
RESEARCH PAPER

Assessing fishing impacts in a tropical reservoir through
an ecosystem modeling approach

Juliana Strieder Philippsen . Carolina V. Minte-Vera . Marta Coll .

Ronaldo Angelini

Received: 3 August 2017 /Accepted: 19 October 2018

� Springer Nature Switzerland AG 2018

Abstract Ecological models are useful for evaluat-

ing fishery management scenarios, as they allow

researchers to investigate alternative fishing effort,

as well as varying environmental and trophic interac-

tion scenarios. Through an ecosystem modeling

approach (Ecopath with Ecosim), we addressed the

possible impacts of small-scale fisheries on the

structure and functioning of a tropical ecosystem

(Itaipu Reservoir, Brazil). We found that fishing

effects and predator–prey interactions were the main

drivers explaining catch trends in the Itaipu Reservoir

fisheries. The mean trophic level of catch did not

change throughout the analyzed time period and no

losses in secondary production from exploitation (L

index) were observed, indicating that Itaipu fisheries

are sustainable regarding ecosystem effects. The

negative impacts of introduced species on native

species seem to be greater than the fishing impacts.

Fishing simulations from the ecosystem Maximum

Sustainable Yield (MSY) reduced the biomass of some

important species in the local fishery. Regarding

management advice, our results indicate that fishing

efforts should not be increased for curimba (Prochilo-

dus lineatus), pintado (Pseudoplatystoma corruscans),
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and jaú (Zungaro jahu). Additionally, participative

management methods are important measures for

local fisheries. Finally, additional research is needed to

investigate how fishery management can promote the

use of multispecific methods (e.g., gillnets) to control

introduced species.

Keywords Ecopath with Ecosim � Ecosystem-based

management � Inland fisheries � L index � Maximum

sustainable yield

Introduction

Inland fisheries are commonly small-scale and spa-

tially spread out, involving a large number of artisanal

or subsistence fishers whose products are usually sold

and consumed locally (Welcomme 2011). Tropical

freshwater fisheries exploit a wide variety of fish

species, often using the same fishing gear (Smith et al.

2005). The total global freshwater capture production

in 2016 was 11.6 million tons, representing 12.8% of

the total catch (FAO 2018).

Although the production and overall economic

values of freshwater fisheries are small when com-

pared to marine fisheries, inland capture fisheries play

a vital social role as they are the main source of income

and protein for rural households in remote areas

(Smith et al. 2005; Bartley et al. 2015). Themajority of

the inland fisheries’ catch comes from developing

countries, where fishing activities are key to food

security and alleviating poverty (Cooke et al. 2016).

However, if such fishing is not properly managed, it

can harm both the exploited fish population and the

ecosystem structure and function (Coll et al. 2016).

Besides fishing, freshwater systems are subject to

several other impacts, such as invasion by nonnative

species, climate change, and habitat alteration (Agos-

tinho et al. 2016; Walsh et al. 2016). Habitat alteration

can also negatively influence fishing activities. The

construction of dams can alter the composition of

inland catches, affecting species with relatively high

market values and those with low market values, thus

reducing revenue and yield (Hoeinghaus et al. 2009).

Despite the remarkable contributions that inland

fisheries make to society, national and international

agendas often neglect this sector. Thus, the stock

statuses of most inland fisheries are unknown (De

Graaf et al. 2015; FAO 2016). Furthermore, when

dealing with fisheries in reservoirs, the water demands

of hydropower production usually take precedence

over biodiversity conservation and fishery activities

when public policies are determined, especially in

developing countries (Winemiller et al. 2016).

When fishery management occurs in reservoirs, it is

usually done through traditional input or output

controls (Arlinghaus et al. 2016; Agostinho et al.

2016). The main input regulations include fishing gear

restrictions, controlled access, and the establishment

of fishing seasons. The output controls can limit the

minimum size of fish and catch per fisher. Such

controls might not be enough to ensure population

sizes and sustain biomass production over time, since

some degree of connection to upstream rivers is

necessary for reproduction (Agostinho et al. 2008).

Moreover, fisheries management in reservoirs should

be implemented alongside habitat management

(through dam operation) and should consider the

negative impacts that water level oscillations have on

the recruitment of fish species (Arlinghaus et al. 2016;

Oliveira et al. 2015).

Inland capture fisheries are socio-ecological sys-

tems with dynamics that depend on human behavior,

societal norms, and environmental quality (Ostrom

2009; Beard et al. 2011). An ecosystem approach to

fisheries (EAF) could encourage sustainable develop-

ment and management of inland fisheries by address-

ing both human and ecological aspects (FAO 2003;

Suuronen and Bartley 2014; Anderson et al. 2015). In

this way, management actions under the EAF try to

balance the different dimensions (social, ecological,

and human) involved in fisheries, seeking to improve

performance of these dimensions and align with the

social-ecological systems concept.

The ecological dimension of the EAF aims to

conserve the ecosystem structure, diversity, and

function, while the societal and human objectives

focus on successfully attaining food and livelihood

(Pikitch et al. 2004). Regarding the ecological dimen-

sion, it is possible to use food web modeling as a tool

to understand ecological processes and to investigate

the fishing impacts on ecosystems (Angelini et al.

2013; Coll et al. 2016). The knowledge gained through

such approach can inform and promote management

and policy decisions regarding the ecological aspects

of fisheries. Also, ecosystem modeling can integrate

single-species management into a wider ecological
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context by considering impacts on non-target species,

structural elements of the ecosystem, and trophic

interactions among species (Hilborn 2011; Collie et al.

2016; Gascuel et al. 2016).

In this study, we adopted an ecosystem modeling

approach to address the possible impacts of fishing on

the structure and function of the Itaipu Reservoir in

Brazil. The small-scale commercial fisheries in the

Itaipu Reservoir play a fundamental role in providing

livelihood and protein sources for almost 700 fishers

(Okada et al. 2012). The majority of catches from the

reservoir consist of ten species, especially the follow-

ing six species: Pterodoras granulosus, Prochilodus

lineatus, Plagioscion squamosissimus, Hypophthal-

mus edentatus, Pinirampus pirinampu, and Hoplias

spp. These species are sedentary (non-migratory

species, except for P. lineatus) and P. squamosissimus

is an introduced species. After the construction of the

Itaipu Reservoir, catch declines and changes in catch

composition have negatively affected the income of

local fishers (Hoeinghaus et al. 2009; Philippsen et al.

2016). Input and output controls are traditional

strategies that have been adopted by the Secretariat

of Fishery and Aquaculture in Brazil. In addition, fish

ladders and stocking actions have been taken by

government managers as an attempt to minimize dam

impacts, but in general, have been unsuccessful or

caused greater impacts (Agostinho et al. 2008). Local

fishers claimed that lack of law enforcement, the low

water level during the reproductive period, and a high

number of artisanal fishers are some of the reasons for

declining catches throughout the years (Philippsen

et al. 2016). Our approach supports the EAF by

providing comprehensive information about the

effects of fishing in the Itaipu ecosystem (the ecolog-

ical dimension). Such valuable information can be

used to support management decisions about the

ecological dimension of Itaipu fisheries. In this

context, the aims of this study were to: (1) develop a

food web Ecopath model of the Itaipu Reservoir based

on a previous model (Angelini et al. 2006) and

calibrate it using landing and fishing effort time series;

(2) assess the role of fishing in the ecosystem structure

using ecological indicators; (3) perform simulations

by changing fishing effort and estimate the maximum

sustainable yield (MSY) in an ecosystem context; and

(4) discuss ecosystem-based management for fisheries

in the Itaipu Reservoir.

Methods

Study area and local fishery

The Itaipu Reservoir, which was impounded in 1982,

is located in the Upper Paraná River at the Brazil-

Paraguay border (Fig. 1), in a region with a high

concentration of hydroelectric dams (Agostinho et al.

2007). The Upper Paraná River basin comprises an

area of 891,000 km2 and in 2007, 146 large dams were

recorded in this basin, with a total area of approxi-

mately 16,700 km2. The biggest 10 reservoirs (in-

cluding Itaipu) have a total area of 10,270 km2, with

the first reservoir impounded in 1963 (Furnas Dam)

and the last one in 1998 (Porto Primavera Dam)

(Agostinho et al. 2007). The Itaipu Reservoir has a

surface area of 1350 km2, a mean depth of 22 m, and

an average hydraulic retention time of approximately

40 days. The Itaipu Reservoir is connected to an

extensive floodplain upstream, which is essential for

maintaining the abundance of reservoir fish popula-

tions, especially for migratory species (Oliveira et al.

2015).

The composition of catches changed markedly after

the impoundment of the reservoir for large migratory

species with high commercial value to sedentary (i.e.,

species that do not migrate) ones with lower market

values (Hoeinghaus et al. 2009; Philippsen et al.

2016). The main fishing gear used in Itaipu fisheries

are gillnets and longlines (Okada et al. 2012).

Ecopath model of the Itaipu reservoir

For the modeling approach, we developed an Ecopath

model using a previous model (Angelini et al. 2006)

from 1988. The main differences between the Itaipu

model from Angelini et al. (2006) and the present

study include: (1) we disaggregated some groups to

model important fishery species, (2) we adopted the

Beverton and Holt equation to estimate total mortality

with bias correction, as suggested by Ehrhardt and

Ault (1992), (3) we considered more diet studies to

formulate the diet matrix, and (4) we improved

definitions of the fishing gear used in Itaipu fisheries.

In addition, our model was fed with a longer temporal

series of catch and length frequency data compared to

the former model.

The static Ecopath model assumes energy balance

between functional groups and the year chosen (1988)
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represents the period when catch data about local

fisheries started to be collected as the base model for

the Ecosim temporal dynamic model. For this tempo-

ral dynamic model, we needed to calibrate the model

with time series of catches (1998–2011), which we

used to perform simulations with different fishing

scenarios for 30 years from 2011 (Fig. 2). All the steps

of our modeling approach are described in the next

sections.

The Ecopath model represents a static description

of an ecosystem that quantifies the energy flows

among the functional groups included in the model

(Christensen and Walters 2004). We based the Eco-

path parameterization on the assumption of energy

balance, in a given period, implemented by two main

equations. The first equation describes the production

of a functional group:

Bi �
P

B

� �
i

¼
X

j

Bj �
Q

B

� �
j

�DCji þ
P

B

� �
i

�Bi

� 1� EEið Þ þ Yi þ Ei þ BAi ð1Þ

where P
B

� �
i
is the production/biomass ratio of group ðiÞ,

Bi is its biomass, Bj is the biomass of predator ðjÞ, Q
B

� �
j

is the consumption/biomass ratio of predator ðjÞ, DCji

is the fraction of prey ðiÞ in the diet of predator ðjÞ, Yi is

the catch of functional group ðiÞ, Ei is the migration

rate (emigration–immigration), and BAi is the biomass

accumulation rate for group ið Þ. Other types of

mortality, or mortality that is not explained by the

model, is represented by 1� EEið Þi, where EEi is the

ecotrophic efficiency of functional group ðiÞ, that is,
the proportion of annual productivity P

B

� �
i
consumed in

the ecosystem by predators and/or exported from the

ecosystem by fishing. Under these mass balance

conditions, the annual production/biomass ratio P
B

� �
i

is equivalent to the total mortality rate ðZÞ (Allen

1971; Christensen et al. 2008).

The second equation describes the energy balance

of each functional group ðiÞ, where its consumption

rate Q
B

� �
i
equals the production rate P

B

� �
i
, the non-

assimilated food UNið Þ, and respiration Rið Þ:

Q

B

� �
i

�Bi ¼
P

B

� �
i

�Bi þ Ri þ UNi ð2Þ

The algorithm implemented in EwE solves a system

of linear equations for each of the following param-

eters:Bi,
P
B

� �
i
, Q

B

� �
i
, and EEi. Usually, the EwE

software estimates the ecotrophic efficiency parame-

ter, since it is very difficult to measure this parameter

in nature (Christensen et al. 2008; Heymans et al.

2016).

We developed a food web model of the Itaipu

Reservoir, which is an updated version of the Ecopath

model constructed by Angelini et al. (2006). Each one

of Angelini’s models contained 32 functional groups

Fig. 1 Itaipu reservoir in

the Brazil–Paraguay border

(some reservoirs are

indicated with solid black

bars)

123

Rev Fish Biol Fisheries



and represented two periods: Itaipu-1 (1983–1987),

and Itaipu-2 (1988–1992). In particular, we updated

the l Itaipu-2 model. The major modifications we

made are as follows: (1) alteration of fish functional

groups to represent the main species in the landing

explicitly; (2) biomass (B) input estimates from a

catch-only model; (3) estimation of P/B parameters

from the Beverton-Holt equilibrium estimator of

instantaneous total mortality (Z) (Quinn and Deriso

1999), for fish functional groups with available length

data, since P/B corresponds to Z, according to Allen

(1971) and Christensen et al. (2008); (4) revision of the

diet matrix used in Angelini et al. (2006); (5) use of

different fishing gear; and, (6) calibration of the model

with catch and effort data (1988–2011), using the

Ecosim module.

The Ecopath model of the Itaipu Reservoir used in

this study represents the year 1988 and contains 31

functional groups: 24 fish functional groups (18 were

targeted species), one group representing detritus, and

three primary producers (phytoplankton, periphyton,

and macrophytes). Functional groups were selected if

data was available.

For the fish functional groups with available catch

data, we estimated biomass using a catch-only model

(COM-SIR), which uses the Schaefer biomass

dynamic model (Vasconcellos and Cochrane 2005;

Rosenberg et al. 2014). The input data necessary for

the COM-SIR model is a time series of catch and

information about the resilience of the species, which

we obtained from FishBase (Froese and Pauly 2016).

Resilience here follows the definition by Musick

(1999), which refers to a species’ intrinsic rate of

increase and is estimated based on life-history param-

eters, reflecting the resilience to mortality or produc-

tivity of the population/species (Musick 1999; Froese

and Pauly 2016). The biomass estimate for peixe-

cachorro (Acestrorhynchus lacustris) was taken from

Angelini et al. (2006). The Ecopath model estimated

the biomass values of non-predator fish species p with

no available catch data.

For the fish functional groups with available length

data, we estimated the production/biomass (P/B) ratio

as total mortality (Z) using the Beverton-Holt equi-

librium estimator of instantaneous total mortality

(Quinn and Deriso 1999) with bias correction, as

suggested by Ehrhardt and Ault (1992). We used this

equation with the function bheq, from the Fish

Methods package (Nelson 2016) in R software (R

Core Team 2016). The parameters for this function are

Fig. 2 Schematic diagram of the EwE modeling approach

adopted in this study. Boxes with dot lines are showing the

outputs analyzed in each step of the modeling procedure.

F fishing mortality, F/Z fishing mortality relative to total

mortality, M2 predation mortality, MTI mixed trophic impact,

TLc mean trophic level of the catch
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the asymptotic length and the growth constant (both

from the von Bertalanffy growth model), the length at

first capture, and the largest length in the sample (to

include a maximum size of capture). The majority of

these parameters came from published literature

(Table S1 in Section 1, Supplementary Material) and

empirical equations (Froese and Binohlan 2000). P/B

ratios for the fish functional groups with no available

length data came from the literature (Angelini and

Agostinho 2005; Gubiani et al. 2012).

We classified fishing fleets by gear type, as follows:

handline to catch dourado (Salminus brasiliensis), jaú

(Zungaro jahu), and pintado (Pseudoplatystoma cor-

ruscans); longline and longline2 to capture armado (P.

granulosus) and barbado (Pinirampus pirinampu),

respectively (with different baits); and gillnet to

capture other species (Okada et al. 2012). The Nucleus

of Research in Limnology, Ichthyology, and Aqua-

culture (Nupélia) at the State University of Maringá

(Nupélia/UEM) was responsible for the monitoring

program in the Itaipu Reservoir, which generated the

time series of catch (1988–2011) and length data

(1988–2010) used in our study.

We calculated the consumption/biomass ratio (Q/

B) for fish functional groups using the equation

proposed by Palomares and Pauly (1989). Biomass,

P/B, and Q/B ratios of primary producers and benthos

came from Angelini et al. (2006). Ecopath estimated

insect and zooplankton biomasses.

We used published literature, mainly about the

local study area, to construct the diet matrix (Hahn

et al. 1998; Bozza and Hahn 2010; see Table S2 for

details). To account for the migratory characteristics

of some species in the Itaipu Reservoir model, we set a

portion of their diet composition as import (Chris-

tensen et al. 2008; Corrales et al. 2015).

When Ecotrophic Efficiency (EE) values were

lower than one, we considered the Itaipu Reservoir

model to be balanced (Christensen et al. 2008). The

steps taken to balance the model are in Supplementary

Material (Section 2). To evaluate the input parame-

ters, biomass, and vital rates, we used the pre-balance

tool (Link 2010; see Section 3 in the Supplementary

Material).

We analyzed the ecosystem structure and function-

ing of the Itaipu Reservoir model (static version) with

a series of indicators related to Odum’s theory of

ecosystem development (Odum 1969). The indicators

used are as follows: (a) the ratio of Total Primary

Production/Total Respiration (index of relative matu-

rity of the system): if the ratio is greater than one, the

ecosystem is considered in succession or, if the ratio

approaches one, the ecosystem is mature; (b) Finn’s

cycling index: the fraction of total flows that are

recycled; (c) Total System Throughput (TST): the sum

of all flows in the system, and an indirect indicator of

the size of the ecosystem; (d) Mean Length of

Pathways: the average number of groups that inflow

or outflow passes through, and is expected to increase

with maturity; (e) Ascendency and Overhead: related

to the average mutual information in a system, scaled

by the TST; (f) Flow fromDetritus to Trophic Level II/

Flow from Primary Producers to TL II rate: mature

ecosystems are detritus-based while, in the initial

stages of development, grazing food chains are

predominant (Odum 1969; Christensen 1995; Chris-

tensen et al. 2008).

The mixed trophic impact (MTI) analysis, based on

Leontief’s method (1951), assesses the effects that

changes in one group’s biomass will have on the

biomass of other groups within a system. The EwE

software implements the MTI analysis, based on the

approach developed by Ulanowicz and Puccia (1990).

We calculated the MTI by constructing an n 9 m

matrix, where the i, jth elements represent the

interaction between the impacting group i and the

impacted group j:

MTIi;j ¼ DCi;j � FCj;i ð3Þ

where DCi,j is the diet composition term expressing

how much j contributes to the diet of i, and FCj,i is a

term giving the proportion of the predation on j that is

due to i as a predator. Fishing fleets are included as

predators (Christensen et al. 2008).

In the static version analysis, we also considered

three indicators for each functional group: (1)

Omnivory Index (OI), which indicates trophic spe-

cialization, with zero for restricted specialists, and

higher values for consumers that feed on many trophic

levels; (2) Net efficiency, which is the net food

conversion efficiency, calculated as the production

divided by the assimilated part of the food; (3) Flow to

detritus, which consists of the amount of material

egested (the non-assimilated food) and those elements

of the component that die of old age or diseases

(Christensen et al. 2008).

The keystoneness index (KSi) identifies keystone

species in the food web model by balancing the effects

123

Rev Fish Biol Fisheries



of (1) the direct and indirect trophic impacts that each

impacting group i has on any impacted group j of the

food web (obtained through the MTI matrix) and (2),

the biomass of the impacting group. We adopted the

KS index implemented in the last version of the EwE

software (# 3) developed by Valls et al. (2015). This

KS index provides a more balanced contribution

between the trophic impact and biomass components

in the estimation of species keystoneness without

overrepresenting abundant or rare species (Valls et al.

2015):

KS ¼ log ICL � BC0ð Þ ð4Þ

where ICL = ei, and ei is the measurement of the

overall effect of each group, as ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

j6¼1 m2
ij

q
(from

the MTI matrix, the mij represent, for each pair of

groups (i, j) in the modeled food web, the relative

impact of the impacting group i on the impacted group

j, by considering feeding interactions; n is the number

of functional groups). BC0 is the descending order

rank of the biomass of the functional groups.

Using Ecopath to investigate possible impacts of

fishing on the ecosystem, we analyzed: (1) the

exploitation rate (F/Z: fishing mortality/total mortal-

ity) to investigate which proportion of the total

mortality (Z) of exploited species was due to fishing

mortality (F), and (2) the impact of fishing gear on the

functional groups through the MTI matrix (Coll et al.

2008; Corrales et al. 2015). We also used the results

from the MTI matrix to investigate the impacts of

introduced species on native species.

Ecosim model of the Itaipu Reservoir

The Ecosim module provides a dynamic simulation

capability at the ecosystem level, with key initial

parameters inherited from the base Ecopath model.

Ecosim uses a system of differential equations that

express rates of biomass flows among functional

groups, as a function of time with varying biomass and

harvest rates (Walters et al. 1997; Christensen and

Walters 2004; Christensen et al. 2008; Heymans et al.

2016). The Ecosim equation derives from Ecopath

Eq. 1, and takes this form:

dB

dt
¼ gi

X
j

Qji �
X

j

Qij þ Ii � MOi þ Fi þ eið Þ � Bi

ð5Þ

where dBi/dt is the change in the biomass of functional

group i (Bi) over time t, gi is the net growth efficiency

(production/consumption ratio), Qji is the consump-

tion of group j by group i, Qij is the consumption of

group i by group j, Ii is the extent of immigration of

functional group i, MOi, Fi and ei are the nonpredation

rate of natural mortality, fishing mortality, and emi-

gration of functional group I, respectively. The

consumption rates, Qij, are calculated based on the

foraging arena concept, where biomasses are divided

into vulnerable and invulnerable states. The transfer

rate, vij, between these two states determines the

predator–prey interactions (top-down, bottom-up, or

mixed) (Christensen et al. 2008; Ahrens et al. 2012):

Qij ¼
aij � vij � Bi � Pj

2vij þ aij � Pj

ð6Þ

where aij is the effective search rate of predator

j feeding on prey i, Bi is the biomass of the prey, Pj is

the biomass of predator, and vij is the vulnerability of

prey i to predator j. The values that the vulnerabilities

assume indicate the type of flow control, with vij = 2,

vij = 1 and, vij[ 2 representing amixed flow control,

a bottom-up, and a top-down control, respectively

(Walters and Martell 2004; Christensen and Pauly

2004; Ahrens et al. 2012).

In the time series fitting procedure, we used fishing

effort data as the driving factor to fit the catch data

from 1988 to 2011. Number of fishing days (sum of

fishing days of all fishers per year) represented the

fishing effort. The Ecosim module compared the

absolute observed catch data with predicted catch

data, to assess the fit of the model. The Ecosim

interface uses the sum of squared deviations of log

catches from log-predicted catches (Christensen et al.

2008; Heymans et al. 2016). The fitting procedure was

carried out using an integrated plug-in, the Stepwise

Fitting Procedure (Scott et al. 2016). This tool

automatically searches for the best fit model of

observed data by testing a set of hypotheses to assess

the impact of fishing (through fishing mortality/effort

time series), changes in the predator–prey dynamics

(vulnerability settings), and changes in primary pro-

duction (PP anomaly function: represents changes in

123

Rev Fish Biol Fisheries



primary production and can either be an observed

times series or a time series the routine creates to

explain the residual variability in the data). Each

hypothesis tested represents a combination of these

three variables (following Mackinson et al. 2009a).

The procedure starts considering a baseline model

(considering neither fishing effects nor predator–prey

relationships, and PP anomaly) and then tests various

combinations of these three factors (fishing effects,

predator–prey relationships, and PP anomaly). The

best-fit model is found and determined by the mini-

mum difference between model predictions and time

series observations, using a weighted sum of squared

differences (SS) and the Akaike Information Criterion

(AIC), which penalizes for fitting with too many

parameters based on the number of time series

available for estimating the SS (Scott et al. 2016).

We used time series from catches of 12 species to

calibrate the Itaipu Reservoir model (Fig. S2 in Supp.

Material). This method allowed us to estimate 11

parameters (vulnerabilities) during the fitting proce-

dure. Of the 12 species, only the five main species

caught in the Itaipu Reservoir were analyzed regarding

simulations of decreased/increased fishing effort and

the resulting catch and biomass trends (P. lineatus, H.

edentatus, P. granulosus, P. squamosissimus, and P.

pirinampu). Besides those species, we analyzed S.

brasiliensis, Z. jahu, and P. corruscans due to their

economic importance, even though their landings have

dropped since the construction of the Itaipu Reservoir.

Indicators of fishing impacts with Ecosim

After we identified the model with the lowest AIC, we

calculated three indicators to assess the impact of

fishing on the ecosystem: the trophic level of the catch

(TLc), biomass diversity (Kempton index, Q), and the

loss of production due to fishing (L index).

The mean trophic level of catches (TLc) reflects the

strategy of the fishery (Christensen 1996; Pauly et al.

1998), accounting for trophic levels of the species in

the catches. This indicator is a weighted average of TL

from the species in the catches:

TLc ¼
Pm

i¼1 Yik � TLiPm
i¼1 Yik

ð7Þ

where Yik is the catches of functional group i in year k,

and TLi is the trophic level of the functional group i.

The Kempton index (Q) is a measure of biomass

diversity that describes the slope of a cumulative

group abundance curve (Christensen et al. 2008). The

Q index measures the effects of mortality, from fishing

or climate, on biomass diversity in ecosystem simu-

lation models, only considering species with a trophic

level higher than three (Ainsworth and Pitcher 2006;

Christensen et al. 2008).

We quantified the theoretical loss in secondary

production due to exploitation by calculating the L

index (Libralato et al. 2008). This index accounts for

both ecosystem properties (PP and transfer efficiency)

and features of the fishing activities (trophic level of

catches and PP required) to quantify the loss in

secondary production as a proxy for quantifying

effects of fishing:

L ¼ 1

P1 � ln TE
�
Xm

i

PPRi � TETLi�1
� �

ð8Þ

where P1 indicates the autotrophic and detritus

production (P1 = PP ? FD, PP is the calculated net

PP, and FD is flows to detritus), TE is the average

transfer efficiency between the trophic levels, and

PPRi and TLi are the Primary Production Required

and the Trophic Level for functional group i, respec-

tively. The Lindex50% and Lindex75% were used as

ecosystem-based confidence intervals (Libralato et al.

2008).

To test if temporal trends of indicators were

significant, we performed an ordinary least squared

(OLS) regression analysis following the procedure

outlined in Coll et al. (2008, 2016). To test for

autocorrelation in residuals of the OLS regression, we

performed a Durbin-Watson test, implemented in the

R package car (Fox and Weisberg 2011). If the

residuals were autocorrelated, we proceeded to a

generalized least squares regression, which allows

errors to be correlated and have unequal variance

(Venables and Ripley 2002). These analyses were

performed in R (R Core Team 2016), with lm and gls

functions in the packagesMASS (Venables and Ripley

2002) and nlme (Pinheiro et al. 2016), respectively.

Simulation of fishing scenarios and the Maximum

Sustainable Yield

Using the dynamic module Ecosim, we performed a

series of fishing simulations on the fitted Itaipu
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Reservoir model to assess any possible change in

ecosystem characteristics due to increasing or decreas-

ing fishing effort. We simulated different scenarios by

modifying the fishing effort of all fleets (gillnet,

longline, longline2, and handline) by the same mag-

nitude and simultaneously; we increased fishing effort

from 2011 (adopted as a baseline) by 25, 50, 75, and

100% in respect to the fishing effort value in 2011, as

well as reduced fishing effort by 10% and 20%. The

simulations were performed from 2011 to 2041

(30 years).

The comparative results of the simulated scenarios

were shown for catch, biomass, biomass diversity

(Kempton index), TLc, and L index. Temporal trends

of indicators were tested with ordinary least squares or

generalized least squares, as explained in the section

‘‘Indicators of fishing impacts from Ecosim,’’ consid-

ering the time series between 2011 and 2041.

We also performed two simulations using the

fishing mortality that produced the Maximum Sus-

tainable Yield (FMSY), and the maximum sustainable

yield (MSY) estimates obtained from the EwE soft-

ware. After calibration of the model, the Ecosim

estimated FMSY and MSY for each of the main target

species (listed above). The EwE software allowed us

to estimate two types of FMSY and MSY for each

functional group: stationary and full compensation.

Under the stationary approach, we obtained estimates

of MSY and FMSY for each harvested group, running

the Ecosim model to equilibrium for a range of fishing

mortality values, while holding biomasses of all other

groups constant. Thus, this approach assumes that

food availability and predation impacts are constant,

and the fishing mortality of all other groups are held

constant at the Ecopath base values. The full compen-

sation approach allows the biomasses of all groups to

vary, but only in response to fishing-driven changes in

the biomass of the harvested group. Thus, for each

species, EwE estimated an equilibrium FMSY and a full

compensation FMSY (Walters et al. 2005).

In another two simulations, we applied the esti-

mated FMSY full compensation and FMSY stationary.

To investigate the impacts of these FMSY scenarios on

the main targeted species, we compared the trends of

their biomass and catch in respect to reference points

(MSY and biomass limit and target). Using the FMSY

estimates obtained from the Ecosim analysis, we

analyzed whether the main stocks of Itaipu fisheries

would be subjected to overfishing. To do so, we

considered that overfishing was occurring for the

stocks that showed fishing mortality above the refer-

ence levels FMSY (stationary and full compensation)

(F[ FMSY). To classify the stocks in regard to their

biomass levels, we followed the procedure of Forrest

et al. (2015), defining reference points for biomass

limit and target as 30% and 50% of the biomass in the

first year of the model (0.3B1988 and 0.5B1988),

respectively. Forrest et al. (2015) considered lowest

percentages of biomass in the first year (20% and

40%). We increased these values to represent more

severe overfishing thresholds since there already was

fishing in Itaipu Reservoir, even before its construc-

tion (Agostinho et al. 1999), and to account for

uncertainties since biomass estimates were from

another model and not observed biomass. We consid-

ered the stocks with biomass below 0.3B1988 as

overfished.

Results

Ecopath model of the Itaipu Reservoir

The pre-balance analysis showed the decomposition of

parameter values through higher trophic levels for

P/B, and R/B, except for P/Q (Fig. S1 in Supp.

Material). To balance the model, we first modified the

diet matrix, especially for the following piscivore

species: Plagioscion squamosissimus, Zungaro jahu,

and Hoplias spp. In this way, we attempted to reduce

the predation mortality these species caused on other

functional groups and obtained EE values lower than

one for all functional groups. The original and

calibrated diet matrices are in Supp. Material

(Tables S3 and S4). We also modified the biomass of

Serrasalmus spp. and the P/B and Q/B values for other

functional groups (see Section 2 in Supp. Material for

more detailed information).

The highest trophic level was 4.37 for S. brasilien-

sis (Fig. S2). The species Acestrorhyncus lacustris and

Serrasalmus spp. showed the lowest values for the OI

(Table 1), suggesting a specialized diet. There were

high fishing mortality rates (F; Table 1) for P.

corruscans and S. brasiliensis (F/Z[ 0.5), moderate

rates for Z. jahu (F/Z = 0.34), and a low rate (F/

Z\ 0.2) for the other species (Table 1). The mean

trophic level of the catch was 2.79.

123

Rev Fish Biol Fisheries



The outputs for the Total Primary Production/Total

Respiration ratio were greater than one (Table 2),

which suggests that the Itaipu Reservoir is at a

developmental stage, according to Odum’s attributes

(1969). However, ascendency was high (Table 2), and

the flow from detritus was higher than the flow from

primary producers, which indicates a detritivore

dominance, a characteristic of mature systems. The

majority of ecosystem metrics showed lower values

than the Itaipu Reservoir models from Angelini et al.

(2006), but Finn’s cycling index and total overhead

were both higher than the previous model (Table 2;

other attribute values are shown in Table S5/Section 4

in Supplementary Material).

The MTI analysis (Fig. S3) showed that introduced

species in the Itaipu Reservoir (P. squamosissimus and

Table 1 Basic output estimates of Itaipu model

FG # Functional group TL B P/B Q/B EE FD OI F F/Z

1 Phytoplankton 1 0.36 250 0 0.47 47.37 – – –

2 Macrophytes 1 100 30 0 0.06 2822.55 – – –

3 Periphyton 1 14.8 40 0 0.16 496 – – –

4 Zooplankton 2 0.11 54 250 0.7 6.97 – – –

5 Benthos 2 4.8 10.4 40 0.27 75.04 – – –

6 Insects 2 3.34 25 250 0.7 192.01 – – –

31 Detritus 1 0.04 – – 0.23 0 – – –

Fish

7 Prochilodus lineatus 2.18 1.14 0.82 13.36 0.99 3.05 0.15 0.15 0.19

8 Leporinus elongatus 2.6 0.6 1.25 6.44 0.45 1.18 0.24 0 0

9 Schizodon borelli 2.1 0.26 1.41 30.54 0.55 1.75 0.09 0.04 0.03

10 Roeboides descalvadensis 2.7 1.96 1.99 19.99 0.7 9.02 0.21 0 0

11 Hoplias spp. 3.77 0.34 1.6 5.98 0.98 0.42 0.31 0.04 0.03

12 Pseudoplatystoma corruscans 3.72 0.11 0.51 3.52 0.53 0.1 0.54 0.27 0.53

13 Zungaro jahu 3.35 0.14 1.13 3.89 0.34 0.21 0.16 0.39 0.34

14 Salminus brasiliensis 4.37 0.04 0.4 4.4 0.63 0.04 0.3 0.25 0.63

15 Hypopthalmus edentatus 2.7 1.66 1.5 7.14 0.99 2.38 0.21 0.21 0.14

16 Pinirampus pirinampu 3.2 0.37 1.01 5.87 0.1 0.77 0.35 0.1 0.1

17 Moenkhausia intermedia 2.2 2.46 1.3 13.2 0.7 7.44 0.16 0 0

18 Plagioscion squamosissimus 3.48 1.29 1.4 5.51 0.15 2.96 0.08 0.13 0.09

19 Leporinus fridericci 2.39 0.26 1.3 7.55 0.97 0.4 0.29 0.04 0.03

20 Hypostomus spp. 2.2 0.78 2.7 15.92 0.46 3.61 0.16 0.07 0.03

21 Pterodoras granulosus 2.38 1.6 1.02 5.4 0.22 3.01 0.25 0.08 0.08

22 Astyanax altiparanae 2.5 2.4 1.6 12.17 0.7 7 0.25 0 0

23 Gymnotus spp. 2.9 0.08 1.25 7 0.7 0.15 0.09 0 0

24 Rhaphiodon vulpinus 3.56 0.27 1.09 6.53 0.35 0.54 0.32 0.06 0.06

25 Acestrorhyncus lacustris 3.39 0.04 1.05 9.74 0.48 0.1 0.05 0 0

26 Serrasalmus spp. 3.37 0.08 1 10.74 0.64 0.2 0.07 0.2 0.2

27 Hemisorubim plathyrhynchos 3.51 0.01 0.46 6.14 0.82 0.01 0.19 0.2 0.43

28 Steindachneria spp. 2.15 0.06 2 23.7 0.7 0.32 0.13 0 0

29 Cichla spp. 3.18 0.36 1.23 7.97 0.94 0.6 0.12 0 0

30 Hoplosternum littorale 2.8 0.55 1.2 9.1 0.7 1.2 0.16 0 0

FG # functional group number, TL trophic level, B biomass (t/km2), P/B production/biomass (/year), Q/B cosumption/biomass (/

year), EE ecotrophic efficiency, FD flow to detritus (t/km2/year), OI Omnivory Index, F fishing mortality rate (/year), F/Z fishing

mortality/total mortality rate. Values in bold were estimated by Ecopath
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Serrasalmus spp.) had a strongly negative effect on

other species, due to both direct predation and prey

competition. The impact of Serrasalmus spp. on other

species seemed to be higher than the impact caused by

the fisheries. However, gillnets positively impact other

species, probably due to a decrease in predation

pressure from Serrasalmus spp. and P. squamosis-

simus, which are caught by this fishing gear. In this

manner, fishing seems to be a way to control the

negative impacts of these introduced species on other

species. The keystoneness index identified S.

brasiliensis (TL: 4.37), Z. jahu (TL: 3.35), Hoplias

spp. (TL: 3.77), and the introduced species, Ser-

rasalmus spp. (TL: 3.37), as the top four keystone

species in the Itaipu Reservoir.

Ecosim model of Itaipu model

The model with the lowest AICc (6.85) accounted for

almost 60% of the variance compared to the baseline

model, and revealed that the major effects on catch

time series were from fishing and predator–prey

interactions (represented by 11 vulnerabilities param-

eters; Table S6 in Supp. Material).

After the fitting procedure, the functional groups

with changed vulnerability rates (v) were P. lineatus,

Hoplias spp. and Cichla spp. to v = 100; S. brasilien-

sis, H. edentatus, P. pirinampu, A. altiparanae,

Gymnotus spp., R. vulpinus, and Serrasalmus spp to

v = 1; and P. corruscans to v = 11.32. When

compared with the observed catch, the estimated

catch of P. lineatus, P. squamosissimus, and P.

pirinampu, showed a good fitting (Fig. 3, and see

Fig. S5 in Supp. Material for other species). The model

overestimated catches for S. brasiliensis, P. corrus-

cans, and Z. jahu, but with quite similar trends as the

observed data, while the fitting for H. edentatus and P.

granulosus data were not good.

Indicators of fishing impacts with Ecosim

Total catch decreased over time, however, there were

some peaks, as in 2005 and 2008 (Fig. 4). The mean

trophic level of the catch was 2.79 in 1988, which

ranged between 2.75 and 2.87 throughout the whole

time series, showing a small upward trend until 2011

(Fig. 4). Biomass diversity (Kempton index) has been

decreasing since 1988, but with a small reduction. L

index values were between the references values of

Lindex50% and Lindex75%, indicating a moderate risk

of ecosystem overfishing in the Itaipu Reservoir

(Fig. 4).

Simulation of fishing scenarios and the maximum

sustainable yield

The simulations performed under scenarios with

increased fishing effort resulted in higher catches

and higher L index values (Fig. 5). The mean trophic

level of the catch (TLc) and the biomass diversity

Table 2 Ecosystem attributes of Itaipu Reservoir model (static model) and comparison to Angelini et al. (2006) Ecopath models for

the same reservoir

Attributes (unit) This study Angelini et al. (2006)

1988 1983–1987 1988–1992

Total primary production/total respiration (TPP/TR) 4.44 6.3 6.8

Finn’s cycling index (%) 3.067 1.92 1.78

Total System Throughput (t/km2/year) TST 8614.54 8716.6 8528.9

Mean length of pathways = Total number of arrows/total number of pathways 4.67 5.01 5.19

Ascendency total (%) 42.74 46 46.8

Connectance Index (dimensionless) CI 0.14 0.16 0.17

System Omnivory Index (dimensionless) SOI 0.15 0.17 0.16

Total number of pathways 530 663 801

(Flow from detritus/flow from PP) to TL II 2.62 2.02 1.9

Mean trophic level of the catch (TLc) 2.79 2.91 2.79

Transfer efficiency (total, %) 7.36 8.5 9.6
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showed lower values in scenarios with increased

fishing effort than in the scenarios with decreased

effort. However, biomass diversity increased under all

scenarios relative to the baseline scenario (same

fishing effort from 2011) (Fig. 5).

The rate of change in total catch was not significant

under all simulated scenarios (see Fig. S6/Section 5 in

Supp. Material). Regarding biomass diversity, the

rates of change were positive and significant under

scenarios with highest fishing effort (? 50%, ? 75%,

and ? 100%). L index showed no significant rates of

change, except under scenarios with lower fishing

effort. Again, despite statistical significance in the

rates of change of these indicators, we highlight that

Fig. 3 Catch observed (points) and predicted (line) by EwEmodel for the main species of Itaipu reservoir fishery. Catch is in tons/km2

(See Suppl. Mater. for other species)
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there were very small changes under all scenarios (all

of them less than 1%).

The estimates of maximum sustainable yield

(MSY) from the stationary system were lower than

the estimated MSY, considering the full compensation

mode, except for P. pirinampu and S. brasiliensis,

where they were the same (Fig. 6). According to the

ecosystem estimates of MSY for each stock, catches

did not exceed the MSY for any stock under scenarios

of higher fishing effort. On the contrary, when

applying the fishing mortality rates that produced the

MSY (FMSY), estimated by the equilibrium analysis in

Ecosim, catches were above MSY in the last years for

P. lineatus (Fig. 6). Only the stocks of P.

Fig. 4 Time series of observed total catch (tons/km2/year),

mean trophic level of catch (TLc), L index for Itaipu reservoir

model and biomass diversity (Kempton index). In the L index

plot the dash lines represent the reference values (from Libralato

et al. 2008: Lindex50% (black) and Lindex75% (gray))

Fig. 5 Indicator trends under different scenarios of fishing

effort. Base: baseline (fishing effort in 2011), FMSY_full and

FMSY_stat are the estimated FMSY from full compensation and

stationary modes, respectively. Catch is in tons/km2. In the L

index plot the dash lines represent the reference values:

Lindex50% (black) and Lindex75% (gray)
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squamosissimus and P. pirinampu produced a yield

corresponding to the MSY (Fig. 6). Estimated catches

forP. corruscans and S. brasiliensis did not show great

changes under the scenario applying FMSY.

The simulated biomasses between 2011 and 2041

were higher under increased fishing effort scenarios

for P. lineatus,P. squamosissimus, and Z. jahu (Fig. 7)

while biomasses increased with lower fishing effort for

P. corruscans and P. pinirampu. In general, biomass

along the simulated years and in the different scenarios

did not show great changes. We avoided simulating

scenarios for P. granulosus and H. edentatus since

their fittings were not good (Fig. 3). The stocks of P.

squamosissimus, P. pirinampu, and S. brasiliensis did

not show estimated biomass below their limit

(0.3B1988) and target (0.5B1988), even under scenarios

with increased fishing effort (Fig. 7).

The lowest stock status was for P. lineatus, which

has shown estimated biomass below both the biomass

limit and target since 1999. After 2020, estimated

Fig. 6 Estimated catches (tons/km2) for the target fishes in

Itaipu reservoir under different fishing effort scenarios for the

30 years simulations (2012–2041). Dotted lines: MSY station-

ary; Dotdash lines: MSY for full compensation mode. Base:

baseline (fishing effort value from 2011), FMSY_full and

FMSY_stat are the estimated FMSY from full compensation and

stationary modes, respectively
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biomass for this stock went up to the biomass target,

but only in the scenario with the highest fishing effort.

On the contrary, under scenarios with decreased

fishing effort for Z. jahu (until 2030) and P. corrus-

cans, we observed higher biomass levels. This last

stock exhibited biomass levels below the biomass

target for scenarios with highest fishing effort,? 75%

and ? 100%, respectively (Fig. 7). Regarding the

simulations that applied FMSY values, estimated

biomass was below the limit for P. lineatus, P.

corruscans, and Z. jahu (Fig. 7). The estimated

biomass for P. squamosissimus was at and above the

biomass target under FMSY full compensation and

stationary, respectively. The stock of P. pirinampu

was the only species with biomass levels that were too

much higher than the reference points, even with

fishing mortality at FMSY imposed on it.

The estimates of fishing mortality that produced the

maximum sustainable yield (FMSY) and the MSY

estimates were lower for the stationary mode com-

pared to the full compensation. In the first years of the

time series, the only stock with fishing mortality

Fig. 7 Biomass estimates (tons/km2) from Ecosim simulations

for the main target species in Itaipu fisheries. Dashed lines:

biomass limit (0.3B1988); Dotted lines: biomass target

(0.5B1988). Base: baseline (fishing effort value from 2011),

FMSY_full and FMSY_stat are the estimated FMSY from full

compensation and stationary modes, respectively
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higher than FMSY was P. corruscans. Currently, none

of the target stocks analyzed are being overfished

(Fig. 8).

Discussion

Ecopath model of the Itaipu Reservoir

The modeling exercise from this study indicated that a

detritus-based chain supports the Itaipu Reservoir food

web, with a high recycling index compared to other

reservoirs (Gubiani et al. 2011). Reservoirs are

systems that constantly experience disturbances due

to dam operations that affect water levels (Agostinho

et al. 2007). Thus, these systems can take a longer time

to reach maturity or may always be at an intermediate

point between initial stage and maturity (Gubiani et al.

2011).

Top-down processes were evident in the Itaipu

Reservoir, where S. brasiliensis (an apex predator), the

main keystone species (highest keystoneness value),

exhibited a positive effect on species with lower

trophic levels (L. elongatus, S. borellii). Such effect

was probably due to S. brasiliensis’ predation on those

species’ predators (Rhaphiodon vulpinus, Serrasalmus

spp.). The keystoneness index results supported pre-

vious findings regarding the role of Hoplias spp. in

Fig. 8 Fishing mortality (years-1) estimated by the food web

model of Itaipu reservoir under different scenarios of fishing

effort for the 30 years simulations (2012–2041). Dotted lines:

FMSY stationary; Dotdashed lines: FMSY full compensation

mode. Base: baseline (fishing effort value from 2011),

FMSY_full and FMSY_stat are the estimated FMSY from full

compensation and stationary modes, respectively. For P.

pirinampu and S. brasiliensis, FMSY estimates from both modes

had the same value
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structuring the fish assemblage of floodplain lakes

(Petry et al. 2010), highlighting the importance of

these species, not only for the fishery, but for

maintaining the food web structure (Wallach et al.

2015).

During this modeling exercise, an interesting result

we observed was the negative impact of two intro-

duced species (P. squamosissismus and Serrasalmus

spp.) on other species, which was greater than the

impact caused by the fisheries. Meanwhile, the

positive impact of gillnet fishery on some species

was probably due to predation release from such

introduced species, since gillnets caught them. This

result provides a hypothesis for additional research to

investigate the possibility of using fishing activity in

Itaipu Reservoir to help control the negative impacts

of introduced species. Since gillnets are a multispecific

gear, they capture exotic species, as well as native

species. Thus, through future simulations, it is possible

to investigate if increasing gillnet fishing efforts would

be an effective management action, depending on its

influence on species composition, interactions among

species, and catch rates. In this way, fishing activity in

the Itaipu Reservoir could help control the negative

impacts of introduced species.

As expected, the highest fishing mortality values in

the Ecopath model (1988) were for S. brasiliensis and

P. corruscans, due to their high commercial value

compared to other species (Hoeinghaus et al. 2009).

For the species that are currently main targets in the

Itaipu Reservoir (P. squamosissimus, H. edentatus, P.

lineatus), fishing mortality rates were low in 1988,

since fishers started to target these species only after

catches of species with higher commercial value

started to decline (P. corruscans, S. brasiliensis, Z.

jahu) (Hoeinghaus et al. 2009; Philippsen et al. 2016).

After impoundments, when reservoirs are in upsurge

periods, it is common to observe an increase in

catches. This heterotrophic phase is characterized by a

high input of organic matter and an increase in species

richness and abundance (Agostinho et al. 2016). These

conditions prompt new fishers to exploit the newly

lentic environment and, thereby, increase the local

fishing effort (Petrere Junior 1996). Therefore, limit-

ing the number of new fishers entering the fishery

immediately after the formation of reservoirs is an

alternative management action to avoid high fish

mortality during this period.

Ecosim model of the Itaipu Reservoir

Fishing effects and predator–prey interactions were

the main factors explaining catch trends in the Itaipu

Reservoir. In general, the fitted model of the Itaipu

Reservoir with lowest AICc exhibited a mixed flow

control (v = 2) with some bottom-up and top-down

flow controls. Fishing did not seem to be the main

driver for H. edentatus and P. granulosus in our

model. The Itaipu Reservoir had a marked decrease in

primary productivity and, consequently, in zooplank-

ton (Abujanra and Agostinho 2002), which could have

negatively influenced the abundance ofH. edentatus (a

planktivorous species). Also, predation by P. squamo-

sissimus on H. edentatus could be another factor that

influenced this species’ abundance (Ambrósio et al.

2001). We highlight that, between 1988 and 1993, the

model fit was good in our study and, in this same

period, results from a single-species model showed

that catches were higher than the maximum sustain-

able yield (Ambrósio et al. 2001). This result suggests

that fishing affected H. edentatus’ population dynam-

ics at the beginning of the time series and after 1993,

other factors, such as predation and prey availability,

probably played a main role.

Despite the importance of P. granulosus to total

catch, the lack of model fitting suggests that fishing

could not explain its temporal dynamics. This popu-

lation experienced a great increase in catches between

1988 and 1997, followed by a decrease. In this same

period, the abundance of an invader mollusk (Corbic-

ula fluminae) increased due to water level dynamics in

the Itaipu Reservoir and contributed markedly to the

diet of P. granulosus (90%). In 1996, the abundance of

C. fluminae decreased in the Itaipu Reservoir, account-

ing for only 1% of the diet of P. granulosus (Gaspar da

Luz et al. 2002). Bottom-up effects seem to have had

an important role in shaping the population dynamics

of H. edentatus and P. granulous, but our model was

not able to represent these effects, and possibly

resulted in lack of model fit.

Indicators of fishing impacts with Ecosim

After impoundment (1982), a shift in fish assemblages,

from migratory and large-bodied species to sedentary

and medium-sized species, is expected (Agostinho

et al. 2016). Therefore, a decrease in the mean trophic

level of catches would also be expected, however, we
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observed a constant trend between 1988 and 2011.

Large migratory piscivores (S. brasiliensis and P.

corruscans) were among the main species caught at

the beginning of the time series (1988; Philippsen et al.

2016) and were replaced by three other species that

also had high trophic levels (P. squamosissimus, P.

pinirampu, and Hoplias spp.), resulting in no change

in the mean trophic level of catch. Furthermore, from

1988 onward, there were no expressive alterations in

the composition of the main species caught in the

Itaipu Reservoir (P. granulosus, P. lineatus, H.

edentatus, P. squamosissimus, P. pinirampu and

Hoplias spp.; Okada et al. 2012) that could explain

the stable TLc. According to Essington et al. (2006),

only declines in TLc higher than 0.15 are indicative of

ecologically significant fishing down the food web

process, which was not observed in the Itaipu Reser-

voir. Although the L index did not change consider-

ably throughout the years, this indicator shows that

there is considerable risk of overfishing (between 25

and 50%) regarding ecosystem effects (Libralato et al.

2008). In regard to the observed increase in biomass

diversity (Kempton’s index), such increase probably

happened because of a decrease in some dominant

species, which increased biomass evenness.

Simulation of fishing scenarios and maximum

sustainable yield

The FMSY andMSY obtained by the full compensation

mode were higher than the ones estimated by the

stationary approach (when considering the food

availability and predation impacts constant). We

expected this output because the full compensation

approach includes indirect, compensatory responses to

changes in the abundance of target species (Walters

et al. 2005). In this way, the ecosystem model’s ability

to account for losses due to predation requires higher

fishing mortality to achieve the MSY reference point

(Mackinson et al. 2009b), and the model provides an

increasing surplus production according to higher

fishing mortality rates.

The FMSY estimates for both stationary and full

compensation modes were the same for P. pirinampu,

probably because of its low estimated vulnerability

value (v = 1; low influence of predator). Thus, the

effects of indirect, compensatory responses might be

negligible, which would lead to equal FMSY estimates

for both stationary and full compensation mode.

Ecosim can overestimate FMSY when species’ vulner-

ability is estimated at v = 2 and biomass levels are far

below the unfished biomass in the Ecopath base

scenario (Christensen et al. 2008). The species Z. jahu,

which had a low abundance after the construction of

the Itaipu Reservoir (Hoeinghaus et al. 2009), is one

such example.

According to the estimated biomass, the only stock

that was overfished was P. lineatus until 2011, even

though overfishing did not occur, and catches were far

below the MSY. These results suggest that other

factors, besides fishing impacts, were influencing the

reservoir’s population dynamics. Dam operations

isolate ecosystems and can lead to oscillations in

water levels that negatively affect the productivity of

stocks, especially migratory species like P. lineatus

(Hoeinghaus et al. 2009; Oliveira et al. 2015). Even

though our ecosystem model did not include environ-

mental anomalies, there is sound scientific evidence

and fishers’ knowledge about the negative impacts of

impoundment and dam operation on fishery yields

(Agostinho et al. 2016; Philippsen et al. 2016).

Furthermore, our EwE model was not perfect, since

it overestimated some biomass values. Despite that,

our model can be used as a reference point for testing

better ecosystem-based fishery management

strategies.

Additionally, it is also possible that our model

overestimated FMSY values. If so, our conclusion that

overfishing was not occurring for P. lineatus would be

wrong. Furthermore, it is not easy to disentangle

fishing and environmental effects on fish populations.

Moreover, there are uncertainties in model outputs,

mainly in data-poor fisheries, where the data is usually

fishery-dependent. An alternative that would account

for uncertainties in model outputs is the adoption of a

buffer value for the reference points obtained with

modeling exercises. In the United States, the Pacific

Fishery Management Council adopted buffer values

for fisheries where only catch data was available

(Wetzel and Punt 2015).

The simulation results showed a small increase in

catches with increased fishing effort for P. corruscans

and Z. jahu. These results could indicate that the

biomass levels for these species are currently too low

to afford higher fishing pressure. Also, these two

species have low and very low resilience, respectively

(Froese and Pauly 2016), which influences the stocks’

productivity (Musick 1999) and must be considered
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during fisheries management. The fishing mortalities

of P. corruscans and Z. jahu were high at the

beginning of the time series. Such high mortality,

when added to the negative effects of habitat alteration

and low resilience, resulted in low biomass levels. For

these reasons, increased fishing efforts of these species

are not advised. However, P. pirinampu, which also

has low resilience, seems to be able to withstand

higher fishing efforts.

Considering the concept of an FMSY estimate that

accounts for compensatory responses due to trophic

responses and relationships, the simulation exercise

for the Itaipu Reservoir showed that the predicted

biomass of some species (P. lineatus, P. corruscans,

and Z. jahu), declined after applying both stationary

and full compensation FMSY and these stocks did not

produce the maximum sustainable yield. These results

agree with the results discussed above and highlight

that the theoretical MSY approach is not suitable for

such species, considering all the elements involved in

stock productivity (environmental effects, resilience,

population biomass, species interaction). On the

contrary, the stocks of P. squamosissimus and P.

pirinampu produced the MSY under FMSY scenarios,

and biomass levels were at or above the biomass

target. Besides, higher fishing pressure on the nonna-

tive P. squamosissimus would help control its negative

impacts on native species. Although fishing mortality

at MSY did not produce the expected yield for S.

brasiliensis, its predicted biomass level was above the

biomass limit. Considering that S. brasiliensis is

migratory and is subject to the same negative effects

caused by impoundment as P. corruscans and Z. jahu,

its medium resilience could explain the more opti-

mistic outputs obtained for this species. At the same

time, if we compare S. brasiliensis with P. lineatus,

another migratory species with medium resilience, the

results are different. This could be due to the fact that

fishers reduced their fishing efforts of S. brasiliensis

throughout the years because fishing costs were too

high (fishers’ reported that S. brasiliensis is harvested

by pulling bait while the boat is in motion, which uses

a lot of fuel and is not profitable for small commercial

fishers), which was not the case for P. lineatus.

Concluding remarks

The ecological modeling of the Itaipu Reservoir

provided an overall understanding of the ecosystem

dynamics and importance of the interactions between

the fishery species. For example, fishing with gillnets

has a positive impact on several native species, mainly

because it reduces the negative impacts imposed by

introduced predators (P. squamosissimus and Ser-

rasalmus spp). Thus, additional research needs to

investigate how gillnets can be used to control

introduced species. In addition, developing a market

for invasive species is an important step towards

reducing their populations in the Itaipu Reservoir.

We recognize that our model is a simplified

representation that imitates the complex dynamics of

the ecosystem and fisheries in the Itaipu Reservoir.

Even so, our findings are important, as they allow for a

more holistic evaluation of the Itaipu Reservoir

fisheries, placing it in an ecosystem context by

considering the MTI between functional groups and

the fisheries, identifying keystone species, and

accounting for the effects of higher fishing efforts on

ecological indicators (TLc, biomass diversity, L

index), as well as the role fishing activities play in

reducing the impacts of introduced species. Our study

fulfilled the ecological dimension analysis, and future

research about the social and economic dimensions of

Itaipu fisheries could link all these sub-systems under

the context of a social-ecological system and the EAF.
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fishes in reservoirs, Paraná State, Brazil. Neotrop Ichthyol

10:177–188

Hahn NS, Agostinho AA, Gomes LC, Bini LM (1998) Estrutura
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