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Abstract Large pelagic predators occupy high posi-
tions in food webs and could control lower trophic
level species by direct and indirect ecological inter-
actions. In this study we aimed to test the hypotheses:
(1) pelagic predators are keystone species, and their
removals could trigger impacts on the food chain; (2)
higher landings of pelagic predators could trigger
fishing impacts with time leading to a drop in the mean
trophic level of catches; and (3) recovery in the pelagic
predators populations, especially for sharks, could be
achieved with fishing effort reduction. We performed
a food web approach using an Ecopath with Ecosim
model to represent the Southeastern and Southern
Brazil, a subtropical marine ecosystem, in 2001. We
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then calibrated the baseline model using catch and
fishing effort time series from 2001 to 2012. After-
wards, we simulated the impact of fishing effort
changes on species and assessed the ecological
impacts on the pelagic community from 2012 to
2025. Results showed that the model was well fitted to
landing data for the majority of groups. The pelagic
predators species were classified as keystone species
impacting mainly on pelagic community. The ecosys-
tem was resilient and fisheries seem sustainable at that
time. However, the temporal simulation, from 2001 to
2012, revealed declines in the biomass of three sharks,
tuna and billfish groups. It was possible observe
declines in the mean trophic level of the catch and in
the mean total length of landings. Longline fisheries
particularly affected the sharks, billfish and swordfish,
while hammerhead sharks were mostly impacted by

M. Coll
Ecopath International Initiative Research Association,
Barcelona, Spain

R. R. P. Barreto

Centro de Pesquisa e Conservacdo da Biodiversidade
Marinha do Sudeste e Sul- CEPSUL, Avenida Carlos Ely
Castro, 195, Itajai, SC CEP 88301-445, Brazil

A. F. Amorim

Instituto de Pesca, Avenida Bartolomeu de Gusmao, 192,
Santos, SP CEP 11030-906, Brazil

@ Springer


http://dx.doi.org/10.1007/s11160-017-9492-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s11160-017-9492-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11160-017-9492-z&amp;domain=pdf

Rev Fish Biol Fisheries

gillnet fishery. Model simulations showed that large
sharks’ biomasses could be recovered or maintained
only after strong fishing effort reduction.

Keywords Ecopath with Ecosim - Fishing
simulations - Fishing down food web - Istiophoridae -
Sharks - Brazil

Introduction

Several characteristics of Large Pelagic Predators
(LPP), such as long generation times, slow growth
rates and low reproductive rates (Cambhi et al. 1998;
Collette et al. 2011) make them especially susceptible
to overexploitation (Hall 1999) and local extinction
(Dulvy et al. 2014). As a consequence, there is
evidence of population declines for large pelagic fish
worldwide (Jackson et al. 2001; Myers and Worm
2003; Heithaus et al. 2008; Worm et al. 2013).

Fisheries, climate change, habitat destruction,
introduction of non-native species and pollution are
factors that threaten the overall biodiversity (Burrows
et al. 2011; Harnik et al. 2012; Pimm et al. 2014).
However, overfishing is considered the primary threat
to many marine organisms (Jackson et al. 2001) and
recent studies suggest that populations of LPP are
showing a sharp decline in some regions (Myers and
Worm 2003; Collette et al. 2011; Dulvy et al. 2014).
As large-bodied species are more susceptible to
extinction due to high market value and/or low
production rates, these declines have turned LPP such
as large sharks, billfishes (Istiophoridae spp.), sword-
fish (Xiphias gladius) and tunas (Thunnus spp.) into
some of the most threatened groups of marine animals
worldwide (Lucifora et al. 2011; Collette et al. 2011;
Britten et al. 2014, Dulvy et al. 2014; McClenachan
et al. 2016).

LPP occupy high positions in marine food webs and
therefore act as important regulators of lower trophic
level species, playing a fundamental role in marine
ecosystems through direct (predation) and indirect
(competition) ecological interactions (Heithaus et al.
2008; Ferretti et al. 2010; Bornatowski et al. 2014a;
Navia et al. 2016). These organisms could exert top-
down effects on marine food webs and their reductions
could alter the ecosystem structure and functioning
(Myers et al. 2007; Baum and Worm 2009; Ritchie and
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Johnson 2009; Heithaus et al. 2010; Ferretti et al.
2010).

Ecological indicators, such as trophic level (TL)
and size-based indicators, are important tools to
assess fishing impacts on marine ecosystems (Shan-
non et al. 2014; Coll et al. 2016). The Convention on
Biological Diversity (CBD, 2004) selected the mean
TL of the catch as one of its eight indicators of
ecosystem health (Pauly and Watson 2005), because
reductions of large predators with high TL have been
widely documented, forcing fisheries to target smaller
organisms with lower TLs (Pauly et al. 1998). This is
known as ‘fishing down marine food webs’ and has
been described in several marine ecosystems world-
wide (e.g. Pauly et al. 2001; Arancibia and Neira
2005; Sibert et al. 2006; Coll et al. 2010; http://www.
fishingdown.org/). Fishing also leads to substantial
modifications in the size structure of exploited com-
munities, and some studies used size-based indica-
tors, such as the mean length of the fish, to assess
fishing impacts on size of individuals (Shin et al.
2005).

The industrial longline fisheries in the South
Atlantic have shown large changes in the last three
decades in terms of effort and target species (Freire
et al. 2014). These changes include the introduction of
new technologies, commercial preferences, and man-
agement actions (Hazin et al. 2008; Barreto 2015;
Barreto et al. 2016). LPP such as large sharks,
swordfish and tunas have been fished in the South
Atlantic since 1950; however between 1998 and 2012
the catches of these LPP showed a large increase
(Barreto 2015; Barreto et al. 2016). Nevertheless, the
impacts of these catches on large predators of the
South Atlantic remain largely unknown.

Most studies of LPP declines have been concen-
trated in the Northern Hemisphere, and several
overexploited tropical ecosystems remain poorly
understood (Worm et al. 2009). In this study we
explored the ecological role of LPP in southeastern
and southern Brazil (SSB), a subtropical ecosystem,
and the impact of catch increases on LPP and other
species. To do so, a food web model using the Ecopath
with Ecosim approach (EwE) (Christensen and Wal-
ters 2004) was developed to represent the ecosystem in
2001 and to characterize the food web structure of the
SSB area. Such ecosystem modeling tools can provide
the basis for testing several scenarios of fishing effort
change and evaluating the capability of LPP to support
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certain levels of fishing pressure and the ecosystem
impacts of their population changes (Coll et al. 2006).

We used our model to examine the trophic
relationships of three pelagic sharks on the food
web: blue, mako, and hammerhead sharks (Prionace
glauca, Isurus oxyrinchus, and Sphyrna spp., respec-
tively), and three groups of large teleosteans: tunas
(Thunnus spp.), billfish (Istiophoridae spp.), and
swordfish (Xiphias gladius). Afterwards, the baseline
model was calibrated using the catch and fishing
effort time series from 2001 to 2012 and the Ecosim
temporal dynamic model. Therefore, the present
study aimed to test the hypotheses that: (1) Large
pelagic predators are keystone (defined as species
that play an important role in a community’s
structure despite its low abundance), and their
removals provoke impacts on the food chain; (2)
higher landings of large pelagic predators trigger
fishing impacts reducing the Mean Trophic Level of
catches; and (3) recovery in the large predators
populations, especially for large sharks, could be
achieved with a fishing effort reduction.

Methods
Study area

The study area is located in the Southeastern and
Southern Brazil (SSB) area from Cabo Frio City, Rio
de Janeiro (23° S) to Rio Grande do Sul States (34° S),
with depths between 100 and 600 m (Fig. 1). The total
area comprises ~ 140,000 km” and corresponds to the
Exclusive Economic Zone (EEZ) of SSB. In this
region there is moderate upwelling between October
and April (the rainy season), especially nearby Cabo
Frio City (Fahrbach and Meincke 1979).

Food web modeling using the Ecopath approach

A food web model was constructed using Ecopath
with Ecosim software (EwE, version 6.5) (Christensen
and Walters 2004). The model represented the year
2001 as a baseline reference point. In the basic
equation of the Ecopath model the consumption by a
predator (or group) leads to the mortality of its prey (or
group) due to predation. This is mathematically
described by a system of linear equations (Christensen
and Walters 2004):

Itajai
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Fig. 1 Study area: Southeastern and Southern of Brazil (SSB)
(depth between 100 and 600 m). Area limits are indicated by
black lines between the states of Rio de Janeiro and Rio Grande
do Sul. The map indicates the main coastal cities (Cabo Frio,
Santos, Itajai and Rio Grande) where catches are landed

Bix PBixEE; — Y (Bjx OBxDCji) —EX; =0 (1)
J

where B; is the biomass of group i; PB; is the
Production/Biomass rate of i, which is equal to the
total mortality Z (Allen, 1971); EEi is the Ecotropic
Efficiency of i, which varies from O to 1 and represents
the fraction of the production of the group that is used
within the system or exported from the system; B; is
the biomass of predator j; OB; is the food consumption
per unit of biomass for predator j; DCj; is the fraction
of i in the diet of j; and EX; is the export of i and
represents the biomass that is caught through fishing
and/or that migrates to other ecosystems. A detailed
introduction of the EwE approach and description of
main features, data requirements and limitations can
be found in the literature (Christensen and Walters
2004; Link 2010; Steenbeek et al. 2016; Heymans
et al. 2016).

Parameterization of the SSB Ecopath model

We used two previous EWE models developed in the
region (Gasalla et al. 2007; Nascimento et al. 2010) to
develop the SSB model (see Online Resource 1 for
more details). However, our food web model was
constructed by selecting functional groups based on
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relative abundance of species in total landings during
the last 10 years, and on their relevance as prey or
commercial value. Most traded species were defined
as compartments into the model, since fishing activity
is the main impact to be evaluated and likely to has
high influence upon these species. Some species were
grouped, while other remained as single species due to
our main goals.

Our new food web model has some original
elements, including separating three species of large
sharks as individual functional groups: blue (Prionace
glauca), mako (Isurus oxyrinchus) and hammerhead
sharks (Sphyrna spp.), which were grouped together as
“shark” in previous models. Also, Thunnus spp.
species were grouped into a tuna group, the billfish
group is composed of Istiophorus platypterus,
Makaira nigricans, and Kajikia albida, and Xiphias
gladius is called the swordfish group (Online Resource
2; Table 1). Thus, a total of 44 functional groups were
used in SSB EwE model, with 26 groups of
teleosteans, 10 groups of invertebrates, five sharks
groups, one ray group, a phytoplankton group, and
Detritus (Online Resource 2; Table 1). The definition
of the functional groups for the SSB model was also
based on biological and ecological characteristics of
the species such as feeding habit, size, biology, habitat
and depth distribution of the main landed species.

To parameterize the model, biomass estimates
(t km™?) were obtained from the Evaluation of the
Sustainable Potential of Living Resources process in
the Exclusive Economic Zone (REVIZEE—South
Score) that evaluated the fishing stocks in the area
between 2001 and 2002 (Amaral and Rossi-
Wongtschowski  2004; Madureira and Rossi-
Wongtschowski 2005; Rossi-Wongtschowski et al.
2006; Haimovici et al. 2008, 2009), and from other
previous EwE models developed in some marine
Brazilian regions (e.g. Velasco and Castello 2005;
Gasalla et al. 2007; Freire et al. 2008; Nascimento
et al. 2010). Biomass of blue shark was estimated
according Carvalho et al. (2015), hammerhead shark
according Hayes et al. (2009), swordfish according
Kell et al. (2014), and tuna according Velasco and
Castello (2005). When not available, biomass values
were estimated from EwE through Ecotrophic
Efficiency (EE) collected from the literature regard-
ing similar groups and, when possible, close by
regions and similar ecosystems (see Online
Resource 1).
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The Production/Biomass ratio (P/B, year_l) was
calculated using the Pauly (1980) equation or was
obtained from the literature (Cox et al. 2002; Gasalla
and Rossi-Wongtschowski 2004; Gasalla et al. 2007;
Freire et al. 2008; Griffiths et al. 2010; Nascimento
et al. 2010). The Consumption/Biomass ratio (Q/B,
year™') was estimated using Palomares and Pauly
(1998) empiric equation and from FishBase (Froese
and Pauly 2015). When obtained from the literature,
data were thoroughly selected according to similar
species and environments (see Online Resource 1).

The diet composition (DC) matrix was obtained by
retrieving data from the literature, prioritizing those
studies coming from the study area or similar areas
(Online Resource 3, Section 1 and 2, with all specific
references).

The model was considered balanced when esti-
mated EE values were all lower than 1 and were high
(~0.95) for exploited species and more predated ones
(small fishes species, e.g. sardines), and low for
unexploited top predators (EE < 0.5). In addition,
values of production/consumption (P/Q) for functional
groups were between 0.1 and 0.35 with the exception
of some fast growing species, and values of net
efficiency were <1 (Christensen et al. 2008). The
criteria from the Pre-Balance (PREBAL) approach
was also used to analyse the relationship between
biomass, PB, and QB values with increasing trophic
levels (Link 2010; Heymans et al. 2016).

EwE model outputs

EwE estimates overall indicators and properties of
each functional group useful for the ecological anal-
ysis. In particular, we used the Omnivory Index (OI,
Christensen et al. 2008) to investigate the strategy of
feeding for each functional group and the System
Omnivory Index (SOI) for the general ecosystem. We
also analyzed a series of overall ecosystem attributes
such as the Total Primary Production/Total Respira-
tion (TPP/TR), Total System Throughput (TST), Total
Primary Production/Total Biomass (TPP/TB), Total
Biomass/Total System Throughput (TB/TST), overall
Connectance Index (CI), Finn’s Cycling Index (FCI),
and Overhead (O). These attributes quantify an overall
development status for the ecosystem sensu Odum
(1969) considering that “mature” environments are
more resilient than “immature” ecosystems (for more
details about these attributes see Angelini et al. 2013).
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The Mixed Trophic Impact (MTI) analysis was
used to quantify the relative impact of biomass change
within a component (impacting group) on each of the
other components (impacted groups) in the food web,
including fishing fleets (Ulanowicz and Puccia 1990,
based on Leontief 1951). The MTI provides two
estimated parameters: the trophic impact component
(g;) and the relative biomass component (p;), which are
used to estimate keystone species indices. Parameter g;
represents the overall direct or indirect trophic effect
of group i on all the other groups in the food web:

G= |y m (2)
J#

where g; is expressed as the sum of the squared values
of m; of group i, paired with each of the other living
group j and my; is the effect of group i on j, which could
be positive (if the impacted group’s biomass
increases) or negative (if it decreases). The m of group
i on itself (m;;) is excluded, as well as the m on non-
living groups such as detritus (Libralato et al. 2006).

Parameter p; corresponds to the contribution of
group i to the total biomass in the food web:

B;
Pi=<r 5
l ZZ:lBk

where B; is the biomass of group i, and By the biomass
of each one of the n living groups in the food web
(Power et al. 1996; Libralato et al. 2006).

A keystone species is defined as a species with low
relative biomass but which plays an important role in
the food web (Paine 1995). We estimated the three
keystone species indices (KS) provided by EwE: KS1
(Libralato et al. 2006) and KS2 (adapted from Power
et al. 1996) indices were obtained by combining ¢; and
p; for each group i, such as:

KS); = log[ex (1 — py] (4)

(3)

KSy = log[ex (1/py] (5)

Using the same approach, Valls et al. (2015) proposed
a third index (KS3):

KS; = IC;x BGC, (6)

where: IC; (Impact Component) is estimated from Eq. 1
(&) and BC (the Biomass Component) is estimated from
Eq. 2 (p;), where BC, is the biomass in a descending
order ranking (see Valls et al. 2015 for more details).

Finally, in order to understand the influence of large
predators on the pelagic SSB community, we used
feeding overlap values between large sharks and other
large pelagic predators provided by EwE.

Fisheries data and ecological indicators

We analyzed landing data derived from fishing
monitoring systems, developed as part of a scientific
cooperation program established between the Ministry
of Agriculture (Brazilian Government) and the
University of Vale do Itajai (UNIVALI) (Perez and
Wahrlich 2005). The Santa Catarina Industrial Land-
ing Statistics Program provided information on catch
and fishing operations obtained from log books,
markets, and skipper interviews at the main Santa
Catarina harbors (http://gep.acad.univali.br). Landing
and fisheries data were compiled from fisheries bul-
letins from 2000 to 2012 (Online Resource 4).

Due to the large number of licensing arrangements in
Brazil (78 different types of licenses for fishing) data
were analyzed using broad categories. Because otter
trawls, pair trawls and double rig trawls may have the
same impact on fishes, for example, all boats using trawls
were included in the category ‘trawlers’. The ‘gillnets’
category, similarly, comprised all boats using pelagic and
bottom gillnets. Demersal and pelagic longliners were
separated because the target different resources. Bait and
purse seiners were grouped in the “Others” category.

We estimated the Mean Trophic Level of the catch
Index (MTLIy) using the above landing data and TL
values obtained from the EWE model for those species
occurring in the landings (Online Resource 4). The
MTLI, was calculated as:

7 Yy TL;
ML, — izt YiTLs
Zi:l Yiy

where Y, are landings of species i in year k, and m is
the number of species or group of species caught in
year k (Pauly et al. 2001).A MTLI, using a cut-off at
TL 3.25 (MTLI. 3 »5) was also calculated as:

(7)

n

MTLI 35 = Z Yriiz32s - TLi/Yi(rLi»32s),  (8)
i=1

where Y is total landings of organisms with

TL > 3.25, Yi is the landing of species i, and TLi is

the trophic level of species i. We calculated the

MTLI 3 »5 to exclude lower TL species such as forage

fish and smaller organisms (Pauly and Watson 2005).
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A MTLI, using a cut-off at TL 4.0 (MTLI. ) was
also calculated as:

n
MTLI > 40 = Z Yrri>40.TLi /Y1 (1Li> 4.0), 9)

where Y] is total landings of organisms with TL > 4.0,
Yi is the landing of species i, and TLi is the trophic
level of species i. We calculated the MTLI. 4 o with to
examine changes within the top predator community,
while excluding small and medium pelagic fish
species (Pauly and Watson 2005; Shannon et al. 2014).
The impact of fisheries on total length of species
also was estimated. In this study, we estimated the
Maximum Total Length (MaxT),) of the catch using:

S YaMaxT;

2?1:1 Yo '
where m is the number of species or group of species,
Y ;. are landings of species i in year k, and MaxTi is the
maximum total length (cm) of species i caught in
year k. MaxTi values were obtained from FishBase for
those species occurring in the landings (Froese and
Pauly 2015; see Online Resource 4).

We also estimated the Loss in secondary production
(L index) due the fishing and the associated probability
of sustainability (Psust; Libralato et al. 2006) to
evaluate the fisheries sustainability in the SSB
ecosystem.

Maka ( 1 0)

Food web time-dynamic modelling with Ecosim

The temporal-dynamic model of EwE, the Ecosim
model (Walters et al. 1997; Christensen and Walters
2004), uses the baseline Ecopath model as the initial
conditions to dynamically represent prey-predator
interactions. Specifically, the system of linear equa-
tions is transformed into a system of ordinary differ-
ential equation as follows (Walters et al. 1997, 2000):

dB;/dt = g; x ZQ,J ZQ,J-i—I
(MO +F +e) (11)

where dB/dt is the change in B of group i over time ¢, g;
is the net growth efficiency, Q; is the consumption of
group j by group i, n is the number of prey groups, Q;;
is the consumption of group / by group j, m is the
number of predator groups, I; is the extent of
immigration of group i, MO; is the non-predation rate
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of natural mortality of group i, F; is the fishing
mortality of group 7, and e; is the emigration of group
i. Ecosim represents prey-predator interaction by
‘vulnerability” settings (v;;), which captures the degree
to which an increase in predator biomass will cause an
increase in mortality for its prey. This parameter
expresses how far a group is from its carrying capacity
(Christensen and Walters 2004; Walters and Chris-
tensen 2007).

The quantification of prey i consumed by predator j
(Qj;) is a nonlinear relationship based on the “foraging
arena concept” acting on the consumption rates of
predators and prey (Walters et al. 2000; Walters and
Christensen 2007; Ahrens et al. 2011):

ajj X vij X B; X B;
2 X v X aj X Bj

Qj = (12)
where a; is the effective search rate of predator
Jj feeding on prey i, B; is the biomass of the prey, B; is
the predator biomass, and v;; is the vulnerability of
prey i to predator j. The “foraging arena concept”
implies that the prey biomass is divided into vulner-
able and non-vulnerable components and the transfer
rate between these two components is the vulnerability
rate (v;;), which determines whether the flow control is
top-down (v; > 2), bottom-up (v; < 2), or mixed
(vij = 2; the defaults values in EWE).

In this study, we used a time series of relative fishing
effort (computed as number of fishing trips) as the driving
factor to fit the model to catch data from 2001 to 2012 for
the main exploited species (see Online Resource 5). The
model fitness was assessed through the sum of squared
deviations (SS) that was calculated using the disparity
between the log of observed catches and the log of
predicted catches (Christensen et al. 2008). We used the
EwE traditional method to fit the models, which changes
on vulnerability values matrix by searching automati-
cally for smaller SS values and best fits for the evaluable
time series (Heymans et al. 2016). Vulnerability param-
eters were estimated using an optimization search routine
(based on Davidson—Fletcher—Powell nonlinear opti-
mization procedure) which reduces the sum of squares
difference between the predicted and observed data
(Scott et al. 2016). This procedure tests a combination of
hypotheses to assess the top-down and bottom-up
controls using the time series analysis. A total of 17 time
series of catch was used for estimating the SS, and
therefore 15 parameters were estimated as vulnerability.
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Temporal simulations of fishing effort using
Ecosim

After model calibration, we performed simulations from
2012 to 2025, changing fishing effort (FE) and assessing
its influence on the food web. The experimental modeling
design had eight levels: Simulation 1, keeping all fishing
effort (FE) constant from 2012 to 2025; Simulation 2,
increasing the gillnet FE by twofold; Simulation 3,
decreasing the gillnet FE by 50%; Simulation 4,
excluding gillnet FE; Simulation 5, increasing the
longline FE by twofold; Simulation 6, decreasing the
longline FE by 50%; Simulation 7, excluding longline
FE; Simulation 8, excluding trawler FE.

Results
Ecopath model of SSB

Ecopath estimated the biomass values for seven fish
compartments (Table 1), and just a few input values
were modified to balance the model (Online Resource
1). The final diet composition matrix, for example,
differed from the input matrix only for some
species/groups and these changes were not higher
than 20% of the original input values (Online
Resource 3, Section 3).

The balanced model showed that the organism with
the highest TL was the blue shark, TL. = 4.6, while mako
and hammerhead sharks showed TL = 4.5. Billfish and
swordfish had TL = 4.3, and tuna TL = 3.1 (Fig. 2;
Table 1). Invertebrate groups showed low trophic levels
because they have a diet based on detritus, phytoplankton
and/or zooplankton (Fig. 2; Table 1).

The food web model of the SSB ecosystem showed
high complexity (SOI = 0.40). TST was 4939.2 t/km?/
year, TPP/TR was 2.4 t/kmz/year, TPP/TB was 32.8
t/km?/year, TB/TST per year was 0.01, and FCI was
1.9% with an overhead value of 65%. The L index was
0.003, and Psust was 95%. In general, all these values
suggest that the SSB ecosystem in 2001 had a high
potential for adaptation and resilience capacity, and
that fishery activity was overall sustainable.

The ecological role of large pelagic predators
(LPP)

The three large sharks had different effects on other
ecosystem components according to MTI analysis.

Blue shark showed high negative impact on swordfish,
and mako shark (Fig. 3), while mako shark had a
reduced negative impact on swordfish (Fig. 3). Ham-
merhead shark had small negative impacts on tuna and
positive ones on red-porgy fish (Fig. 3).

Blue shark was negatively impacted by surface
longline fishery, medium pelagic fishes, and tuna, and
was positively impacted by cephalopods, skipjack
tuna and large pelagic fish (Fig. 3). Mako shark was
negatively impacted by pelagic longline, gillnets and
blue shark and was positively impacted by large
pelagic fish (Fig. 3). Hammerhead shark was nega-
tively impacted by gillnets and pelagic longline. This
group was positively impacted by cephalopods and
phytoplankton (Fig. 3).

Within the large teleosteans, Tuna showed high
negative impact on red-porgy, smaller negative impact
on blue and mako sharks, and no important positive
impacts (Fig. 3). Billfish had a high negative impact
on tuna and flyfish, and a positive impact on red-porgy
(Fig. 3). Swordfish showed a slight negative impact on
tuna as well as blue, mako and hammerhead sharks
(Fig. 3).

Tuna was negatively impacted by billfish, large
pelagic fish, and skipjack tuna (Fig. 3) and positively
impacted by dolphinfish, cephalopods and medium
pelagic fish (Fig. 3). Billfish was negatively impacted
by dolphinfish, medium pelagic fish, and the “other”
category of fishing gears, and were positively
impacted by large pelagic fish and skipjack tuna
(Fig. 3). Swordfish were negatively impacted by blue
shark, and were positively impacted by cephalopods
and medium pelagic fish (Fig. 3).

The LLP had slight to moderate trophic effects on
other functional groups of the food web (Fig. 3). Main
trophic impacts were due to indirect effects, and
slightly impacts were shown on direct preys. For
example, tuna has a highly negative impact on red
porgy, so an increase in tuna biomass reduces red
porgy biomass, because tuna is a predator on red
porgy. Conversely, billfish has a negative impact on
tuna (billfish is a predator on tuna) and consequently,
by reducing tuna, billfish has a positive impact on red
porgy (indirect impact) (Fig. 3). Besides, the connec-
tion between trophic components occurs through
many pathways. The connection between Hammer-
head sharks and phytoplankton occurs, for instance,
along pathways such as phytoplankton to zooplankton
to small pelagic fishes to Hammerhead sharks or
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Table 1 Basic input and output (in bold) parameters for the Ecopath model of the southeastern and southern Brazil (SSB) ecosystem

Code Group name TL B PB QB EE PQ Ol Total catches
1 Flyfish 3.0 0.012 1.60 17.0 0.95 0.09 0.02

2 Blue shark 4.6 0.003 0.24 2.75 0.60 0.09 0.50 0.00043
3 Mako shark 4.5 0.001 0.09 5.02 0.75 0.02 0.24 0.00004
4 Hammerhead sharks 4.5 0.002 0.12 2.0 0.61 0.06 0.26 0.00014
5 Angel sharks 4.3 0.030 0.29 32 0.06 0.09 0.69 0.00042
6 Demersal sharks 4.3 0.060 0.35 1.89 0.37 0.19 0.86 0.00004
7 Rays 3.7 0.050 0.28 4.4 0.09 0.06 0.20 0.00097
8 Large pelagic fish 4.1 0.266 2.90 7.9 0.20 0.37 0.65 0.00000
9 Medium pelagic fish 31 1.251 1.90 8.7 0.95 0.22 0.84 0.00256
10 Small pelagic fish 2.8 0.441 0.60 2.8 0.95 0.21 0.38

11 Dolphinfish 4.2 0.007 4.36 20 0.70 0.22 0.77 0.00015
12 Tuna 4.1 0.010 0.82 8.0 0.51 0.10 0.39 0.00107
13 Billfish 4.3 0.005 0.70 4.0 0.40 0.18 0.34 0.00001
14 Swordfish 4.3 0.002 0.43 34 0.74 0.13 0.39 0.00017
15 Monkfish 44 0.081 0.40 2.3 0.12 0.17 0.34 0.00289
16 Hake fish 3.9 0.797 0.95 2.7 0.99 0.35 0.41 0.00134
17 Cutlassfish 34 1.000 0.91 3.1 0.30 0.29 0.71 0.00010
18 Cephalopode 34 0.340 6.70 36.5 0.96 0.18 0.44 0.00064
19 Skipjack tuna 3.6 0.500 1.35 20.0 0.02 0.07 0.70 0.00812
20 Brazilian codfish 44 0.146 0.70 2.5 0.19 0.28 0.87 0.00287
21 Rosefish 4.1 0.016 0.80 4.8 0.45 0.17 0.58 0.00001
22 Maurolicus 3.0 3.900 1.30 20.1 0.25 0.06 0.00

23 Flatfish 3.6 0.032 1.30 5.17 0.49 0.25 0.21 0.00074
24 Bluewing searobin 3.7 0.035 0.38 2.5 0.22 0.15 0.17 0.00224
25 Sciaenidae 3.6 0.070 0.60 43 0.70 0.14 0.39 0.01362
26 Small bento-pelagic fish 3.0 0.170 0.55 6.5 0.95 0.08 0.09 0.00012
27 Clupeidae and Engraulidae 29 4.400 1.34 10.2 0.96 0.13 0.09 0.01906
28 Other bentho-pelagic fish 3.9 0.160 0.73 4.1 0.98 0.18 0.88

29 Synagrops spp. 39 0.300 1.11 5.6 0.35 0.20 0.26

30 Large demersal fish 4.1 0.038 1.08 4.2 0.05 0.26 0.41 0.00038
31 Large bentho-pelagic fish 3.8 0.477 0.30 2.0 0.61 0.15 0.18 0.00011
32 Demersal fish 35 0.447 1.14 39 0.10 0.29 0.57

33 Red-porgy 3.7 0.007 0.89 3.5 0.03 0.25 0.41 0.00003
34 Predator molluscs 3.6 0.288 4.50 20.0 0.61 0.23 0.75

35 Omnivory invertebrates 3.1 4.495 5.50 12.0 0.99 0.46 0.42

36 Predator invertebrates 3.5 0.980 3.50 20.0 0.48 0.18 0.22

37 Detritivorous invertebrate 29 4.215 4.50 12.2 0.58 0.37 0.83

38 Infauna 2.0 4.350 14.60 40.0 0.99 0.37 0.00

39 Crabs 24 2.100 3.17 19.0 0.96 0.17 0.23 0.00017
40 Shrimps 2.9 2.790 6.00 20.0 0.64 0.30 0.43 0.00159
41 Polychaeta 24 7.709 3.50 20.82 0.85 0.17 0.36
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Table 1 continued

Code Group name TL B PB QB EE PQ Ol Total catches
42 Zooplankton 2.0 3.600 104.00 248.0 0.47 0.42 0.00
43 Phytoplankton 1.0 9.970 182.96 0 0.53 0.00
44 Detritus 1.0 0.18 0.42

TL Trophic level, B biomass (t km~2), PB production/biomass (year'), OB consumption/biomass (year~') EE Ecotrophic efficiency,

PQ production/consumption, Of Omnivory Index, Total catches (t km
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interaction widths are proportional to consumption flows. Main

phytoplankton to small pelagic fishes to Hammerhead
sharks.

Regarding keystone species, the species or groups
with high KS1 scores (Libralato et al. 2006) were
large pelagic fish, followed by medium pelagic fish,
skipkack tuna, and dolphinfish (Online Resource 2;
Table 2). LPP were ranked as keystone species or
groups according to the KS2 index, which ranked the
blue shark in the first position. Blue sharks, Billfish
and Tuna were keystones for both KS2 and KS3

Synagrops spp.
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fisheries (longline and gillnet) interactions are shown for large
pelagic predators. Gillnets and trawlers interact with demersal
groups

(Online Resource 2; Table 2). The dolphinfish group
had the highest value in the KS3 index and was the
only one group appointed as a keystone species by all
three indexes. In summary, the keystone species in the
SSB ecosystem have high TL, with the exception of
the KS1 index that recorded cephalopods and omniv-
orous invertebrates in the fifth and sixth positions,
respectively (Online Resource 2; Table 2).

Pelagic predators had high trophic overlap
among themselves and with other groups (Online
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Fig. 3 Mixed trophic impact (MTI) analysis of large pelagic
predators (LPP) (green rectangles) and functional groups of the
southeastern and southern Brazil food web as impacting (how an
increase of biomass of species would impact on other

Resource 2; Table 3). Blue sharks showed trophic
overlap with swordfish and tuna groups. Mako
sharks overlapped with dolphinfish, tuna and
swordfish groups. Hammerhead sharks also pre-
sented high overlap with swordfish, tuna, and large
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pelagic fish groups (Online Resource 2; Table 2).
Only Billfish did not show any overlap. These
results highlight that LPP could have indirect
effects on other groups besides their usual preda-
tor—prey relationships.
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History of southern Brazilian fisheries

Landings in the SSB area show a significant increase
(p < 0.001) over the past 12 years (Online Resource
2; Fig. la): in 2012, the last year of the time series,
landings were 119,756 ton, or almost double that of
2000. For 2012, the main caught species or groups
were sardines (Engraulidae and Clupeidae, 46% of
total catch), skipjack (Katswonus pelamis, 17%),
Brazilian codfish (Urophysis brasiliensis, 5%), Sci-
aenidae fish (Umbrina canosai and Cynoscion spp.,
4%), bluewing searobin (Prionotus punctatus, 3%),
flatfish (Paralichthys spp., 1%), and rays (Rajidae,
1%) (See details in Online Resource 2; Fig. 1). The
results also indicate that there has been a drop in shark
landings (Online Resource 2; Fig. 1b—d), and declines
of billfish (Online Resource 2; Fig. 1e); however, tuna
(Online Resource 2; Fig. 1f) and swordfish (Online
Resource 2; Fig. 1g) landings showed an increase in
the last years of the time series.

All TL-based indicators (MTLI;,, MTLI.35s,
MTLI.,,) showed a significant decline (p < 0.01,
Fig. 4), which is in line with the drop in MaxT
(Fig. 4d, p = 0.001).

361 (a) A MTLI_total
351

3.4

Trophic level

3.31

Ecosim time-dynamic fitting and simulation

We use the fit to time series routine and accomplish to
reach the best fitting with some changes on vulnera-
bilities individually, producing minimum values of
sums of squares (SS). The LPP showed vulnerabilities
>10, suggesting top-down control in SSB ecosystem
(Online Resource 6 shows the final vulnerability
matrix). Results from the fitted model to observed
trends of landings for the main commercial groups
showed a decrease in the catch of blue, mako and
hammerhead sharks, and also of billfish and demersal
sharks (Fig. 5).

Management simulations

Simulation 1 (Fishing Effort constant from 2012 to
2025), resulted in declines in the biomass of blue shark
(80%), hammerhead shark (54%), Mako shark (42%),
Tuna (40%), and billfish (5%), angel sharks (2.4%)
and hakefish (1.5%) (Online Resource 2; Fig. 2). In
contrast, swordfish showed an increase of 280% of
relative biomass. Increases in the biomass of flatfish
(14%), bluewing searobin (13%), Rays (4%) and

(b) MTLI>3.25

3.80

3.75
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4381 (€) MTLI>4.0
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75 (d) MaxTL
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Fig. 4 Fishery indicators: a Mean Trophic Level Index (MTL)
of total catches (r2 = 0.38; p < 0.01), b MTL of cut-off >3.25
total length (TL) (1 = 0.34; p < 0.01), ¢ MTL of cut-off >4.0
TL (r2 = 0.31; p < 0.01), and d Mean maximum TL (MaxT) of

2001 2004 2007 2010

catches (r* = 0.41; p < 0.01). TL for species was estimated
from the Ecopath with Ecosim model for southeastern and
southern Brazil (see Table 2); Maximum length (cm) was
estimated from literature values (see Supplementary Material 3)
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Fig. 6 Relative changes in the biomass and catches (End/Start)
of species in SSB ecosystem after reducing or increasing gillnet
fishery effort: a a twofold increase in fishing effort from 2012 to

dolphinfish (1%) were also predicted (Online
Resource 2; Fig. 2). Other species did not reveal
representative changes.

The Simulation 2 scenario (increasing the gillnet
FE by twofold), resulted in a reduction of large sharks,
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Values (E/S)

2025, b a 50% reduction over the same period, and ¢ a fishing
ban over this period

tuna, billfish and Sciaenidae fish (Fig. 6a). Flatfish,
swordfish and monkfish, on the other hand, increased
in biomass by 356, 274, and 35%, respectively. In the
Simulation 3 scenario (reduction in gillnet FE by
50%), we there was a lower decline in hammerhead



Rev Fish Biol Fisheries

sharks compared to Simulation 2, an increase in
Sciaenidae, monkfish, and angel shark biomass by 34,
21, and 9%, respectively, and a decrease in flatfish
biomass (Fig. 6b). Finally, in Simulation 4 (ban gillnet
FE), the biomass of hammerhead sharks showed a
recovery of 44% (Fig. 6¢c). Angel sharks and Sci-
aenidae showed increases in their biomass, while
monkfish declined. Swordfish showed an increase in
biomass in all three simulations, while blue and mako
sharks declined by more than 50% of relative biomass
from 2012 (Fig. 6a—c).

In Simulation 5 (increase the longline FE by
twofold), we observed a reduction in the biomass of
the three large sharks, and also in swordfish, tuna and
billfish (Fig. 7a). In Simulation 6 (reducing the
longline FE by 50%), we observed a recovery of blue
and mako shark biomass (Fig. 7b). Swordfish showed
an extraordinary increase, while tuna and billfish
declined (Fig. 7b). Billfish and tuna declined more
than in Simulation 5, probably due the large increase
of swordfish (see Fig. 7a). In Simulation 7 (ban the
longline FE), the biomass of blue and mako sharks
showed an impressive recovery (Fig. 7c). Swordfish
also increased in biomass, however less so than in
Simulation 6 (Fig. 7b). billfish and tuna remained in

decline. In Simulation 8 (ban of trawlers), the biomass
of large sharks and tuna declined, while the biomass of
swordfish increased (Online Resource 2; Fig. 3). This
fishery inflicted changes in demersal groups, where a
drop in biomass could be observed for flatfish,
resulting in increases in the biomass of bluewing
searobin fish, rays, and Sciaenidae (Online Resource
2; Fig. 3).

These results highlight the influence of large sharks
on large teleosteans, evidencing the complex influ-
ences among pelagic fishes by both feeding overlap
and direct predation (see MTI in Fig. 3). Overall,
results revealed that only ceasing the fishing activity,
the biomass of the three large sharks could recover or
at least be maintained. Blue and mako sharks, billfish,
and swordfish would be particularly affected by
longline fisheries, while hammerhead sharks would
be mostly impacted by gillnet fishery.

Discussion
This work represents the first attempt to assess the

ecological role of Large Pelagic Predators (LPP) in the
South Atlantic ecosystem of Brazil and to estimate
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Fig. 7 Relative changes in the biomass and catches (End/Start)
of species in the SSB ecosystem after reducing or increasing
longline fishery effort: a a twofold increase in fishing effort from

2012 to 2025, b a 50% reduction over the same period, and ¢ a
fishing ban over this period
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fishing impacts on the marine ecosystem. The baseline
food web model developed to represent the ecosystem
in 2001 showed a high resilience and high probability
of fishery sustainability. All predators groups were
classified as keystone species according to one of the
keystone species indices used (KS2). The ecological
role of LPP is greater on pelagic community, where
changes in biomass of groups lead to changes on other
organisms. Landings time series from 2001 to 2012
showed a large increase of total catches in the SSB,
however decreases in landings of LPP were observed.
We detected a reduction of all trophic level-based
indicators and also of mean total length. During the
period simulation (2012-2025), with exception of
swordfish, the biomass of the LPP declined strongly.
Simulations also showed that the stocks of sharks,
billfish, and tuna no longer support the current fishing
effort. Moreover, recovery (or maintenance) in the
LPP populations, especially for large sharks, could be
only achieved with a strong fishing effort reduction.

A “keystone species” is defined as species that play
an important role in a community’s structure despite
its low abundance (Mills et al. 1993; Paine 1995;
Libralato et al. 2006), and some studies have focused
on the key role of LPP in ecosystems (e.g. Heithaus
et al. 2008; Navia et al. 2010; Coll et al. 2013a;
Bornatowski et al. 2014b, 2016). We used three
indexes (KS1, KS2, and KS3) to assess keystoneness
in the SSB model. The blue shark was found to be the
first keystone species according to KS2 (sensu Power
et al. 1996), and other LPP appear in sequence in the
KS2 index. Blue sharks and billfish also were within
the seventh position in KS3 (Valls et al. 2015). These
two indexes (KS2 and KS3) tend to emphasize groups
with high TL values and rare species, while KS1 tends
to emphasize the key role of abundant species (Valls
et al. 2015). Dolphinfish (TL = 4.2) was considered a
keystone species according all three indices, which
makes sense because dolphinfish impact (negatively or
positively) all LPP groups. Otherwise blue sharks had
a strong influence on swordfish biomass.

The MTI analysis was used to detect indirect
impacts through trophic cascades or competition, and
also allowed identification of pelagic-demersal rela-
tionships (Corrales et al. 2015). The LLP had influ-
ences basically on pelagic organisms through top-
down control, with minor effects on the demersal
community. The pelagic-demersal relationship, while
small, illustrates the complexity within the food web
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due to interactions between components by direct
influence in addition to intra- and interspecific inter-
actions with other species (Coll et al. 2013b; Corrales
et al. 2015; Bornatowski et al. 2016). Therefore, the
existence of these links reinforces the need to under-
stand fishing effects on SSB food web.

The Marine Trophic Level Index (MTLI) is a
powerful indicator of marine ecosystem integrity and
of sustainability of fisheries (Pauly et al. 1998), and
decreases in MTLI of landings (‘fishing down marine
food webs’) have been reported for several regions (e.g.
Pauly etal. 2001; Arancibia and Neira 2005; Sibert et al.
2006; Baeta et al. 2009; Freire and Pauly 2010, and see
www.fishingdown.org). We also observed this effect
according to all indicators analyzed, which was con-
firmed by reduction of landed species length (MaxT).
This phenomenon could show the depletion of bigger
species, including sharks and other large pelagic tele-
osteans in the South Atlantic (e.g. Barreto et al. 2016 for
sharks), with a subsequent shift toward targeting
smaller fishes (Shannon et al. 2014).

Understanding the effects of top predator removal on
marine ecosystems has proven to be a great, complex
challenge (Hussey etal. 2014,2015). While studies have
shown that removals of sharks and large teleosteans
produces profound impacts on the food chain (e.g.
Stevens et al. 2000; Kitchell et al. 2006; Myers et al.
2007; Ferretti et al. 2010; Britten et al. 2014), others
have indicated that effects, after shark species loss, were
not so persistent on trophic relationships (e.g. Kitchell
et al. 2002; Griffiths et al. 2010). Some authors have
stated that systems with large numbers of high trophic
level species with similar trophic positions (functional
similarity) can make food webs more resistant to
exclusions of top predators (Walker 1991; Naem
1998; Okey et al. 2007; Griffiths et al. 2010). Our
simulations outputs diverge it, because changes on
predator biomass, affected other high trophic level
species at pelagic environment without spreading
through the trophic network. For instance, exclusion
of longline fisheries caused large increases in the
biomass of blue and mako sharks, and declines in
swordfish, billfish and tunas. These unexpected result
draw attention, especially because LPP are high-value
species (Collette et al. 2011; McClenachan et al. 2016),
and there is no control on pelagic shark fishing,
especially in tropical areas (Barreto 2015).

The intense fishing effort on large pelagic sharks is
persistent because of the relatively high profitability of
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the target species (billfish, tuna, and fins of large
sharks), in addition to a lack of interest in managing
sharks (Dulvy et al. 2008, 2014). In the Atlantic
Ocean, swordfish (Xiphias gladius) have been the
main target by longline fisheries since the 1990s, but
some vessels have been targeting large sharks (mainly
the blue shark - Prionace glauca) since the early 1980s
(Hazin et al. 2008; Barreto et al. 2016). The interest
on blue sharks has risen progressively due to the
demand for shark meat and fins in the domestic and
international market (Amorim et al. 1998; Hazin et al.
2008; Domingo et al. 2014).

The gillnet fishery (driftnet), on the other hand,
started in 1986 in Brazil and mainly targeted ham-
merhead sharks (Sphyrna lewini and S. zygaena) for
the commercial sale of fins and meat to Asian and
domestic markets (Zerbini and Kotas 1998; Kotas
et al. 2008). There is no regulation on Blue and mako
sharks catches in SSB ecosystem turning them in the
main target for longline pelagic fishing markedly
under lower catches of other species (such as tuna and
billfish). Worryingly, tuna, swordfish and blue sharks,
have considerably lower abundances than the target
species.

This intense fishing pressure on LPP has led to
depletion of some populations in South Atlantic
(Barreto 2015; Barreto et al. 2016), including threat-
ened species such as mako shark (VU), hammerhead
sharks (S. lewini-EN and S. zygaena-VU), Istiophori-
dae fish (M. nigricans and K. albida both VU) (IUCN
2016). The present study confirmed this situation:
shark biomass has declined in the observed time series
and in the fishing effort simulations. Shark population
just recovers after a ten-year period, with reducing of
longline by 50% and banning gillnet effort. Therefore,
is urgent to establish an effective plan to manage these
populations because Brazil has been identified the
world’s largest importer of shark meat (Dent and
Clarke 2015), with suspicion of its acting a global flow
channel for shark carcasses.

Following the concept of humans acting as “super
predators” (see Darimont et al. 2015; Worm 2015),
fishing fleets are classified as “top-predators” in some
ecosystem models (e.g. Coll et al. 2006; Kitchell et al.
2006; Tsagarakis et al. 2010; Corrales et al. 2015). In
this study, outputs from fishing effort simulations
indicated that the fleets are top predators, with pelagic
longlines impacting on three large sharks (billfish,
tuna, and swordfish) and gillnets impacting on

hammerhead sharks. By viewing the fishing fleets as
top-predators, our results show a trophic cascade
whereby fishing reduces blue and mako sharks,
leading to an increase of swordfish biomass, and
similar fishing “predation” on tuna and billfish leads
to an increase of dolphinfish and flyfish. Further
reinforcing the “top-down force” of fisheries activities
on stocks, removal of the fishing effort is the only
option to recover or preserve biomass for LPP groups.
These results are consistent to Barreto et al. (2016),
who also indicated that shark populations in South
Atlantic might recover if fishing effort would be
reduced accordingly. Still, it should be noted that
Brazil must reorganize its fisheries monitoring pro-
grams (which have been interrupted since 2012) to
provide a basis for science-based management (Bor-
natowski et al. 2013, 2014b). In recent years, Brazilian
monitoring has been manifest by a deconstruction of
the basic elements necessary for fisheries management
(Dario et al. 2015; Barreto et al. in prep.).

A considerable number of local shark species in
Brazil have declined in recent decades and several
species were recently assessed as threatened (Barreto
2015; Barreto et al. 2016). While in the past, tuna and
swordfish were major targets for oceanic industrial
fisheries, recently sharks have gained more promi-
nence because of the demand for fins and the rapid
increase in meat consumption by Brazilian citizens
(Bornatowski et al. 2017). This was reflected in
declines in the Mean Trophic Level of the Catch and
the Mean Total Length of landings. Therefore, our
fishing simulations become very important to drive
attention toward requiring fisheries management and
monitoring programs in Brazil.

Conclusion

Contemporary marine food webs have become less
diverse, less robust, and more unstable due to over-
exploitation by human populations (Yeakel and Dunne
2015). The Southeastern and Southern Brazil (SSB)
food web model showed a high resistance to pertur-
bations in 2001, and large pelagic predators (LPP)
were considered as keystone species that exhibit
diverse impacts on pelagic fishes of high trophic level
(TL). Therefore, losses of LPP, by fishing pressure,
could trigger unexpected effects on the community.
Landings data already indicate that LPP have declined
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over time due to increased fishing effort. Our simu-
lations revealed that shark biomass species may
recover (or be maintained) only after strong reductions
in longline and gillnet effort. The fisheries impacts
into the pelagic community can lead to the collapse of
the LPP populations, which is comprised of long-lived
and high-valuable species, jeopardizing the economy
and maintenance of ecosystem services. There is
therefore an urgent need to establish recovery plans
both for large sharks and large pelagic teleosteans and
to reorganize fisheries monitoring programs.

Acknowledgements We thank Dr. Jeffrey Muehlbauer for
English reviewing, the Sdo Paulo Research Foundation
(FAPESP—2013/25930-0) and the Coordination for the
Improvement of Higher Education Personnel (CAPES) for
scholarships to HB, and the National Counsel of Technological
and Scientific Development (CNPq) for a research grant to RB.
CAPES supported M. Coll (Proc. PVE A063/2013, Ed.71/2013).
Thanks also to Ministry of Agriculture (Brazilian Government)
and University of Vale do Itajai (UNIVALI) for organizing the
dataset of the Landing Statistics Program. Two anonymous
reviewers contributed to increase quality of this paper.

References

Ahrens R, Walters C, Christensen V (2011) Foraging arena
theory. Fish Fish 13:41-49

Allen RR (1971) Relation between production and biomass.
J Fish Res Board Can 28:1573-1581

Amaral ACZ, Rossi-Wongtschowski CLDB (2004) Biodiversi-
dade bentonica da regido Sudeste-Sul do Brasil—plataforma
externa e talude superior. Série documentos REVIZEE,
Instituto Oceanografico da Univ. de Sdo Paulo, Séo Paulo

Amorim AF, Arfelli CA, Fagundes L (1998) Pelagic elasmo-
branchs caught by long liners off southern Brazil during
1974-97: an overview. Mar Fresh Res 49:621-632

Angelini R, Morais RJ, Catella AC, Resende EK, Libralato S
(2013) Aquatic food webs of the oxbow lakes in the Pan-
tanal: A new site for fisheries guaranteed by alternated
control? Ecol Model 253:82-96

Arancibia H, Neira S (2005) Long-term changes in the mean
trophic level of Central Chile fishery landings. Sci Mar
69:295-300

Baeta F, Costa MJ, Cabral H (2009) Changes in the trophic level
of Portuguese landings and fish market price variation in
the last decades. Fish Res 97:216-222

Barreto RP (2015) Historia de Vida e Vulnerabilidade dos
Tubardes Oceanicos do Atlantico Sul. PhD Thesis,
Universidade Federal Rural de Pernambuco, Brazil

Barreto R, Ferretti F, Mills J, Amorim A, Andrade H, Worm B,
Lessa R (2016) Trends in the exploitation of South Atlantic
shark populations. Conserv Biol 30:792-804

Baum JK, Worm B (2009) Cascading top-down effects of
changing oceanic predator abundances. J Anim Ecol
78:699-714

@ Springer

Bornatowski H, Braga RR, Vitule JRS (2013) Shark mislabeling
threatens biodiversity. Science 340(6135):923

Bornatowski H, Braga RR, Vitule JRS (2014a) Threats to sharks
in a developing country: the need for effective simple
conservation measures. Nat Conserv 12(1):11-18

Bornatowski H, Navia AF, Braga RR, Abilhoa V, Corréa MFM
(2014b) Ecological importance of sharks and rays in a
structural foodweb analysis in southern Brazil. ICES J Mar
Sci 71(7):1586-1592

Bornatowski H, Barreto RP, Navia AF, Amorim AF (2016)
Topological redundancy and “small-world” patterns in a
food web in a subtropical ecosystem of Brazil. Mar Ecol.
doi:10.1111/maec.12407

Bornatowski H, Braga RR, Barreto RP (2017 in press) Elas-
mobranchs consumption in Brazil: impacts and conse-
quences. In: Rossi-Santos MR, Finkl CW (eds) Advances
in marine vertebrate research in Latin America. Springer,
Berlin. ISBN: 978-3-319-56984-0. doi:10.1007/978-3-
319-56985-7_10

Britten GL, Dowd M, Minto C, Ferretti F, Boero F, Lotze HK
(2014) Predator decline leads to decreased stability in a
coastal fish community. Ecol Lett 17:1518-1525

Burrows MT, Schoeman DS, Buckley LB, Moore P,
Poloczanska ES et al (2011) The pace of shifting climate in
marine and terrestrial ecosystems. Science 334:652-655

Camhi M, Fowler S, Musick J, Briautigam A, Fordham S (1998)
Sharks and their relatives: ecology and conservation. Occas
Pap IUCN Species Surv Comm 20:63

Carvalho F, Ahrens R, Murie D, Bigelow K, Aires-Silva A,
Maunder MN, Hazin F (2015) Using pop-up satellite
archival tags to inform selectivity in fisheries stock
assessment models: a case study for the blue shark in the
South Atlantic Ocean. ICES J Mar Sci Journal du Conseil
72(6):1715-1730

Christensen V, Walters CJ (2004) Trade-offs in ecosystem-scale
optimization of fisheries management policies. Bull Mar
Sci 74(3):549-562

Christensen V, Walters C, Pauly D, Forrest R (2008) Ecopath
with Ecosim version 6. User Guide. Lenfest Ocean Futures
Project

Coll M, Shannon LJ, Moloney CL, Palomera I, Tudela S (2006)
Comparing trophic flows and fishing impacts of a NW
Mediterranean ecosystem with coastal upwelling systems
by means of standardized models and indicators. Ecol
Model 198:53-70

Coll M, Santojanni A, Palomera I, Arneri E (2010) Ecosystem
assessment of the North-Central Adriatic Sea: towards a
multivariate reference framework. Mar Ecol Prog Ser
417:193-210

Coll M, Navarro J, Palomera I (2013a) Ecological role, fishing
impact, and management options for the recovery of a
Mediterranean endemic skate by means of food web
models. Biol Conserv 157:108-120

Coll M, Navarro J, Olson R, Christensen V (2013b) Assessing
the trophic position and ecological role of squids in marine
ecosystems by means of food-web models. Deep Sea Res 11
Top Stud Oceanogr 95:21-36

Coll M, Shannon LJ, Kleisner K et al (2016) Ecological indi-
cators to capture the effects of fishing on biodiversity and
conservation status of marine ecosystems. Ecol Indic
60:947-962


http://dx.doi.org/10.1111/maec.12407
http://dx.doi.org/10.1007/978-3-319-56985-7_10
http://dx.doi.org/10.1007/978-3-319-56985-7_10

Rev Fish Biol Fisheries

Collette B, Carpenter K, Polidoro B, Juan-Jordai M, Boustany A
et al (2011) High value and long life—double jeopardy for
tunas and billfishes. Science 333:291-292

Corrales X, Coll M, Tecchio S, Bellido JM, Fernindez AM,
Palomera I (2015) Ecosystem structure and fishing impacts
in the northwestern Mediterranean Sea using a food web
model within a comparative approach. J Mar Syst
148:183-199

Cox SP, Essington TE, Kitchell JF, Martell SJID, Walters CJ,
Boggs C, Kaplan I (2002) Reconstructing ecosystem
dynamics in the central Pacific Ocean, 1952-1998. II. A
preliminary assessment of the trophic impacts of fishing
and effects on tuna dynamics. Can J Aquat Sci 59:1736—
1747

Darimont CT, Fox CH, Bryan HM, Reimchen TE (2015) The
unique ecology of human predators. Science 349:858—-860

Dario F, Alves CBM, Boos H et al (2015) A better way forward
for Brazil’s fisheries. Science 347:1079

Dent F, Clarke S (2015) State of the global market for shark
products. FAO fisheries and aquaculture technical paper
no. 590. Rome, FAO

Domingo A, Forselledo R, Miller P, Jiménez S, Mas F, Pons M
(2014) General description of longline fisheries. ICCAT
manual, 3.1.2. http://www.iccat.es/Documents/SCRS/
Manual/CH3/CHAP_3_1_2 LL_ENG.pdf. Assessed 05
Oct 2016

Dulvy NK, Baum JK, Clarke S et al (2008) You can swim but
you can’t hide: the global status and conservation of
oceanic pelagic sharks. Aquat Conserv 18:459-482

Dulvy NK, Harisson LR, Carlson JK et al (2014) Extinction risk
and conservation of the world’s sharks and rays. eLife 3:
e00590

Fahrbach E, Meincke J (1979) Some observations on the vari-
ability of the Cabo Frio upwelling. CUEA Newsl
8(3):13-18

Ferretti F, Worm B, Britten GL, Heithaus MR, Lotze HK (2010)
Patterns and ecosystem consequences of shark declines in
the ocean. Ecol Lett 13:1055-1071

Freire KMF, Pauly D (2010) Fishing down Brazilian marine
food webs, with emphasis on the east Brazil large marine
ecosystem. Fish Res 105(1):57-62

Freire KMF, Christensen V, Pauly D (2008) Description of the
East Brazil Large Marine Ecosystem using a trophic
model. Sci Mar 72: 477-491

Freire KMF, Aragao JAN, Aratdjo ARR et al (2014) Revisiting
Brazilian catch data for Brazilian marine waters
(1950-2010). Fisheries Centre, University of British
Columbia. Working paper series. Working paper pp 23—41

Froese R, Pauly D (2015) FishBase. http://www.fishbase.org.
Accessed 20 Nov 2015

Gasalla MA, Rossi-Wongtschowski CLDB (2004) Contribution
of ecosystem analysis to investigating the effects of chan-
ges in fishing strategies in the South Brazil Bight coastal
ecosystem. Ecol Model 172:283-306

Gasalla MA, Velasco G, Rossi-Wongtschowski CLDB, Hai-
movici M, Madureira LSP (2007). Modelo de equilibrio de
biomassas do ecossistema marinho da Regido Sudeste-Sul
do Brasil entre 100-1000 m de profundidade. Série docu-
mentos Revizee: Score Sul

Griffiths SP, Young JW, Lansdell MJ et al (2010) Ecological
effects of longline fishing and climate change on the

pelagic ecosystem off eastern Australia. Rev Fish Biol
Fisher 20:239-272

Haimovici M, Rossi-Wongtschowski CLDB, Avila-Bernardes
R, Fischer LG, Vooren CV, Santos RA, Rodrigues AR,
Santos S (2008). Prospecg¢io pesqueira de espécies dem-
ersais com rede de arrasto-de-fundo na Regido Sudeste-Sul
do Brasil. Série documentos REVIZEE, Instituto Oceano-
grafico da Univ. de Sdo Paulo, Sdo Paulo

Haimovici M, Fischer LG, Rossi-Wongtschowski CLDB, Ber-
nardes RA, Santos RAS (2009) Biomass and fishing
potential yield of demersal resources from the outer shelf
and slope of southern Brazil. Lat Am J Aquat Res
37(3):395-408

Hall SJ (1999) Fish biology and aquatic resources series 1.
Blackwell, Oxford

Harnik PG, Lotze HK, Anderson SC et al (2012) Extinctions in
ancient and modern seas. Trends Ecol Evol
27(11):608-617

Hayes CG, Jiao Y, Cortés E (2009) Stock assessment of scal-
loped hammerheads in the Western North Atlantic Ocean
and Gulf of Mexico. N Am J Fish Manage 29(5):1406-1417

Hazin FHV, Broadhurst MK, Amorim AF, Arfelli CA, Domingo
A (2008) Catches of pelagic sharks by subsurface longline
fisheries in the South Atlantic Ocean during the last cen-
tury: a review of available data with emphasis on Uruguay
and Brazil. In: Camhi MD, Pickitch EA (eds) Sharks of the
open ocean: biology, fisheries and conservation. Black-
well, Oxford, pp 213-227

Heithaus MR, Frid A, Wirsing AJ, Worm B (2008) Predicting
ecological consequences of marine top predator declines.
Trends Ecol Evol 23(4):202-210

Heithaus MR, Frid A, Vaudo JJ, Worm B, Wirsing AJ (2010)
Unraveling the ecological importance of elasmobranchs.
In: Carrier JC, Musick J, Heithaus MR (eds) Biology of
Sharks and their relatives II. CRC Press, Boca Raton,
pp 611-637

Heymans JJ, Coll M, Link JS, Mackinson S, Steenbeek J,
Walters C, Christensen V (2016) Best practice in Ecopath
with Ecosim food-web models for ecosystem-based man-
agement. Ecol Model 331:173-184

Hussey NE, MacNeil MA, McMeans BC, Olin JA, Dudley SFJ,
Cliff G, Wintner SP, Fennessy ST, Fisk AT (2014)
Rescaling the trophic structure of marine food webs. Ecol
Lett 17:239-250

Hussey NE, MacNeil MA, Siple MC, Popp BN, Dudley SFJ,
Fisk AT (2015) Expanded trophic complexity among large
sharks. Food Webs 4:1-7

IUCN (2016) Red list of threatened species. http://www.
iucnredlist.org. Accessed on 27 Jan 2017

Jackson JBC, Kirby MX, Berger WH et al (2001) Historical
overfishing and the recent collapse of coastal ecosystems.
Science 293:629-638

Kell LT, Urbina JO, Bruyn P (2014) Stock assessment diag-
nostics for north Atlantic Swordfish. Collect Vol Sci Pap
ICCAT 70(4):1954-1963

Kitchell JF, Essington TE, Boggs CH, Schindler DE, Walters CJ
(2002) The role of sharks and long-line fisheries in a pelagic
ecosystem of central pacific. Ecosystems 5:202-216

Kitchell JF, Martell SJID, Walters CJ, Jensen OP, Kaplan IC,
Watters J, Essington TE, Boggs CH (2006) Billfishes in an
ecosystem context. Bull Mar Sci 79:669-682

@ Springer


http://www.iccat.es/Documents/SCRS/Manual/CH3/CHAP_3_1_2_LL_ENG.pdf
http://www.iccat.es/Documents/SCRS/Manual/CH3/CHAP_3_1_2_LL_ENG.pdf
http://www.fishbase.org
http://www.iucnredlist.org
http://www.iucnredlist.org

Rev Fish Biol Fisheries

Kotas JE, Petrere M Jr, Fiedler F, Mastrochirico V, Sales G
(2008) A pesca de emalhe-de-superficie de Santa Catarina
direcionada a captura dos tubardes-martelo, Sphyrna lewini
(Griffith & Smith 1834) e Sphyrna zygaena (Linnaeus
1758). Atlantica 30(2):113-128

Leontief WW (1951) The structure of American economy,
1919-1939: an empirical application of equilibrium anal-
ysis (No. HC106. 3 L3945 1951)

Libralato S, Christensen V, Pauly D (2006) A method for
identifying keystone species in food web models. Ecol
Model 195:153-171

Link JS (2010) Adding rigor to ecological network models by
evaluating a set of pre-balance diagnostics: a plea for
PREBAL. Ecol Model 221:1580-1591

Lucifora LO, Garcia VB, Worm B (2011) Global diversity
hotspots an conservation priorities for sharks. PLoS ONE
6:¢0019356

Madureira LSP, Rossi-Wongtschowski CLDB (2005) Pros-
peccdo de recursos pesqueiros pelagicos na Zona Eco-
nomica Exclusiva da Regido Sudeste-Sul do Brasil:
hidroacustica e bio-massas. Série documentos REVIZEE,
Instituto Oceanografico da Univ. de Sdo Paulo, Sao Paulo

McClenachan L, Cooper AB, Dulvy NK (2016) Rethinking
trade-driven extinction risk in marine and terrestrial
megafauna. Curr Biol 26:1-7

Mills LS, Soule ME, Doak DF (1993) The keystone-species
concept in ecology and conservation. Bioscience
43:219-224

Myers RA, Worm B (2003) Rapid worldwide depletion of
predatory fish communities. Nature 423:280-283

Myers RA, Baum JK, Shepherd TD, Powers SP, Peterson CH
(2007) Cascading effects of the loss of apex predatory
sharks from a coastal ocean. Science 315:1846-1850

Naem S (1998) Species redundancy and ecosystem reliability.
Conserv Biol 12:39-45

Nascimento MC, Velasco G, Okey TA, Christensen V, Amaral
C (2010) Trophic model of the outer continental shelf and
upper slope demersal community of the southeastern
Brazilian Bight. Sci Mar 76:763-779

Navia AF, Cortés E, Mejia-Falla PA (2010) Topological anal-
ysis of the ecological importance of elasmobranch fishes: a
food web study on the Gulf of Tortugas, Colombia. Ecol
Model 221:2918-2926

Navia AF, Cruz-Escalona VH, Giraldo A, Barausse A (2016)
The structure of a marine tropical food web, and its
implications for ecosystem-based fisheries management.
Ecol Model 328:23-33

Odum EP (1969) The strategy of ecosystem development. Sci-
ence 164:262-270

Okey T, Griffiths S, Pascoe S et al (2007) The effect of illegal
foreign fishing on the ecosystem in the Gulf of Carpentaria:
management options and downstream effects on other
fisheries. Final report to the Australian Fisheries Manage-
ment Authority for Project 2006/825

Paine RT (1995) A conversation on refining the concept of
keystone species. Conserv Biol 9(4):962-964

Palomares MLD, Pauly D (1998) Predicting food consumption
of fish populations as functions of mortality, food type,
morphometrics, temperature and salinity. Mar Fresh Res
49(5):447-453

@ Springer

Pauly D (1980) On the interrelationships between natural mor-
tality, growth parameters and mean environmental tem-
perature in 175 fish stocks. J Conserv Int Explor Mer
39(3):175-192

Pauly D, Watson R (2005) Background and interpretation of the
‘Marine Trophic Index’ as a measure of biodiversity. Phil
Trans R Soc B 360:415-423

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998)
Fishing down marine food webs. Science 279:860-863

Pauly D, Palomares ML, Froese R, Sa-a P, Vakily M, Preikshot
D, Wallace S (2001) Fishing down Canadian aquatic food
webs. Can J Fish Aquat Sci 58:51-62

Perez JAA, Wahrlich R (2005) A bycatch assessment of the
gillnet monkfish Lophius gastrophysus fishery off southern
Brazil. Fish Res 72:81-95

Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman JL,
Joppa LN, Raven PH, Roberts CM, Sexton JO (2014) The
biodiversity of species and their rates of extinction, dis-
tribution, and protection. Science 344:987

Power ME, Tilman D, Estes JA et al (1996) Challenges in the
quest for keystones. Bioscience 46(8):609-620

Ritchie EG, Johnson CN (2009) Predator interactions, meso-
predator release and biodiversity conservation. Ecol Lett
12:982-998

Rossi-Wongtschowski CLDB, Avila-da-Silva AO, Cergole MC
(2006) Analise das principais pescarias comerciais do
Sudeste-Sul do Brasil: dindmica populacional das espécies
em explotagio—Vol. II. Série documentos REVIZEE,
Instituto Oceanografico da Univ. de Sdo Paulo, Sdo Paulo

Scott E, Serpetti N, Steenbeek J, Heymans J (2016) A Stepwise
Fitting Procedure for automated fitting of Ecopath with
Ecosim models. SoftwareX. doi:10.1016/j.s0ftx.2016.02.
002

Shannon L, Coll M, Bundy A et al (2014) Trophic level-based
indicators to track fishing impacts across marine ecosys-
tems. Mar Ecol Prog Ser 512:115-140

Shin Y-J, Rochet M-J, Jennings S, Field JG, Gislason H (2005)
Using size-based indicators to evaluate the ecosystem
effects of fishing. ICES J Mar Sci 62:384-396

Sibert J, Hampton J, Kleiber P, Maunder M (2006) Biomass,
size, and trophic status of top predators in the Pacific
Ocean. Science 314:1773-1776

Steenbeek J, Buszowski J, Christensen V et al (2016) Ecopath
with Ecosim as a model-building toolbox: source code
capabilities, extensions, and variations. Ecol Model
319:178-189

Stevens JD, Bonfil R, Dulvy NK, Walker PA (2000) The effects
of fishing on sharks, rays, and chimeras (chondrichthyans),
and the implications for marine ecosystems. ICES J Mar
Sci 57:476-494

Tsagarakis K, Coll M, Giannoulaki M, Somarakis S, Papacon-
stantinou C, Machias A (2010) Food-web traits of the
North Aegean Sea ecosystem (Eastern Mediterranean) and
comparison with other Mediterranean ecosystems. Estuar
Coast Shelf Sci 88:233-248

Ulanowicz RE, Puccia CJ (1990) Mixed trophic impacts in
ecosystems. Coenoses 5:7-16

Valls A, Coll M, Christensen V (2015) Keystone species: toward
an operational concept for marine biodiversity conserva-
tion. Ecol Monogr 85(1):29-47


http://dx.doi.org/10.1016/j.softx.2016.02.002
http://dx.doi.org/10.1016/j.softx.2016.02.002

Rev Fish Biol Fisheries

Velasco G, Castello JP (2005) An ecotrophic model of southern
Brazil continental shelf and fisheries scenarios for En-
graulis anchoita  (Pisces, Engraulididae). Atlantica
27(1):59-68

Walker BH (1991) Biodiversity and ecological redundancy.
Conserv Biol 6:18-23

Walters C, Christensen V (2007) Adding realism to foraging
arena predictions of trophic flow rates in Ecosim ecosystem
models: shared foraging arenas and about feeding. Ecol
Model 209:34-350

Walters C, Christensen V, Pauly D (1997) Structuring dynamic
models of exploited ecosystems from trophic mass-balance
assessments. Rev Fish Biol Fisher 7:139-172

Walters C, Pauly D, Christensen V, Kitchell JF (2000) Repre-
senting density dependent consequences of life history

strategies in aquatic ecosystems: Ecosim II. Ecosystems
3:70-83

Worm (2015) A most unusual (super) predator. Science
349:784-785

Worm B, Hilborn R, Baum JK et al (2009) Rebuilding global
fisheries. Science 325:578-585

Worm B, Davis B, Kettemer L, Ward-Paige CA, Chapman D,
Heithaus MR, Kessel ST, Gruber SH (2013) Global cat-
ches, exploitation rates, and rebuilding options for sharks.
Mar Policy 40:194-204

Yeakel JD, Dunne JA (2015) Modern lessons from ancient food
webs. Am Sci 103:188-195

Zerbini AN, Kotas JE (1998) A note on cetacean bycatch in
pelagic driftnetting off southern Brazil. Rep Int Whal
Comm 48(1):519-524

@ Springer



	Ecological role and historical trends of large pelagic predators in a subtropical marine ecosystem of the South Atlantic
	Abstract
	Introduction
	Methods
	Study area
	Food web modeling using the Ecopath approach
	Parameterization of the SSB Ecopath model
	EwE model outputs
	Fisheries data and ecological indicators
	Food web time-dynamic modelling with Ecosim
	Temporal simulations of fishing effort using Ecosim

	Results
	Ecopath model of SSB
	The ecological role of large pelagic predators (LPP)
	History of southern Brazilian fisheries
	Ecosim time-dynamic fitting and simulation
	Management simulations

	Discussion
	Conclusion
	Acknowledgements
	References




