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The  San  Matías  Gulf  (SMG)  is a semi-enclosed  ecosystem  where  the  Argentine  hake  Merluccius  hubbsi
(AH)  has  been  the  main  fishery  resource  since  1971.  During  the  20th  century  the  South  American  sea  lion
Otaria  flavescens  (SASL)  population  was  severely  reduced  in  this  ecosystem  due  an  intense  hunting,  but
in the  1970’s  conservation  was promoted  and  hunting  was  banned.  As a consequence  SASL  have  been
slowly  recovering,  until  the  1990’s  when  rapidly  rebuilt  their populations.  Recent  studies  indicate  that
they  feed  mostly  over  commercially  profitable  medium-sized  AH.  Also,  medium-sized  and  large  hake  are
well-known  cannibals  that  feed  heavily  over  smaller  AH.  Fishing  trawlers  affect  juvenile and  medium-
sized  AH  and  artisanal  long-liners  capture  exclusively  large  AH.  The  objective  of  this  study  was  to  evaluate
the  effect  of a growing  SASL  population  over the  AH  in  the  SMG,  considering  the  changes  in the  fishing
activity  as  well  as  the size-structured  cannibalism  within  the AH  population.  The  evaluations  were  based
on time  series  of  hake  and  SASL  biomass  using  the “Ecopath  with  Ecosim”  dynamic  modelling  approach.
The  analyses  show  that over  4 decades  the  increase  in  Sea  Lions  biomass  has  not  generated  a  significant
increase  in  the  predation  mortality  over  AH.  On  the  other  hand,  an  increase  and  subsequent  variations  in

the  fishing  mortality  seems  to  be related  with  long-term  variations  in large  AH abundance,  and  a  decrease
in medium-sized  AH  abundance,  constraining  the  cannibalism  mortality.  This  led  to  a  positive  effect  over
juvenile  AH  abundance  due  to  a released  cannibalism  pressure,  even  considering  that  the less  abundant
larger  AH  are  also  the main  spawners  of  the  population.  In  this  scenario,  where  it seems  that  trawlers
and  long-liners  have  replaced  several  predators  over  the  SMG  food  web,  SLAS  population  is still  growing

e  pri
but  they  may  not  reach  th

. Introduction
Marine ecosystems are currently under change due to different
easons: intensive fishing, climate change and pollution, among
thers. Fishing is a widely known activity that usually targets a
ew components of the ecosystems; other components are often
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torni” (IBMPAS), Universidad Nacional del Comahue, Güemes 1030, R8520CXV San
ntonio Oeste, Argentina. Tel.: +54 2920 430764; fax: +54 2920 421002.

E-mail addresses: matiocre@gmail.com, matiocre@ibmpas.org
M.  Ocampo Reinaldo).
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304-3800/© 2015 Elsevier B.V. All rights reserved.
stine  abundance  levels  of the  time  before  hunting.
© 2015  Elsevier  B.V.  All  rights  reserved.

discarded (Kelleher, 2005; Rochet and Trenkel, 2005) or affected
indirectly through food web  effects (Crespo et al., 1997). For
instance, in some heavily fished ecosystems top predator biomass
has declined substantially, inducing major changes in ecosystem
structure and function through the release of top-down control
(Christensen et al., 2014). Marine mammals are examples of these
top-down controllers and are often considered as competitors of
humans, since they share the same food (Kaschner and Pauly, 2005;

Morissette, 2007; Plagányi and Butterworth, 2002; Read, 2008).
In current scenarios, where fishing frontiers are moving further
and many marine mammal  species are recovering, the perception
of a significant competition between marine mammals and fish-
eries has motivated different studies in order to understand how
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fleet has operated sporadically over the SMG, with highly vari-
able inter-annual effort depending on the occasional abundance
2 M. Ocampo Reinaldo et al. / Eco

hey interact and to prevent future conflicts (Cronin et al., 2014;
eMaster et al., 2001; Harkonen et al., 2012; Harwood and Croxall,
988). Although competition between marine mammals and fish-

ng fleets is difficult to quantify, previous studies have shown some
egree of direct impact between them (Bergamino et al., 2012;
orissette, 2007). However, this competition is entangled in a more

omplex web of interactions where indirect competition may  be
elevant (Trites et al., 1997; Yodzis, 1998).

On the Argentine Continental Shelf (ACS), the Argentine hake
AH) Merluccius hubbsi is one of the most important fishery
esources in terms of landings volumes and its two main stocks
ere severely fished and are considered overexploited (Aubone

t al., 2004; Vaz-dos-Santos et al., 2010). The San Matías Gulf (SMG)
s a semi-enclosed fished ecosystem that hosts a third stock of
rgentine hake. Several studies have shown that this stock com-
letes its life cycle within the gulf, constituting an independent
emographic unit (Di Giácomo et al., 1993; González et al., 2007;
achado Schiaffino et al., 2011; Sardella and Timi, 2004). This

pecies has also shown a size-structured intraspecific predation,
here the larger cannibals prey over the commercially profitable
edium-sized hakes and the latter actively feed over young-of-the-

ear juvenile hake (Ocampo-Reinaldo et al., 2011). The hake fishery
tarted in 1971 with medium-sized industrial bottom trawlers,
hile industrial and artisanal long-liners joined 25 years later

González et al., 2007). While both fleets are aimed to capture hake,
hey affect a different range of fish sizes: trawlers catch all the size
ange from juveniles (which are discarded) to larger hakes (Ocampo
einaldo, 2010; Romero et al., 2010), long-liners catch mostly large
akes with no significant discards (González et al., 2003, 2007;
omero, 2011).

The SMG  also hosts several permanent settlements of South
merican sea lions (SASL) Otaria flavescens and one temporary
ettlement of South American fur seals Arctocephalus australis
Svendsen et al., 2013). During the 20th century the SASL pop-
lation was severely reduced in this ecosystem due to intense
unting, but in the 1970’s conservation was promoted and hunting
as banned (Crespo and Pedraza, 1991; Dans et al., 2004). As a

onsequence, SASL have been slowly recovering, until the 1990’s
hen rapidly rebuilt their populations (overall ∼5.7% per year).
ecent studies indicate that they have high consumption rates
nd feed mostly over commercially profitable medium-sized and
uvenile hakes (Drago et al., 2009; Romero et al., 2011).

In this situation, with SASL apparently competing with the fish-
ry for the same resources is important to quantify the potential
ynergistic effects of SASL conservation, fishing activity and hake
annibalism over the food web. In this sense, the assessment of
he SMG  ecosystem needs to address these effects using the same
ramework. The construction of an ecosystem energy flow model
n a “pristine condition” provides such a framework where baseline
nteractions between components of the ecosystem can be quanti-
ed. Changes in the ecosystem state and structure from the past to
he present can be simulated to better understand the processes
hat underlie the observed patterns of abundance of important
pecies.

This study is based on a reference steady state model of the SMG,
or the time when the demersal fishery had not been developed yet
nd the SASL population was severely depleted (1970). Also, the
odel was then used to explore along four decades the ecosystem

ffects of a new and growing hake fishery paralleled by the rise of
ASL population due to conservation measures.

The aim of this study was  to evaluate the effect of a growing SASL
opulation over the Argentine hake resource of SMG, considering
he changes in the fishing activity as well as the size-structured can-

ibalism within the hake population. The evaluations were based
n long-term time series of AH and SASL biomass using the “Eco-
ath with Ecosim” dynamic modelling approach.
l Modelling 331 (2016) 31–43

2. Methods

2.1. Study area

The study area has been set for modelling purposes over the
operative area of the San Matías Gulf (SMG) trawl fishery (41◦30′S
and 64◦30′W at the centre of the area, approximately 10,000 km2),
which covers almost the entire gulf from the coasts to its entrance
(Fig. 1). This semi-enclosed area is deeper than 90 m, with a maxi-
mum  of 200 m in the central area, and the continental shelf on the
eastern side forms an open basin with a mean depth of 50–70 m
at the entrance. The general circulation pattern in spring-summer
is dominated by a cyclonic gyre, located at the northern half of
the basin (70 km diameter approximately, Piola and Scasso, 1988),
which in combination with a seasonal frontal system in sum-
mer  determines the relative isolation of the gulf water masses
(Gagliardini and Rivas, 2004; Piola and Scasso, 1988; Scasso and
Piola, 1988; Williams et al., 2010).

In terms of biological components, the SMG  sustains a diverse
food web. Zooplankton is dominated by sub-antarctic euphausiids
(Euphausia lucens, E. vallentini) and the sub-tropical Nematoscelis
megalops and tropical Thysanoessa gregaria, which are found with
different abundances and frequencies of larval stages in relation
to the ACS waters, supporting the isolation hypothesis of the SMG
waters (Curtolo et al., 1990).

Similarly, over 23 species of planktonic cnidarians have been
found with a characteristic assemblage composition, highlighting
the presence of a siphonophore Pyrostephos vanhoeffeni, previously
known as endemic to Antarctic and sub-Antarctic waters (Guerrero
et al., 2013). On the other hand, as additional evidence of the isola-
tion of this ecosystem, the Argentine red shrimp Pleoticus muelleri
have not been a significant benthic component within the SMG,
while over other coastal areas of the ACS (e.g. San Jorge Gulf) it
is a very important fishery resource. Small pelagic fishes such as
anchovy Engraulis anchoita are present with a high biomass, but no
fishery has been developed to target them (González et al., 2004;
Hansen, 2007; Rojo and Silvosa, 1969). The demersal fish com-
munity is dominated by the Argentine hake (AH) both in terms
of biomass and landings. Alongside with its highly intra-cohort
and inter-cohort cannibalistic behaviour, this species feeds over
a variety of preys changing its diet during its lifetime (Prenski and
Angelescu, 1993; Ocampo-Reinaldo et al., 2011). Many other fish-
ery species that are likely to play an important role in the food
web (e.g. short-finned squid Illex argentinus)  show dramatic inter-
anual abundance variations for unclear reasons (Romero, 2011).
The SMG  ecosystem also represents an independent management
unit, with their demersal fisheries and conservation areas man-
aged exclusively by the Río Negro Province Administration. Within
this ecosystem, the fishing activity is performed mainly by indus-
trial bottom trawlers aimed to catch the AH (up to 80% of the
annual landings) followed by the silver warehou Seriolella porosa
in recent years (Ocampo Reinaldo et al., 2013; Romero et al.,
2013). However, more than 15 other fish species have commer-
cial and/or ecological value and are mostly captured by trawlers
as by-catch. The landings composition has changed a few times in
the fishery history, due to market drivers and/or variations in the
fishing strategies rather than changes in the abundance of the tar-
get resources (Romero, 2011; Romero et al., 2013). A mid-water
near-bottom long-liners industrial fleet joined in 1996, but after 4
years was banned, allowing thereafter only artisanal smaller boats
with similar gears (González et al., 2007). A third industrial jigger
of short-finned squid (1994–1999, 2000 and 2003) (Fig. 2; Official
logbook records of the Fishery Directorate of Río Negro province,
Millán, 2009).
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Fig. 1. Location of the San Matías gulf and the three stocks of Merluccius hubbsi in Argentine waters (PS: Patagonic stock, NS: Northern stock). Black solid points highlight
the  location of the current settlements of Otaria flavescens within the gulf.

Fig. 2. Forcing series to run the simulations of the demersal food web  in the San Matías gulf, using ECOSIM. Sea Lions biomass (t km−2) has been increasing alongside the
growing  fishing effort in the fishery (fishing trips). Changes in trawlers effort in the 1980s were due to the fishermen turned opportunistically to catch highly valuable
scallops, while in the 2000s were due to macro-economy related disadvantages. Also, in the 1990s the discard ratio of Argentine hake doubled the previous tendency due
to  ineffective mesh-size regulations (not showed, Romero et al., 2010). Effort changes in long-liners were due to the opening and banning of the industrial fishery, while
nowadays only remain artisanal smaller boats. Effort changes of Jiggers are related to an opportunistic fishery strategy, due sporadic high abundances of short-finned squid.
The  effort series have not been used to force the simulation and are only shown to illustrate the changes in the history of the fishery. Details of the actual fishing forcing
series  (catches data) are given in Table 2.
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The abundance of top predatory SASL has been increasing since
970 from a small number of individuals to several permanent
eproductive settlements with a total number of approximately
8,000 individuals in 2009 (unpublished data, Fig. 2). This species
eeds mostly over juvenile and medium-sized hake, along other less
referred/abundant species (Romero et al., 2011).

.2. Modelling approach

The mass balanced network model Ecopath was used in this
tudy (Christensen et al., 2008). In Ecopath, species can be con-
idered individually, or pooled together into functional groups. In
he model, each group ingests food from the system at a specific
ate, egests unassimilated food, respires part of the assimilated
nergy and produces biomass as prey for other model compart-
ents or/and as export to the fishery. Each group is represented

y its biomass and the groups are linked by a diet matrix through
heir trophic interactions. The basic Ecopath model is a closed sys-
em of balanced between the functional groups of an ecosystem and
he full methodology can be found in the user’s guide (Christensen
t al., 2008, www.ecopath.org).

A model was  constructed to represent the food web in the
MG  before the beginning of the fishery (1970). The func-
ional groups considered were based on the available (and
econstructed) information from the subsequent fishery (land-
ngs/discards, 1971–2009) and several surveys between 1970 and
009. As a result, 23 groups were identified from high predators
e.g. marine mammals and sharks) to phytoplankton (Table 1).
hese groups were selected in order to have a representation of
ll trophic levels of the “demersal-pelagic food web” of the SMG.

n some cases, functional groups are disaggregated to the species
evel when they are abundant and/or have commercial/ecological
alue and the available information allow for such a disaggrega-
ion. Other groups represent an aggregation of several taxa. In those
ases, data of one representative and/or more abundant species

able 1
unctional groups and the corresponding species names (or class/order when appropriat
ultistanza group of Argentine hake. The underlined components are the most represent

Group name Common names species name or phylum/class/or

Dolphins Common dolphin Delphinus delphis, Dusky dolphi
Sea  Lions South American sea lion Otaria flavescens, South A
Other rays Apron ray Discopyge tschudii, Argentine torpedo T
Large rays Yellownose skate Dipturus chilensis, La Plata skate

bonapartii
Small  rays Eyespot skate A. cyclophora, Psammobatis spp, Big
Large  sharks Broadnose sevengill shark Notorhynchus cepedian

Copper shark Carcharinus brachyurus
Medium-sized sharks Angular angel shark Squatina guggenheim, Picked
Juvenile sharks Juvenile of Large and medium-sized sharks
Narrownose smooth-hound Mustelus schmitti
Benthic-demersal fish II Argentine sandperch Pseudopercis semifasciata, Ar
Flounders Paralichthys isosceles, P. patagonicus and Xistreury
Benthic-demersal fish I Juvenile of Pseudopercis semifasciata and Acanthis

Macruronus magellanicus
Plownose chimaera Callorhinchus callorhynchus
Large hake Argentine hake Merluccius hubbsi
Medium-sized hake
Juvenile hake
Pink cusk-eel Genypterus blacodes
Patagonian hoki Macruronus magellanicus
Medium-sized pelagic fishes Parona leatherjacket Parona signata, Southwest A

mackerel Scomber japonicus
Small pelagic fishes Argentine anchovy Engraulis anchoita, Rough scad
Squids  Short-fin squid Illex argentinus and South America
Benthic organisms Argentine red shrimp Pleoticus muelleri, benthic c
Jellyfishes Ctenophora, Salpidae, Hydrozoa
Zooplankton Euphausiids, Copepods, Cladocerans, Ostracods
Phytoplankton Diatoms and Dinoflagellates
Detritus –
l Modelling 331 (2016) 31–43

are used to characterize the group (i.e. O flavescens as representa-
tive of the “Sea lions” group). Considering the strong ontogenetic
changes in diet and the cannibalistic behaviour of the AH in the
SMG  (Ocampo-Reinaldo et al., 2011), this group was split into
juvenile young-of-the-year (<23 cm of total length), medium-sized
(between 24 and 53 cm,  already mature) and large hake (more than
53 cm/6 years old, with females reaching larger sizes than males at
the same age; Ocampo Reinaldo, 2010).

The model was  constructed by means of Ecopath with Ecosim
version 6.4.3 software (EwE, Christensen and Pauly, 1992; Walters
et al., 1997; www.ecopath.org).

There are two  principal equations in the ECOPATH model. The
first, Eq. (1), describes production within a group (i):

Pi = Yi + B × M2i + BAi + Ei + Pi × (1 − EEi) (1)

where Pi is total production, Yi is total fishery catch, Bi is biomass,
BAi is biomass accumulation, M2i is total predation rate, Ei is net
migration rate (emigration–immigration), and Pi × (1 − EEi) is other
mortality (M0i) with EEi the ecotrophic efficiency which represents
the total fraction of the production that is either eaten by predators
or exported from the system, including in the form of fishery catch
(Christensen and Walters, 2004).

The second basic Eq. (2), consists of balancing the energy within
each group or box:

Qi = Pi + Ri + Ui (2)

where Q is consumption, P production, R respiration and U unas-
similated food.

This results in a series of simultaneous equations created (equiv-
alent to the number of groups in the model), and solutions for the

equations were calculated based on the assumption of mass bal-
ance within the system (see Christensen et al., 2008). The routine
solves for one of four parameters for each group: biomass, pro-
duction/biomass ratio (P/B), consumption/biomass ratio (Q/B) or
ecotrophic efficiency (EE). Three of the four parameters must be

e) included in this study of the San Matías gulf. The groups in bold compound the
ative of the functional group.

der

n Lagenorhynchus obscurus
merican fur seal Arctocephalus australis
orpedo puelcha, Eagle ray Milyobatis spp

 Atlantoraja platana, spotback skate A. castelnaui,  smallnose fanskate Sympterigia

nose fanskate Sympterigia acuta
us, Smooth hammerhead Sphyrna zygaena, Sand tiger shark Carcharias taurus,

 dogfish Squalus acanthias, Tope shark Galeorhinus galeus

gentine seabass Acanthistius patachonicus, Wreckfish Polyprion americanus
s rasile
tius patachonicus,Pink cusk-ell Genypterus brasiliensis, Patagonian hoki

tlantic butterfish Stromateus brasiliensis, Silver warehou Seriolella porosa, Chub

 Trachurus lathami
n long-fin squid Loligo sanpaulensis, Patagonian squid L. gahi

rustaceans, Bivalvia, Polichaeta and other benthic organisms.
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ntered to calculate the one unknown. This means that the basic
odel parameters required include biomass estimates, diet com-

ositions, assimilation efficiencies, catch rates (where applicable)
nd three rate measurements (consumption, production and mor-
ality).

If all of these data are available, the EE of each group can be
alculated by the model. For the model as a whole, the energy input
nd output of all living groups must be balanced (Christensen et al.,
008). In Eq. (2), only the production term of a group is included.
o ensure balance within each group, Eq. (1) is used.

.2.1. Checking the mass-balance in each group
Models were balanced by checking the values of EE and of the

ross efficiency of food conversion (GE) for each group. EE ranges
etween 0 and1, while GE, which is equal to P/Q, ranges between 0.1
nd 0.35. Following criteria presented in Christensen et al. (2008),
hanges in input data B, P/B or diet were performed until acceptable
uns were obtained.

Despite the fact that the model is representative of the ecosys-
em in a time with no fishing activity, in order to facilitate the
ntroduction of variable fishing effort in the ECOSIM module the

odel was balanced with a consideration of a very low incipi-
nt fishing effort on the species of the system, representing 1‰
f the maximum value for each fleet in recent years of full system
xploitation.

.3. Data
Biomasses of some groups were available from swept area
urveys performed between 1970 and 1974. In some cases,
iomasses estimates were reconstructed from abundance esti-
ates by extrapolation, using empirical equations. For Sea Lions

able 2
odel parameters corresponding to the demersal food web in the San Matías gulf in 197

etters indicate the type of time series of each group (t km−2 year−1) used to calibrate th
long-liners landings; d jiggers landings. Fitting series: e Biomass estimations. The biom
nd  jiggers are negligible. Asterisks (*) highlight groups were the species were fully disc
rofitable.

Group name TL Biomass
(t km−2)

Production/biomass
(year−1)

Con
(ye

Dolphinsb,e 3.94 0.008 0.85 10 

Sea  Lionsb,e 4.54 0.021 1.014 14 

Other  raysb,e 3.25 0.306 0.27 4.
Large  rays*,a,b,e 4.26 0.553 0.45 3.
Small  rays *,a,b,e 3.02 0.447 0.55 4.
Large  sharksa,e 3.52 0.018 0.28 2.
Medium-sized sharksa,c,e 3.62 0.762 0.615 3.
Juvenile sharksb,e 3.43 0.118 0.4 3.
Narrownose

smooth-hounda,b,c,e
3.68 0.153 0.6 4 

Benthic-demersal fish
IIa,b,c,e

3.96 1.304 0.435 3.

Floundersa,b,e 4.11 0.339 0.97 3.
Benthic-demersal fish

Ib,e
3.33 1.327 1.29 6.

Plownose chimaeraa,b,c,e 3.44 0.464 0.4 3.
Large  hakea,c,e 4.64 3.227 0.688 1.
Medium-sized hakea,c,e 4.05 6.237 0.770 2.
Juvenile hakeb,e 3.54 0.098 0.880 11.
Pink  cusk-eela,c,e 3.23 0.947 0.99 3.
Patagonian hokia,e 3.25 3.861 0.69 3.
Medium-sized pelagic

fishes*,b,c,e
3.31 8.953 1.25 6.

Small  pelagic fishese 3.01 10.343 1.943 12 

Squidsb,d 3.19 1.898 2.977 6.
Benthic organisms 2.02 9.780 4.12 12 

Jellyfishes 2.96 2.765 9.56 21.
Zooplankton 2.01 9.059 19.921 41.
Phytoplankton 1 3.577 105 

Detritus 1 1 
l Modelling 331 (2016) 31–43 35

and the 3 groups of hake the abundance correspond to the year 1970
(Romero unpublished data, Rojo and Silvosa, 1970), whereas some
other groups correspond to an approximated/reconstructed values
base on 1974 data: Large rays, Medium-sized sharks, Plownose chi-
maera and all bony fishes except Benthic-dermersal fish I and Small
Pelagic fishes (unpublished data). Taking into account that the fish-
ery operated heavily by 1973, those biomass values were slightly
increased to balance the model based on hake data from 1970.
When no biomass or abundance information was available, the
Ecopath estimations of biomass were used by fixing the EE values
(Dolphins, Squids, Jellyfishes and zoo/phytoplankton; Table 2).

The groups of hake compose a “multistanza group”, where the
leading age group is Medium-sized hake and the leading mortality
group is Large hake. The values of the total mortality rate Z = P/B
were calculated from reconstructed catch curves data from surveys
performed before the beginning of the fishery (1969 and 1970, then
with Z equivalent to the natural mortality rate M,  Ocampo Reinaldo,
2010; Table 2).

Rate estimates of the other groups were taken from the lit-
erature or calculated using empirical equations (Allen, 1971;
Palomares and Pauly, 1998). All rate estimates are given in Table 2.

Trophic linkages were made from published and unpublished
information based on studies on diet (Dolphins: Romero et al.,
2012; Sea Lions: Romero et al., 2011; Large rays: Coller, 2012;
Estalles, 2013; Benthic-demersal fish I and II: González, 1998;
Plownose quimera: Di Giácomo, 1990; AH: Ocampo-Reinaldo et al.,
2011, Squids: Crespi-Abril, 2010). Most of the data were collected

in recent years and were assumed to be representative of the entire
time series. The input parameters of diet for each functional group
are provided in Appendix A.

The EwE model provides a framework to assign a measure of
data quality to the parameters used in the model: the ‘Pedigree’.

0. Bold numbers indicate parameters estimated by Ecopath. TL: Trophic level. The
e simulation with Ecosim. Forcing series: a trawlers landings; b trawlers discards,
ass estimation of Sea Lions was also used as forcing series. Discards for long-liners
arded until some point when the economy/market changed and were considered

sumption/biomass
ar−1)

Ecotrophic efficiency Production/
consumption

Omnivory
index

4.5094E − 05 0.0850 0.2243
1.0000E − 04 0.0724 0.1586

09 0.0000E + 00 0.0660 0.5164
233 2.1352E − 06 0.1392 0.8115
753 7.4950E − 01 0.1157 0.0291
263 1.5110E − 10 0.1237 0.4416
632 6.2000E − 03 0.1693 0.5588
485 9.9900E − 01 0.1148 0.7043

8.4710E − 07 0.1500 0.6514

14 1.4700E − 02 0.1385 0.8964

7 9.0000E − 01 0.2622 0.9996
95 9.9900E − 01 0.1856 0.3687

485 2.6110E − 02 0.1148 0.3254
358 1.8000E − 03 0.5064 0.1767
889 9.4850E − 01 0.2664 0.2274
570 9.9900E − 01 0.0761 0.3891
076 2.2090E − 01 0.3218 0.2993
892 2.5790E − 01 0.1773 0.2847
49 4.5100E − 01 0.1926 0.7776

9.9000E − 01 0.1619 0.2576
1 9.0000E − 01 0.4880 0.8395

5.8560E − 01 0.3433 0.0316
9 9.0000E − 01 0.4365 0.2458
575 9.0000E − 01 0.4792 0.0101

9.9900E − 01
5.5520E − 01
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sing this framework, each parameter is assigned a value to mea-
ure its perceived quality (Appendix A). A qualitative index was
sed to describe the data source for each parameter (Biomass, P/B
nd Q/B) for each functional group and then a general ‘Pedigree
ndex’ was obtained.

.4. Ecosystem network analysis

Trophic network analysis was performed after mass-balance
as achieved. The trophic level (TL) for each functional group was

alculated from its diet, as the weighted average of the trophic
evels of its prey.

Flows and biomasses in the system were aggregated by discrete
Ls using the Lindeman spine routine of the software. The Lindeman
pine illustrates the net amount each TL receives from the pre-
eding one, as well as the amounts it creates through respiration,
xports, detritus for recycling, and net production for transport to
he next TL. The primary producers and detritus compartments are

erged into the first TL and therefore calculating the transfer effi-
iencies between subsequent TLs, allowing to the calculation of the
rophic efficiency of each level and for the food web  as a whole
Christensen and Walters, 2004).

The System Omnivory Index was calculated as the average of
he individual Omnivory Indices of the consumer groups, weighted
y the logarithm of their consumption (Christensen and Walters,
004).

The Mixed Trophic Impact (MTI) routine was applied to eval-
ate the possible impact that a very small change in biomass of
ne group would have on the biomasses of all the other groups
n the system (Ulanowicz and Puccia, 1990). Although this is a
tatic analysis and does not account for temporal changes, the MTI
an be used to infer possible impacts of biomass variations and
o rank the model groups according their overall impact over the
ystem.

Long-term changes were assessed by the calculation of the “fish-
ng in balance” (FIB) Index using time series of catches (see Time
ynamic simulation). This index was developed to address what may
ccur when the decline in the mean trophic levels of the fleets is
ttributable to the deliberate choice of targeting low trophic level
pecies. If the choice to fish lower in the food web  is deliberate,
ne would expect there to be an increase in the catch that is com-
ensurate with the decline in TL of the fleets (Pauly et al., 1998).
dditionally, long-term changes in TL of Sea Lion, the hake groups
nd the fleets were also analysed.

.5. Time dynamic simulation

The temporal module Ecosim re-calculates the initial Ecopath
napshot for each time-step, taking into account a series of vari-
tions in fishing effort, biomass, and other factors. The Ecosim
quation that models the biomass growth rate for each group (i)
s:

dBi

dt
= qi

∑

j

Qji −
∑

j

Qji + Ii − (Mi + Fi + ei) × Bi (3)

here Ii and ei are the immigration and emigration rates, respec-
ively (zero in this system), Mi is the natural mortality and Fi is the
shing mortality (Christensen and Walters, 2004; Walters et al.,
997). The theoretical basis of Ecosim started with the typical
otka–Volterra function that represents prey–predator interac-

ions, modelled within EwE by a ‘vulnerability’ parameter, which
epresents the degree to which an increase in predator biomass will
ause an increase in mortality for its prey. This parameter is linked
o the carrying capacity for the predators. The simulation was  fitted
o several time series of data, considering the biomass of Sea Lions
l Modelling 331 (2016) 31–43

and the catches of the fleets as forcing variables, while biomass data
points of several species were used to fit the vulnerabilities matrix
(Fig. 2, appendix A).

3. Results

3.1. Ecopath reference model

The balanced model comprised 4 trophic levels (TL, Table 2)
with the top functional groups Large hake, Sea Lions, Large rays,
Flounders and Medium-sized hakes (TL > 4). The other fish groups
had a TL ranging from 3.01 to 3.96, alongside Dolphins and Squids
(TL values of 3.94 and 3.19, respectively). Benthic organisms, Jel-
lyfishes and Zooplankton had a TL < 3. The flow diagram resulting
from the model represents each group with a circle that is pro-
portional to the logarithm of its biomass (Fig. 3), along with all
predator/prey interactions.

The ecotrophic efficiencies (EE) of top-consumers after bal-
ancing were low overall, ranging between 2.13E − 06 (Large rays)
and 0.948 (Medium-sized hake) (not considering Flounders, with
an EE of 0.9 previously introduced in the model to allow it to
estimate the minimum biomass of the group). Excluding juve-
nile fishes groups (Juvenile hake, Juvenile sharks, Benthic-demersal
fish I) in the mid- web, the EEs tend to be smaller when the
TL is higher, concomitant with a decrease in predation mortality
with TL.

The Lindeman spline summarize 10 discrete TLs in the SMG
ecosystem. Since the magnitude of flows at trophic levels higher
than the fifth TL is very low, representing only a small fraction of
the flows associated with the top predators, these higher levels
were omitted from further analyses (Fig. 4). The trophic flow from
detritus to consumers is approximately a third that originated from
primary producers. The transfer efficiency is higher at the first con-
sumer TL, decreasing at higher TLs. Also, the values of “exports and
catches” in each TL are very low, related to the simulated catches
introduced in the model.

The Omnivory Index (OI) varied between groups, showing in
general higher values at higher TLs, with exception of Dolphins, Sea
Lions, Large and Medium-sized hake. This indicates a specialization
of those groups that feed on a narrow range of trophic levels (e.g.
Sea Lions, Large hake, Table 2), while others feed across several
trophic levels (i.e Large Rays, Flounders).

The model pedigree index was  0.534 which fits into the range of
overall acceptable quality, as discussed in previous studies (Gurney
et al., 2014; Morissette, 2007; Pauly et al., 2000). The original inputs
were further validated by the consistency of gross efficiency (GE) or
P/Q values which were within the expected ranges by reference to
the diet composition (except for of Zooplankton, Jellyfishes, Squids
and Large hake, for which they are too high, Table 2).

Other general system attributes and metrics are given in
Appendix A.

3.2. Mixed trophic impacts analysis

The Mixed Trophic Impact analysis (Fig. 5) highlights that
trawlers positively impact the upper level consumers like
Flounders, Large hake and Medium sized hake, and negatively
impact Sea Lions and Large rays. Sea Lions showed a negative
impact over Large hake, although Large hake is not an important
prey of it. Large hake have a positive impact over long-liners and a

negative impact over Medium-sized hake. Medium-sized hake have
a positive impact over trawlers, long-liners and Large hake, whereas
they have a negative impact over Dolphins, Sea Lions, Large
rays, Large sharks, Narrownose-smooth hound, Juvenile hake and
itself.
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ig. 3. Flow diagram corresponding to the demersal food web  in the San Matías gu
alue  (t); groups are distributed with increasing trophic level (TL) on the y-axis and
.3. Time dynamic simulation

.3.1. Biomass
The time series of biomass (reference) and catches (forc-

ng) are given in Figs. 6 and 7, respectively. The vulnerabilities

ig. 4. The Lindeman spline corresponding to the demersal food web in the San Matías gul
hrough trophic levels. The percentages in the boxes represent the trophic efficiencies acco
ST  = total system throughput, TE = transfer efficiency, II-V = trophic levels (TL).
70. Each functional group is represented by a circle which is scaled to the biomass
ophic linkages indicated by grey lines.
values used to run the simulation are given in the Appendix
A. The modelled biomasses by ECOSIM have followed reason-
ably well the biomasses tendencies of several groups, while
Benthic-demersal fish II and Small pelagic fishes were poorly
described.

f in 1970: An aggregation of the flow network into a concatenated chain of transfers
rding to the flows labelled in the reference box. P = primary producers, D = detritus,
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Fig. 5. Mixed trophic impact of each functional group on the other groups corresponding to the demersal food web in the San Matías gulf in 1970. A white rectangle above
the  baseline indicates positive impact, while a black rectangle below indicates negative impact. The dimensions of rectangles are comparable between groups, and represent
the  impact that an infinitesimal increase of the impacting group will have on the impacted groups.

Fig. 6. Biomass (t km−2) data series (points) used as references to fit the simulation. Lines represent the modelled biomass for each group. Only the groups with more than
2  data points are shown. All groups were weighed by 1 to fit the simulated biomass, except Large rays and Juvenile hake (weight = 0.5); Benthic-demersal fish II and Small
pelagic fishes (weight = 0.75).
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Fig. 7. Catches data series (points) used like forcing series to fit

.3.2. TL and FIB indices
The trophic levels of Sea Lions, hake groups and the fleets (in

hich case refers to the “mean trophic level” of the fishery) have
hown a drop within the 5 initial years at the beginning of the
imulation. After that, Sea Lions, Medium-sized and Juvenile hake
ave not shown any significant variation. On the other hand, Large
ake have shown changes in the TL: higher in the 1980’s, lower in
he 1990’s and intermediate values in the 2000’s (Fig. 8). Similarly,
eets have shown lower values between 1995 and 2005, recovering
o the previous level after that.

The “fishing in balance” index (FIB) has shown variable positive
alues over the simulation, which may  indicate different expansion
eriods of the fishery (Fig. 8).

.3.3. Mortalities
The modelled mortalities of the 3 groups of AH have shown

 variable composition in relation to 3 types of predators: the
leets, Sea Lions and AH itself (Fig. 9). Large hake mortalities have
een largely represented by fishing mortality, while no other group
aused important predation mortality. The overall mortality on
edium-sized hakes has decreased in the early fishery from 0.6

n 1970 to 0.2 by 1976. Moreover, the mortality in 1970 was
ostly represented by cannibalism of Larger and Medium-sized

ake, while after the fishery started an important fishing mortal-
ty component was added and cannibalism mortalities dropped.
uvenile hake showed a similar pattern than Medium-sized hake,
ut the higher mortality is related to cannibalism performed by
he latter. Fishing mortality on Juvenile hake has shown variations
elated to changes in the fishing effort, while cannibalism mortal-
ty performed by Large hake seems to had varied in relation to its
bundance, from 0.5 at the beginning of the fishery to almost zero
y the end of the simulation.

. Discussion
The San Matías Gulf is relatively young (approximately 11000
ears old; Isla, 2013) and constitutes a semi-enclosed ecosystem,
ith an interesting demersal community that remains relatively

solated from the Argentine Continental Shelf. Its community has
mulation. Lines represent the modelled catches for each group.

a well-known history supporting direct impacts and externalities
from hunting, fishery development and conservation strategies
of single species, among others. Due to those characteristics, the
SMG is a suitable ecosystem to be analysed using the ecosystem-
modelling framework.

In 1970 the estimated total biomass (excluding detritus) in the
GSM (66.5 t km−2 over 10,000 km2) was quite low compared to sim-
ilar ecosystems (i.e. 122.7 t km−2 over 7200 km2 in the northern
Gulf of California, Morales-Zárate et al., 2004; 207.3 t km−2 over
103000 in the Gulf of Maine, Zhang and Chen, 2007). Estimated
total system throughput of SMG  in 1970 (TST, 1479.1 t km−2 year−1)
was within the range of comparable ecosystems (i.e., higher than
the northern Gulf of California and slightly lower that the Gulf of
Maine). According to the ecosystem classification scheme proposed
by Odum (1969), the value of the “total primary production/total
respiration” (1.06) indicates that the SMG  ecosystem may still be
maturing, and there is more energy produced than consumed by
the food web. Accordingly, the food web is dominated by the graz-
ing rather than by the detritus pathway, where the lower TLs of the
food web  show the higher transfer efficiencies of the system.

The “Connectance index” (CI, 0.275) and “System Omnivory
index” (SOI, 0.39) are also correlated with the system matu-
rity since the food chain is expected to change from linear to
web-like as the system matures (Odum, 1971). In the SMG, the
value of CI is relatively low, suggesting a simplification of the
food web and an immature system. However the CI (i.e. the
number of actual links in relation to the number of possible
links in the food web) is an ambiguous index and should be
interpreted carefully. Moreover, the value of SOI is intermediate.
These parameters are strongly linked with the structure of the
model, thus its modifications by adding currently omitted groups
(e.g. penguins, bacteria) may  influence any topology-dependant
metrics.

The high “overhead” (67.4%) also suggest that the system could

still grow in terms of flows and biomasses, having high potential
for adaptation and resilience capacity (Ulanowicz, 1986; Ulanowicz
and Norden, 1990). Considering the low biomass of SASL and the
consequent differences in respiration between the TLs number II
and V (187 vs 4.24), it can be hypothesize that the ecosystem is
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ig. 8. Long-term change of: Above) trophic level (TL) of Sea Lions, hake groups and
FIB)  corresponding to the demersal food web in the San Matías gulf.

ot only in a development phase, but also recovering from a heavy
erturbation due to the biomass removal of SALS.

At the beginning of the fishery, the mixed trophic impacts
howed that trawlers had a positive effect over Large hake, other
ommercially bony fishes and even over long-liners, but a nega-
ive effect over several cartilaginous fishes and marine mammals.
n the other hand, Sea Lions showed a negative impact over sev-

ral bony fishes, particularly Large hake. These impacts over Large
ake are counterintuitive considering that trawlers actively target

t and Sea Lions do not feed over it. However, these unexpected

ig. 9. Absolute mortalities composition (bars) performed by different predators over th
nd  the 3 groups of hake acting as cannibals (predation mortalities), and the fleets (fish
elative biomass variations of each prey group of hake (rescaled from 0 to 1).
eets (trawlers, long-liners and jiggers combined); Below) “fishing in balance” index

results may  be explained by indirect effects: fleets favouring Large-
and Medium-sized hake by removing their predators, and Sea Lions
hindering Large hake by removing its preys.

Also, Large hake showed a negative impact over the groups of
smaller hakes, probably related to cannibalism and competition for
shared preys. The Medium-sized hake showed a negative impact
over itself (probably related to intracohort cannibalism and com-

petition) and over Juvenile hake, but a positive impact over Large
hake (probably related to inter-cohort cannibalism, among other
non-linear effects).

e 3 groups of hake from 1971 to 2009. The predators are represented by Sea Lions
ing mortalities, trawlers and long-liners combined). The solid lines represent the
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Trites et al. (1997) described that a “food web  competition”
or primary productivity may  happen when marine mammals and
eets affect each other, even when their prey and catches do not
verlap. In this study, Trawlers and Sea Lions partially overlap their
niches”, but the combined impacts between them are probably due
o a complex mix  of direct and indirect competition modulated by
he size-structured cannibalism of AH.

The analysis of the Omnivory index of each group indicates that
olphins, Sea Lions, Large and Medium-sized hake are the only

specialized” top predators in the food web, which feed over a
arrow range of TL. Interestingly, this could be related to a diet
ased mostly on bony fishes, but the indices of hakes may  be
xplained because of their cannibalism. It is important to point
ut that this “specialization index” is strongly related to the struc-
ure of the model and refers to “trophic levels consumption” rather
han prey preference. The AH, as other Merluccius species (e.g. silver
ake M.  bilinearis, Koeller et al., 1989; Large Cape hake M. capensis,
acpherson and Gordoa, 1994), is a typical generalist and oppor-

unistic predator and usually feeds over abundant species. It has
een suggested that cannibalism occurs in areas were food is scarce
Muto and Soares, 2011; Ocampo-Reinaldo et al., 2011; Ruiz and
ondacaro, 1997). By inter-cohort predation, larger hakes can take
dvantage of highly abundance smaller hakes that transfer energy
p from lower trophic levels and, at the same time, maintaining a
elative independence from the abundance oscillations of other fish
pecies in the mid-web. For instance, estimated TL values of SASL
nd medium-sized AH using stable isotopes techniques in the area
f the Patagonian stock are higher than the TL values obtained in
his study (4.85 and 6.46, respectively, Ciancio et al., 2008), prob-
bly related to different availability and abundance of prey from
ore diverse mid- and upper trophic level food webs.
The TL of Sea Lions and the groups of hake showed a decrease at

he beginning of the fishery, maintaining relative stable values over
he four subsequent decades. Similarly, the mean trophic level of
he three fleets combined showed an analogous pattern, with some
ariations between 1995 and 2005. This matches the years were
iggers and the industrial long-liners started their fisheries, with

 different catch composition than trawlers (Romero, 2011). After
000, artisanal long-liners remained fishing and the industrial long-

iners were banned, reducing the overall fishing effort (less hooks
er boat/trip) over the community.

In this study, long-term changes of FIB and TL are based on a
roper baseline to interpret its trajectories: previously to the devel-
pment of the demersal fishery in the SMG, a scallop Aequipecten
ehuelchus fishery prospered and collapsed (Narvarte et al., 2007).

 Fishery Directorate was already functioning to gather informa-
ion of landings by the time that the demersal fishery started. This
llowed to describe the phases that this fishery has shown along
ts history, characterized by two expansion periods: the develop-

ent phase of the trawl fishery (1970–1980) and the addition of
he long-liners/jiggers (1996–2005; Romero, 2011). Landings of
hese two phases were largely dominated by the contribution of
he AH. During the 1980’s and due to a new pulse of scallop, most
f the gears of the trawlers were modified, redirecting the effort
o fishing over scallop beds (González et al., 2004; Narvarte et al.,
007; Romero, 2011). Considering that our analyses do not take

nto account the coastal scallop fishery pulses (which occurred a
ew times in the SMG  history), the 1980 period is coincident with
he drop of “demersal FIB” due to a significant decrease in landings
f demersal fishes rather than changes in the mean trophic level
f the fleets (Fig. 9). Although the disappearance/decrease of some

pecies may  be masked by the construction of functional groups
hat contain them (e.g. Wreckfish Polyprion americanus, pers. obs.)
he variations of the “demersal FIB” index seem to be related to
he development phases of the its fishery rather than significant
hanges in the structure of the demersal community.
l Modelling 331 (2016) 31–43 41

Despite the increase in Sea Lions biomass over the last four
decades due to conservation policies, it has not generated a signif-
icant increase in the predation mortality caused by this group over
any group of AH. On the other hand, the increase and subsequent
variations in the fishing mortality seem to be related to varia-
tions in Large hake abundance, and the decrease in Medium-sized
hake abundance. Interestingly, the increasing fishing mortality
in the early fishery and the decrease in the abundance of Large
and Medium-sized hake have constrained the (intra- and inter-
cohort) cannibalism mortality over Medium-sized hake. It has been
hypothesized that cannibalism could have a strong compensatory
effect over the abundance of the fishes within the same popula-
tion (Smith and Reay, 1991). Our study shows that the fleets have
replaced cannibalism and predation mortality by removing part of
the larger cannibals and other predators (e.g. Large rays). Similarly,
Juvenile hake mortality seems to be related to the abundance of
its conspecific predators, but this group is expected to be more
resilient due to its high abundance. Since the beginning of the
fishery, Juvenile hake have increased its modelled biomass in five
years, to stabilize at a higher value. Although the initial biomass of
this group was  calculated by Ecopath, it may  also indicate that the
released predation pressure over juvenile hakes is more relevant
than the spawning biomass loss of larger hakes. Egg production of
large hakes is more important than of medium-sized hakes, due
to a higher fecundity, better nutritional quality of the eggs and an
extended reproductive season (Macchi et al., 2004, 2006; Pájaro
et al., 2005). Thus, an excessive increase of fishing mortality over
larger hakes (and therefore “the better” spawning biomass) could
lead to important negative effects over the Juvenile hake by reduc-
ing recruitment success.

Finally, the low predation mortality of AH due to SASL could
be explained because SASL may  have not yet reached “their car-
rying capacity”, and the population may  continue growing in near
future. A recent study on SASL skull size variation (Drago et al.,
2010) in the ACS (outside the SMG) has demonstrated that somatic
growth of this species has been affected by a reduction in the per
capita food availability, due to a combination of the SASL popula-
tion recovery and the development of industrial fishing targeting
AH. Most of the changes in skull size have happened since 1990,
when the SASL population peaked and the AH populations were
severely reduced, leading to significant changes in the trophic rela-
tionships and the structure of the marine ecosystem (Koen Alonso
and Yodzis, 2005). This may  not be occurring in SMG, where the
isolated stock of hake has not shown signs of overexploitation yet
(Ocampo Reinaldo, 2010; Romero, 2011) and SASL abundance is
still increasing (Svendsen et al., 2009; Grandi et al., 2012). Koen
Alonso and Yodzis (2005) have hypothesized that Argentine hake
in the ACS, in absence of SASL during 1950s, could be in larger
abundances than expected when the fishery started. This scenario
could be similar in the SMG  before the beginning of the fishery,
explaining the high abundance of AH (and probably other groups
like “Small Pelagic Fish”). However, if the fleet in the SMG has nowa-
days replaced several predators over its food web, is possible that
SASL will never reach the pristine abundance levels of the time
before hunting.

5. Conclusions

This work provides the first comprehensive quantitative net-
work model of the SMG  food web  related to its pelagic-demersal

fishery. In spite of all the variability, this work shows that it is
possible to address in the same framework externalities of differ-
ent human activities like exploitation and conservation of marine
resources, setting the basics for a more sustainable management
and conservation of the sea. Although additional research and
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urther development and refinement are needed (e.g. filling of
any information gaps) this approach constitutes an important

asis for future ecosystem research and hypothesis testing on
ynergistic activities over the SMG  food web. In this context,
ew information to build better current and past Ecopath mod-
ls through the fishery history would be important to understand,
ompare and contrast both fishery and conservation management
cenarios in an ecosystem-based approach.
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