investigated in the south-west Atlantic Ocean.
Stomachs from 3405 specimens, ranging from 10 to 94 cm total length, collected on three research cruises carried out during
winter 2011 and summer 2012, were examined at the laboratory. Dietary shifts related to sex, maturity stage, size, age, season,
region and hour were examined using generalized linear models. The Argentine hake M. hubbsi fed mainly on zooplankton
crustaceans (Themisto gaudichaudii, Euphausia lucens and Munida spp.), followed by fish and cephalopods. During summer,
cephalopods (mainly Illex argentinus) were the main prey of M. hubbsi, indicating spatio-temporal changes in the diet. This
work also revealed ontogenetic dietary changes associated with size, from zooplankton crustaceans during early life stages (E.
lucens, T. gaudichaudii and Munida spp.) to fish and cephalopods. The trophic level of M. hubbsi ranged from 3.43 to 4.51
according to season and region. Cannibalism increased with predator length and contributed a maximum of 8.14% to the diet
of M. hubbsi during winter on the inner Patagonian continental shelf.
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INTRODUCTION

The family Merlucciidae comprises three subfamilies:
Merlucciinae, Steindachneriinae and Macruroninae (Nelson,
2006). The former includes one genus, Merluccius, with 13
recognized species (Nelson, 2006). The common name
applied to these species is hake (Nelson, 2006), and they
usually have commercial value throughout the world (Lloris
et al, 2003). The Argentine hake Merluccius hubbsi is
endemic to the south-west Atlantic and has a latitudinal
range from Brazil (21°30'S) to southern Patagonia (55°S)
(Cousseau & Perrotta, 2004). It is the most important ground-
fish resource found in the Argentine sea (Bezzi et al., 1995;
Pitcher & Alheit, 1995).

There are two main stocks of M. hubbsi on the Argentinean
continental shelf (ACS), the northern stock (NS, 34-41°S)
and the Patagonian stock (PS, 41-55°S) (Bezzi et al., 1995).
A third small stock is located in the semi-enclosed San
Matias Gulf (Di Giacomo et al., 1993). These stocks have dif-
ferent historical exploitation patterns and are managed as
separated units (Aubone et al., 2004). The PS exhibits a well
known migration pattern that could be summarized as
winter offshore and summer inshore (Macchi et al., 2007).
During early summer, hake move from deeper waters (more
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than 110 m depth) to the coast (close to the 50 m isobath)
for spawning (Macchi et al, 2007). Spawning begins in
November-December at som depth at ~43-44°S. After
spawning, the hake return to deeper waters where they
remain broadly dispersed throughout the open sea during
winter on the Patagonian continental shelf (Macchi et al,
2007).

The Argentine hake is an abundant species and an
important predator on the Patagonian shelf waters
(Laptikhovsky & Fetisov, 1999). Although numerous
studies have focused on the diet of the Argentine hake on
the ACS in the past decades (Angelescu et al, 1958;
Angelescu & Cousseau, 1969; Cordo, 1981; Angelescu &
Prenski, 1987; Sanchez & Prenski 1996; Ruiz & Fondacaro,
1997), on different stocks (Sanchez & Garcia de la Rosa,
1999; Sanchez, 2009; Ocampo Reinaldo et al., 2011) or on
certain age-classes (Temperoni et al., 2013), feeding studies
conducted at large spatio-temporal scales including many
variables are lacking. For instance, the diet of M. hubbsi on
the Malvinas Islands shelf still remains unknown
(Arkhipkin et al, 2003). Moreover, it is necessary to
update the trophic role of the Argentine hake, especially in
the PS where the community has been subjected to high
fishing pressure during the last decades (Aubone et al,
2004). The aims of this study were to: (1) provide a quanti-
tative taxonomic description of the diet of the Argentine
hake on the PS; (2) analyse the influence of sex, maturity
stage, size, age, season, region and hour on their diet; and
(3) determine the trophic level of the species.
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MATERIALS AND METHODS

Study area and sample collection

The study area covered the Patagonian continental shelf,
between 41°S and 48°S, and from 57 m to 144 m depth
(Figure 1). The Patagonian continental shelf is washed off-
shore by the Malvinas Current, which extends northward
from Drake Passage (~55°S) to nearly 38°S (Bastida et al.,
1992; Piola et al, 2010). This subantartic water enters the
shelf, mainly between the Malvinas Islands and Tierra del
Fuego, and is diluted by continental discharges (Guerrero &
Piola, 1997). The mean current flow on the Patagonian con-
tinental shelf is from south to north (Guerrero & Piola,
1997). A tidal mixing front, located at 43-45°S during
spring and summer, defines the boundary between stratified
(offshore) waters and a coastal, vertically mixed body of
water (Acha et al, 2004). The spawing of Argentine hake in
the Patagonian stock is primarily associated with this
thermal front (Ehrlich & Ciechomski, 1994).

The Argentine hake of the PS exhibits seasonal migrations,
moving into inshore areas in summer at 43-45°S for spawn-
ing (Macchi et al., 2007). The specimens disperse after spawn-
ing, moving back to deeper waters during the cold season
(Macchi et al., 2007). Based on this spatio-temporal a priori
knowledge, the study area was subdivided into the inner
Patagonian continental shelf (IPCS; depth <110 m, latitude
>43°S, longitude >61°W) and the outer Patagonian contin-
ental shelf (OPCS; depth >110 m or latitude <43°S and lon-
gitude >61°W) (Figure 1). During winter, the Argentine hake
is homogeneously distributed along both the IPCS and the
OPCS (Macchi et al.,, 2007). During summer, the species
aggregates for spawning on the IPCS (Macchi et al., 2007).
Given the known migration pattern and the spawning aggre-
gations during summer, the variables season and region were
combined and categorized into the following spatio-temporal
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Fig. 1. Map of the study area showing the sample sites where specimens of
Merluccius hubbsi were collected during winter on inner Patagonian continental
shelf (winter inner Patagonian continental shelf (IPCS), black circles), winter on
outer Patagonian continental shelf (winter outer Patagonian continental shelf,
crosses) and summer on inner Patagonian continental shelf (summer IPCS,
white circles).
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variable (SPTP): winter IPCS, winter OPCS and summer IPCS
(Figure 1).

Specimens were caught during two trawling surveys con-
ducted by the Instituto Nacional de Investigacion vy
Desarrollo Pesquero (INIDEP, Argentina) during July,
August and September 2011 and January 2012. Specimens
caught between July and early September were regarded as
having been caught during austral winter and those caught
in January represented those caught in austral summer.
Fishing was conducted during daylight (07.00-19.00 hours),
at 3-4 knots for 30 min at each sampling site, using an
Engel type bottom trawl net (200 mm mesh in the wings,
103 mm in the cod ends, 4 m vertical opening and 15 m hori-
zontal aperture). Specimens captured were measured to the
nearest cm and sexed. Sexual maturity (mature or immature)
was determined for females according to the condition of
ovary and the presence of yolk eggs, whereas male maturity
was determined by the size and colour of testes (Macchi &
Pdjaro, 2003). The sagittae otoliths were collected for age
determination following the method proposed by Renzi &
Pérez (1992). Finally, stomachs were excised, labelled in
plastic bags and frozen at —25°C for analysis at the laboratory.

Diet composition and data analysis

In the laboratory, prey items found in the stomachs were iden-
tified to the lowest possible taxonomic level using taxonomic
works (Ramirez, 1971; Bastida & Torti, 1973; Ramirez &
Vinas, 1985), field guides (Cousseau & Perrota, 2004) and
by consulting specialists. Prey items were counted and
weighed to the nearest 0.01 g. The contribution of each prey
to the diet was evaluated by calculating the percentage fre-
quency of occurrence (%F, the total number of stomachs in
which a given prey was found expressed as percentage of
the total number of stomachs with food), the numerical per-
centage (%N, the total number of a given prey as percentage
of the total number of prey found) and the percentage of
weight (%W, the weight of a given prey as percentage of the
total weight of prey found). These three parameters were inte-
grated into the index of relative importance: IRI = %F x
(%N + %W) (Pinkas et al., 1971), expressed as a percentage
(%IRI; Cortés, 1997).

The trophic level (TrL) was estimated for the species fol-
lowing the method proposed by Cortés (1999) as follows:

TrL =1+ (ZPj X TrLj>
j=1

where TrL; is the trophic level of each prey item j and P; is the
proportion of each prey item j (using %IRI) in the diet of M.
hubbsi, and # is the total number of prey items. The TrL; were
obtained from the literature (Table 1; Ebert & Bizzarro, 2007;
Vogler et al., 2009; Sea Around Us, 2014).

Dietary models

The numbers of the six main prey items of the Argentine hake
(Themisto gaudichaudii, Euphausia lucens, fish, cephalopods,
Munida spp. (includes M. gregaria and M. subrugosa) and
Merluccius hubbsi (cannibalism)) were used as dependent
variables. This kind of numerical data has many zeros, has a
variance much greater than the mean and exhibits a negative
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Table 1. Diet composition of the Argentine hake Merluccius hubbsi, on the winter inner Patagonian continental shelf (winter inner Patagonian continental shelf (IPCS)), winter outer Patagonian continental shelf (winter
outer Patagonian continental shelf (OPCS)) and summer inner Patagonian continental shelf (summer IPCS). The diet is expressed by the percentage frequency of occurrence (%F), the percentage of number (%N),
percentage of weight (%W) and the percentage of index of relative importance (%IRI). TrL; is the trophic level of each prey obtained from: Ebert & Bizzarro, 2007; Vogler et al., 2009; and Sea Around Us, 2014.

Prey items Winter IPCS Winter OPCS Summer IPCS TrL;
%F %N %W %IRI %F %N %W %IRI %F %N %W %IRI
Fish 20.863 1.291 68.590 12.081 29.684 0.922 56.822 15.059 15.673 1.670 7.349 1.615
Merlucciidae Merluccius hubbsi 8.39 0.37 56.06 8.14 4.42 0.08 12.80 0.86 3.39 0.33 2.16 0.16 4.08 b)
Merlucciidae Macruronus magellanicus - - - - 0.21 <0.01 3.80 0.01 - - - - 3.9 C)
Nototheniidae Patagonotothen ramsayi 8.99 0.73 10.59 1.75 14.32 0.32 18.16 3.97 2.46 0.31 0.51 0.04 3.49 b)
Clupeidae Sprattus fuegensis 0.84 0.07 0.33 0.01 - - - - - - - - 3.4 C)
Engraulidae Engraulis anchoita 0.36 0.02 1.06 0.01 5.89 0.14 14.87 1.33 8.77 0.93 4.35 0.88 2.48 b)
Zoarcidae Iluocoetes fimbriatus - - - - - - - - 0.12 0.01 0.16 <0.01 3.24 a)
Ophidiidae Genypterus blacodes 0.12 0.01 0.04 <0.01 0.21 <0.01 6.08 0.02 - - - - 4.34 b)
Ophidiidae Raneya brasiliensis - - - - - - - - 0.12 0.01 0.11 <0.01 3.56 b)
Myxinidae 0.12 0.01 0.21 <0.01 - - - - - - - - 3.24 a)
Non-identified fish 2.16 0.09 0.31 0.01 5.89 0.10 1.10 0.11 0.82 0.08 0.05 <0.01 3.24 a)
Crustaceans 87.41 98.413 22.428 87.528 77.263 98.984 22.852 82.703 44.561 91.716 4.457 48.959
Euphausiidae Euphausia lucens 41.61 57.19 5.43 44.76 53.89 86.44 14.95 82.04 21.17 24.95 0.19 10.16 2.25 a)
Hyperiidae Themisto gaudichaudii 58.03 38.30 5.77 43.95 42.32 11.56 2.72 9.07 12.16 27.75 0.12 6.47 3.18 a)
Galatheidae Munida gregaria 4.80 0.92 4.60 0.45 1.68 0.61 3.10 0.09 7.37 26.08 2.47 4.02 2.52 a)
Galatheidae Munida subrugosa 1.56 0.18 2.34 0.07 0.42 0.01 0.03 <0.01 0.58 0.06 0.04 <0.01 2.52 a)
Galatheidae Munida spp. 7.07 0.79 2.26 0.37 8.84 0.37 2.04 0.32 8.89 11.16 1.31 2.11 2.52 a)
Sergestidae Peisos petrunkevitchi 6.24 0.73 1.08 0.19 - - - - 3.74 1.52 0.18 0.12 2.4 a)
Solenoceridae Pleoticus muelleri 1.80 0.15 0.47 0.02 - - - - 1.05 0.10 0.13 <0.01 2.52 a)
Pandalidae Austropandalus grayi 1.44 0.09 0.07 <0.01 - - - - - - - - 2.52 a)
Squillidae Pterygosquilla armata 0.24 0.01 0.40 <0.01 - - - - 0.23 0.03 0.03 <0.01 2.52 a)
Majidae Libidoclaea granaria 0.12 0.01 0.01 <o.01 - - - - - - - - 2.52 a)
Gammaridae 0.36 0.02 <0.01 <0.01 0.21 0.01 <0.01 <0.01 0.23 0.05 <0.01 <0.01 3.18 a)
Isopoda Acanthoserolis spp. 0.12 0.01 <o.01 <o.01 - - - - - - - - 3.18 a)
Isopoda Cirolana spp. 0.12 0.01 <o.01 <o.01 - - - - - - - - 3.18 a)
Non-identified crustaceans 0.24 0.02 <0.01 <0.01 - - - - 0.23 0.02 <0.01 <0.01 2.52 a)
Cephalopods 5.156 0.281 8.864 0.391 12.421 0.349 20.152 2.241 45.731 6.533 88.070 49.424
Ommastrephidae Illex argentinus 0.12 0.01 4.90 0.01 1.68 0.03 7.61 0.19 43.04 6.25 86.15 75.93 3.8 ¢)
Loliginidae Loligo spp. 3.84 0.22 3.46 0.24 10.32 0.31 12.49 1.99 2.11 0.24 1.89 0.09 3.2 a)
Sepiolidae Semirossia spp. 1.20 0.06 0.51 0.01 0.42 0.01 0.05 <0.01 0.23 0.02 <0.01 <0.01 3.2 a)
Non-identified cephalopods - - - - - - - - 0.23 0.02 0.02 <0.01 3.2 a)
Others 0.36 0.015 0.117 <0.01 0.632 0.010 0.174 0.001 0.819 0.080 0.125 0.002
Polychaeta Chaetopterus spp. - - - - - - - - 0.12 0.01 0.05 <o0.01 2.6 a)
Polychaeta Phyllochaetopterus spp. 0.12 0.01 0.06 <o.01 - - - - - - - - 2.6 a)
Polychaeta tube 0.12 0.01 0.03 <0.01 - - - - 0.35 0.03 0.01 <0.01 2.6 a)
Non-identified polychaeta - - - - - - - - 0.12 0.01 <o.01 <o0.01 2.6 a)
Porifera Tedania spp. 0.12 0.01 0.02 <0.01 0.63 0.01 0.17 <0.01 0.12 0.01 <o0.01 <0.01 2.5 a)
Echinodermata Cosmasterias lurida - - - - - - - - 0.12 0.01 0.07 <0.01 2.5 a)
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binomial distribution (Crawley, 2005). All these issues are
dealt with by using the generalized linear model (GLM)
with negative binomial error distribution and a log link
(Crawley, 2005). The independent variables selected to
explain the consumption of the main prey were: sex; maturity
stage (juvenile, adults); total length (TL, cm); age; SPTP
(winter IPCS, winter OPCS and summer IPCS); and hour of
the day (07.00-19.00). In order to test a curvilinear relation-
ship between TL and the consumption of any prey, models
including a quadratic term of TL (TL?) as independent were
also fitted (Table 2). The models with all possible combina-
tions of two independent variables were constructed
(Table 2). A theoretical model without an independent vari-
able was also constructed to test the hypothesis that none of
the independent variables selected in this work influenced
the consumption of any prey (Table 2) (Lucifora et al.,
2009). Akaike’s information criterion (AIC) and Akaike’s
weight (w) were used to compare and rank a total of the 28
competing models, and to estimate which of them best fit
the data (Franklin et al., 2001; Johnson & Omland, 2004).
The model with the lowest AIC was selected and plotted
(Franklin et al, 2001; Johnson & Omland, 2004). When a
quadratic relationship was selected for the consumption of
any prey, the trend was evaluated by fitting LOESS regressions
(Crawley, 2005). The LOESS fits a local quadratic regression
model using non-parametric techniques to produce a
smoothed model surface (Crawley, 2005). All analyses were
performed using R program (http://www.R-project.org).

Table 2. List of the generalized linear models (GLM) fitted to explain the

consumption of the main prey of the Argentine hake Merluccius hubbsi.

The independent variables selected are: sex; maturity, maturity stage;

TL, total length; TL + TL? quadratic total length; age; SPTP, spatio-
temporal; hour, hour of the day; and 1, null model.

Models

GLM 1 Prey ~ Sex

GLM 2 Prey ~ Maturity

GLM 3 Prey ~ TL

GLM 4 Prey ~ Age

GLM 5 Prey ~ SPTP

GLM 6 Prey ~ Hour

GLM 7 Prey ~ TL 4+ TL*

GLM 8 Prey ~ Sex + Maturity
GLM 9 Prey ~ Sex + TL

GLM 10 Prey ~ Sex + Age
GLM 11 Prey ~ Sex + SPTP
GLM 12 Prey ~ Sex + Hour
GLM 13 Prey ~ Sex + TL + TL?
GLM 14 Prey ~ Maturity + TL

GLM 15 Prey ~ Maturity + Age
GLM 16 Prey ~ Maturity + SPTP
GLM 17 Prey ~ Maturity + Hour
GLM 18 Prey ~ Maturity + TL + TL?
GLM 19 Prey ~ TL + Age
GLM 20 Prey ~ TL + SPTP
GLM 21 Prey ~ TL + Hour
GLM 22 Prey ~ Age + SPTP
GLM 23 Prey ~ Age + Hour
GLM 24 Prey ~ Age + TL + TL?
GLM 25 Prey ~ SPTP + Hour
GLM 26 Prey ~ SPTP + TL 4 TL*
GLM 27 Prey ~ Hour + TL + TL?
GLM 28 Prey ~ 1
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RESULTS

Diet composition

During winter in the IPCS, 1187 specimens ranging from 10 cm
to 83 cm TL were examined (Figure 2), of which 834 (70.26%)
contained prey items in their stomachs. Merluccius hubbsi fed
mainly on crustaceans (Figure 3; Table 1). The euphausiid
Euphausia lucens was the first in importance by %IRI and
%N, and the second by %F (Table 1). The hyperiid amphipod
Themisto gaudichaudii was the most important prey item in
terms of %F, and the second one by %IRI and %N (Table 1).
The gadoid M. hubbsi (by cannibalism) and the notothenioid
Patagonotothen ramsayi were the most important prey in
terms of %W (Table 1). The trophic level (TrL) of the
Argentine hake M. hubbsi during winter in the IPCS was 3.84.

During winter in the OPCS, 755 stomachs from M. hubbsi
were examined, of which 475 (62.91%) contained prey items.
The TL range of the specimens examined was 14-94 cm
(Figure 2). Merluccius hubbsi fed almost exclusively on crusta-
ceans in terms of %F, %N and %IRI (Figure 3; Table 1). The
euphausiid Euphausia lucens was the main prey item by %F,
%N and %IRI, but second in terms of %W (Table 1). Among
fish, the notothenioid Patagonotothen ramsayi, the Argentine
anchovy Engraulis anchoita and M. hubbsi contributed
mostly by %W, followed by the cephalopods Loligo gahi and
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Fig. 2. Size-frequency distribution of the Argentine hake, Merluccius hubbsi,
caught for the diet analysis, by (A) winter inner Patagonian continental shelf
(IPCS); (B) winter outer Patagonian continental shelf; (C) summer IPCS.
Females (black bars) and males (white bars).
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the Argentine squid Illex argentinus (Table 1). The TrL of M.
hubbsi during winter in the OPCS was 3.43.

Of the 1463 specimens examined during summer in the
IPCS, 855 (58.44%) contained prey items in their stomachs.
The TL of the specimens analysed ranged from 13 cm to
82 cm (Figure 2). During this season, M. hubbsi preyed pri-
marily on cephalopods in terms of %F, %W and %IRI
(Figure 3), and crustaceans in terms of %N (Table 1). The
Argentine squid Illex argentines was the main prey item by
%F, %W and %IRI (Table 1). Among crustaceans, the euphau-
siid Euphausia lucens, the hyperiid amphipod Themisto gaudi-
chaudii and lobster krill Munida spp. were the most important
prey (Table 1). The TrL of M. hubbsi during summer in the
IPCS was 4.51.

Dietary models

The consumption of Themisto gaudichaudii, fish, cephalopods
and Munida spp. was related to the variables TL, TL* and
SPTP (GLM 26 in Table 2). On the other hand, the consump-
tion of Euphausia lucens and other M. hubbsi (by cannibalism)
was related to the variables TL and SPTP (GLM 20 in Table 2).
The hyperiid amphipods Themisto gaudichaudii were more
intensively consumed during winter in both OPCS and
IPCS, than in summer (Figure 4A; Table 3). The consumption
of hyperiid amphipods T. gaudichaudii increased from 10 cm
to 40 cm predator’s TL, and then decreased from 40 cm to
9o cm predator’s TL (Figure 4A; Table 3). The euphausiids
Euphausia lucens were more intensively consumed during
winter in OPCS than in IPCS, and during winter in IPCS
are also more intensively consumed than in summer
(Figure 4B; Table 3). The consumption of the euphausiids E.
lucens decreased with the predator’s length (Figure 4B;
Table 3). The lobster krill Munida spp. was more intensively
consumed during summer in IPCS than during winter in
both IPCS and OPCS (Figure 4C; Table 3). The consumption
of this species increased from 10 cm to 30 cm and from 30 cm
to 60 cm predator’s TL in summer IPCS and winter OPCS,
respectively, and then decreased as the predator became
larger (Figure 4C; Table 3). The fish were more intensively
consumed during winter in both OPCS and IPCS than in

https://doi.org/10.1017/50025315414000629 Published online by Cambridge University Press

summer (Figure 4D; Table 3), and their consumption
increased with the predator’s TL (Figure 3; Figure 4D;
Table 3). Cephalopods were more intensively consumed
during summer than in winter in both IPCS and OPCS, and
their consumption increased with the predator’s length
(Figures 3, 4E; Table 3). Cannibalism was higher during
winter in IPCS than in OPCS, and it was also higher during
winter in OPCS than during summer (Figure 4F; Table 3).
The consumption of other M. hubbsi increased with the
predator’s TL (Figure 4F; Table 3).

DISCUSSION

The Argentine hake Merluccius hubbsi of the PS fed mainly
upon zooplankton crustaceans, such as euphausiids
(Euphausia lucens), hyperiid amphipods (Themisto gaudi-
chaudii) and lobster krill (Munida spp.). The importance of
zooplankton crustaceans in the diet of M. hubbsi was consist-
ent with earlier observations (Cordo, 1981; Sanchez & Prenski
1996; Ruiz & Fondacaro, 1997; Sanchez & Garcia de la Rosa,
1999; Sanchez, 2009; Ocampo Reinaldo et al, 2011;
Temperoni et al., 2013), but differed from others which gave
a secondary role to this prey (Angelescu et al, 1958;
Angelescu & Cousseau, 1969; Angelescu & Prenski, 1987).
High consumption of euphausiids is a common pattern
observed in many other gadiform species in the world
(Buckley & Livingston, 1997; Garrison & Link, 2000; Orlova
et al., 2005), highlighting the importance of this group as a
key energetic link between small phytoplankton and large
predatory animals. This work also showed that cephalopods
(mainly Illex argentinus) and fish (Patagonotothen ramsayi,
Engraulis anchoita and other M. hubbsi) were also important
in some regions and seasons, revealing spatio-temporal
changes in the diet of the studied species. These spatio-
temporal changes were always accompanied by ontogenetic
shifts. On the other hand, the variables sex, maturity stage,
age and hour of the day did not influence the consumption
of any particular prey item by M. hubbsi.

The analysis of the diet of M. hubbsi revealed ontogenetic
dietary changes associated with size, particularly from

1705


https://doi.org/10.1017/S0025315414000629

1706

MAURO BELLEGGIA ET AL.

A { [V
S
3
3
g
= 5
S
s
E
=
4
0 -
T T
80 90
Total length (cm)
4 -
-9
-9
=
E
s 27
-
b
£
E
=
=4
0 -
T
10 20 30 40 50 6l 70 80 90
Total length (cm)
2

Number of Cephalopods

Total length {cm)

T
B 100 1
v
v
\
\
AY
AY
Al
2 \
= \
g AY
3 \\
2 \
2 A
h§- 50 - \
Qg .
o hY
e N
3 A Y
e " s
z g
‘&
N
-
S N
od T e
T T T T T T T T T
10 20 k] 40 50 60 70 80 90
Total length (cm)
1
’
;
’
o,
.
’
,
rd
’
W e
o '
= #
8 g
S 05 A 58
8 s
E b
£ -
= -
z N
’

Total length {cm)

ta
1

Number of Merduccius hubbsi

10 20 30 40 50 60 T0 B0 90

Total length (¢cm)

Fig. 4. Bestmodels, fitted by generalized linear models for the number of the prey, that explain the changes in the consumption of (A) Themisto gaudichaudii; (B) Euphausia
lucens; (C) Munida spp.; (D) fish; (E) cephalopods; (F) Merluccius hubbsi (cannibalism). Dotted line, winter IPCS; dashed line winter OPCS; solid line, summer IPCS.

zooplankton (E. lucens, T. gaudichaudii and Munida spp.) to
fish and cephalopods. The ontogenetic diet shifts appear to be
a universal phenomenon in fish (Wootton, 1990). The diet of
fish usually changes because of the morphological changes
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that accompany growth (increasing mouth dimensions and
stomach capacity, improvement in their locomotion ability,
etc.) and allow capture of a broader range of prey sizes and
prey types (Wootton, 1990). Large M. hubbsi fed on larger,
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Table 3. Best models that explained the consumption of the most important prey of the Argentine hake Merluccius hubbsi. The intercept and coefficient
with the standard errors in parentheses (SE) for the variables, the Akaike information criterion (AIC) and the Akaike’s weights (w) are presented for each
model. TL, total length (cm); WinIPCS, winter inner Patagonian continental shelf; WinOPCS, winter outer Patagonian continental shelf.

Prey Intercept (SE) Parameters (SE) AIC w
Themisto gaudichaudii —1.26 (0.54) 1.37 (0.15)WinIPCS + 1.47 (0.16)WinOPCS + 0.16 (0.03)TL — 0.003 (4x10 — 5)TL? 8135.1 1
Euphausia lucens 2.09 (0.24) 1.75 (0.16)WinIPCS + 3.64 (0.18)WinOPCS — 0.04 (0.005)TL 9360.5 0.72
Munida spp. —4.05 (1.04) —1.55 (0.29)WinIPCS —1.49 (0.33)WinOPCS + 0.22 (0.05)TL — 0.003 (6.7x10 — 4)TL? 1995.2 0.98
Fish —3.75 (0.39) 0.80 (0.12)WinIPCS + 0.82 (0.12)WinOPCS + 0.08 (0.01)TL — 6.1x10 — 4 (2x10 — 4)TL*> 2747 0.98
Merluccius hubbsi —5.30 (0.32) 1.33 (0.22)WinIPCS + 0.28 (0.27)WinOPCS + 0.05 (0.006)TL 911.3 0.68
Cephalopods —6.64 (0.48)  —1.65 (0.14)WinIPCS —1.20 (0.11)WinOPCS + 0.23 (0.02)TL — 0.002 (4x10 — 4)TL? 2454.9 1

more active prey not available to small individuals. In general,
Merluccius species worldwide feed on zooplankton crusta-
ceans early in their life and with growth, shift their diets to
fish and squid (Tanasichuk et al, 1991; Buckley &
Livingston, 1997; Garrison & Link, 2000; Carpentieri et al,
2005; Mabhe et al., 2007; Cartes et al., 2009).

The feeding on cephalopods and lobster krill Munida spp.
was higher in summer. These trends are related to seasonal
changes of prey abundances, for both cephalopods (Brunetti
& Ivanovic, 1992; Brunetti ef al., 1998; Crespi et al., 2008)
and lobster krill Munida spp. (Roux & Pifieiro, 2006), the
biomass of which increase during summer on the IPCS. The
euphausiid (Euphausia lucens) was more intensively con-
sumed during winter on the OPCS, whereas the hyperiid
amphipod (T. gaudichaudii) was more intensively consumed
during winter on the IPCS, in accordance with the distribution
of the zooplankton community in the region (Pérez Seijas
et al., 1987; Santos, 1994; Sabatini & Alvarez Colombo,
2001; Sabatini, 2008). However, the abundance of euphausiids
and amphipods reaches their annual maximum during
summer (Pérez Seijas et al, 1987; Sabatini & Alvarez
Colombo, 2001) indicating that cephalopods may be preferred
to euphausiids and amphipods. Taken together, these patterns
suggest a flexible foraging behaviour of M. hubbsi which fed
on zooplankton throughout the year, but seasonally changed
to feed on cephalopods when this kind of prey was available
(summer), even when zooplankton was locally abundant.
These spatio-temporal variations in accordance with the sea-
sonal fluctuation of prey also supported the idea that M.
hubbsi has an opportunistic or adaptive foraging behaviour.
This kind of adaptive foraging behaviour may make a
species relatively resilient to fisheries-induced ecosystem
changes (Dunn ef al,, 2013).

The quality of food is essential to understanding the energy
sources consumed by predators (Vollenweider et al., 2011),
and should be considered when spatio-temporal and ontogen-
etic shifts of M. hubbsi are discussed. Cephalopods were pre-
ferred by hake when this prey is accessible. Moreover,
cephalopods and fish were important prey by weight,
whereas zooplankton crustaceans were important by
number. The high energy provided by cephalopods and fish
in relation to zooplankton crustaceans (Ciancio et al., 2007)
justifies their choice. Based on the proximate composition,
fish and cephalopods are considered high quality prey (4-
7J g "), while zooplankton crustaceans such as euphausiids
and amphipods are low quality prey (2-3] g ) (Ciancio
et al., 2007). The high proportion of chitin from the exoskele-
tons of zooplankton crustaceans also determines preference
for cephalopods and fish by larger hake. However, prey selec-
tion also depends of prey mobility, prey size and easy access
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(Wootton, 1990) conferring higher profitability of zooplank-
ton crustaceans to the small M. hubbsi.

A controversial component in the diet of M. hubbsi was
other hake. Cannibalism increased with predator’s length,
and contributed a maximum of 8.14% to the diet during
winter on the IPCS. Gadiforms, particularly hakes, are
known to be highly cannibalistic (Juanes, 2003). Chiou et al.
(2006) found that cannibalism would increase when the popu-
lation of cannibals is abundant, or when other food sources
are insufficient. Previous authors reported higher rates of can-
nibalism in the diet of M. hubbsi than that observed in the
present work (Cordo, 1981; Sanchez & Garcia de la Rosa,
1999; Ocampo Reinaldo et al,, 2011), whereas others suggested
that cannibalism occurs when food is scarce and as a second-
ary prey (Angelescu & Prenski, 1987; Sanchez & Prenski 1996;
Ruiz & Fondacaro, 1997; Sanchez, 2009). During winter on the
IPCS the lowest biomasses of the most important prey of M.
hubbsi occur (Pérez Seijas et al., 1987; Brunetti et al., 1998;
Sabatini & Alvarez Colombo, 2001; Roux & Pifeiro, 2006;
Crespi et al., 2008), and there is a high overlap of different
age and size-classes (Macchi et al., 2007). The strong cannibal-
ism during winter on the IPCS suggests that it is related to a
combination of factors, such as the abundance and availability
of alternative prey and to the overlap of different size-classes.

This paper provides the first estimation of the trophic level
of M. hubbsi, which occupies different trophic positions
according to season and region. During winter M. hubbsi
can be considered a secondary consumer (3 < TrL < 4) due
to the high consumption of zooplankton crustaceans. On
the other hand, it can be considered a tertiary consumer, or
apex predator (TrL > 4), during summer when the cephalo-
pod I argentinus is the main prey. The few works of world-
wide extent that have estimated the TrL of Merluccius spp.
also have shown that it ranged from 3.2 to 4.05 (Stergiou &
Karpouzi, 2002; litembu et al, 2012). The spatio-temporal
variations observed in TrL may be a result of the variability
of the species dominance on the study area (Pérez Seijas
et al, 1987; Brunetti et al, 1998; Sabatini & Alvarez
Colombo, 2001; Roux & Pifteiro, 2006; Crespi et al., 2008).
Since exploited marine ecosystems are characterized by a
decline of the mean TrL in landings (Pauly et al,. 1998), the
monitoring of the TrL, the food web structure and fisheries
landings are needed on the PS for appropriate management
in future years.

In contrast to other gadoids, such as cod, which have been
harvested for centuries, large scale hake fishing is relatively
recent (Pitcher & Alheit, 1995). However, in Argentina the
estimated total biomass in northern stock declined from
about 690,000 tons in 1986 to 287,500 tons in 1999, whereas
the PS was reduced from 1,520,000 tons in 1993 to
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844,500 tons in 1999 (Aubone et al, 2004). A permanent
closed zone covering a great part of the Argentine Sea has
been established since 1998 to protect M. hubbsi of the PS.
In this context, fishery researchers need basic diet composition
data for each predator to develop ecosystem models involving
energy (Cochrane, 2002; Thrush & Dayton, 2010). From a
viewpoint of population dynamics, distinguishing among the
different causes of mortality including cannibalism (and if it
is uniform across the study area) is essential to accurately
reflect the real situation and to make fisheries management
more effective (Hollowed et al., 2000). Our results provide
the diet data requirements that seem to be one among many
necessary steps for developing ecosystem models.
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