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ABSTRACT

The construction of hydroelectric dams causes several impacts on the aquatic environment and affects its structure
and functions with direct consequences for the provision of ecosystem services. Despite its importance, since 1970,
fisheries in the Amazon region, especially small-scale artisanal fisheries practiced by traditional populations, have
been facing serious problems arising from human and climatic actions. In this study, we evaluated the impacts of
dam construction and the environmental responses on fisheries production and fishing sustainability indexes in
the Madeira River, which is the largest tributary of the Amazon River, between 2000 and 2019. Fisheries landing
data in the city of Porto Velho (RO), Brazil, and large-scale environmental variables were collected for each of the
years in the period and were compared using general linear models. We found that dams, as well as changes in
hydrological levels, affect fisheries production. The sustainability indexes showed a decline after the completion
of the two dams. Moreover, catch-per-unit-of-effort showed a significant decline after the implementation of the
dam. We therefore highlight the importance of understanding the factors that affect the sustainability of fisheries
in large rivers in order to mitigate the impacts of large dams and other anthropogenic actions.

Keywords: Amazon basin; Madeira River; River dams; Data-limited fisheries.

Indicadores ecossistémicos para avaliar a sustentabilidade da pesca artesanal
multiespecifica diante das mudanc¢as ambientais no sudoeste da Bacia Amazoénica

RESUMO

A construgdo de hidrelétricas causa diversos impactos no meio aquatico, afetando sua estrutura e fungdes, com
consequéncias diretas na prestacdo de servigos ecossistémicos. Apesar de sua importancia, desde 1970 a pesca na
regido amazonica, principalmente a pesca artesanal de pequena escala praticada por populagdes tradicionais, vem
enfrentando sérios problemas decorrentes das a¢des antrdpicas e climaticas. Neste estudo, avaliamos os impactos
da construcdo de barragens e as respostas ambientais na produgdo pesqueira e nos indices de sustentabilidade da
pesca no Rio Madeira, o maior afluente do Rio Amazonas, entre 2000 e 2019. Dados de desembarque de peixes na
cidade de Porto Velho (RO), Brasil, e variaveis ambientais de grande escala foram coletados para cada um dos anos
referidos e comparados por meio de modelos lineares gerais. Descobrimos que as barragens, bem como as mudancas
nos niveis hidrolégicos, afetam a producdo pesqueira. Os indices de sustentabilidade apresentaram queda apds a
conclusdo das duas barragens. Além disso, as capturas por unidade de esfor¢o mostraram declinio significativo
apds a barragem. Destacamos, portanto, a importancia de entender os fatores que afetam a sustentabilidade da
pesca em grandes rios, a fim de mitigar os impactos de grandes barragens e outras acdes antropicas.

Palavras-chave: Bacia Amazonica; Rio Madeira; Barragens; Pescarias com dados limitados.
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INTRODUCTION

The Amazon Basin encompasses a remarkably large network
of tributaries and floodplains covering an area of 7,000,000 km?
(Ferreira et al., 2013). It also has a high diversity of fish species,
about 2,406, which is equivalent to 15% of the freshwater fish
described on the planet (Jézéquel et al., 2020). This richness
justifies the importance and success of fisheries in the region
(Duponchelle et al., 2021; Fluet-Chouinard et al., 2018; Lowe-
McConnell, 1987). It is estimated that Amazonian fisheries
generate a revenue of around US$ 400 million every year
(Duponchelle et al., 2021), and that around 48,200 commercial
fishers and 111,800 subsistence fishers operate in the main
channel of the Amazon River, generating 200,000 direct jobs
and more than 1,000,000 indirect jobs in the Amazon Basin
(Almeida et al., 2010; FAO, 2000).

Despite its importance, since 1970, fisheries in the Amazon
region, especially small-scale artisanal fisheries practiced by
traditional populations, have faced serious problems arising
from human and climatic actions (Cruz et al., 2020; Winemiller
et al., 2016). The fish stocks in the Amazon Basin are threatened
by human activities that intensify habitat degradation and
overexploitation of water resources (Castello & Macedo, 2016), and
are especially affected by projects such as hydroelectric dams, ports
and waterways, deforestation of floodplain areas, the introduction
of invasive species, pollution, and the damming of streams for fish
farming (Barthem & Goulding, 2007; Castello et al., 2013; Doria
et al., 2020; Sousa et al., 2018; Winemiller et al., 2007).

Among these high impact activities, the construction of
dams on large rivers stands out since it promotes numerous
structural and functional changes in aquatic ecosystems
(Arantes et al., 2021; Fearnside, 2015). Changes in the flood
regime, obstacles for fish migration, reduction of oxygen
levels above and below dams, and sediment retention are
amongst the main changes identified and associated with the
construction of dams (Freitas et al., 2012; Freitas et al., 2013).
In addition, the construction of large and small hydroelectric
dams threatens the regularity of the hydrological regime,
inducing the loss of essential habitats for feeding, spawning,
and growth, and which serve as a refuge of fish, thus affecting
the conservation of aquatic biodiversity (Castello & Macedo,
2016; Fearnside, 2014).

The use of health index indicators for ecosystem studies
allows one to understand patterns of structure and functioning of
ecosystems over time and identify impacts, as well as allowing
one to make predictions (Li et al., 2020). In the fisheries
sector, indicators may include indices based on the weight
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of landings and species size (average weight of an individual
and abundance), as well as indicators of trophic dynamics and
energy transfer efficiency through food webs (Blanchard et al.,
2010; Fabréetal.,2017; Libralato etal., 2008; Lima et al., 2020b).
Among the trophic dynamic indicators, the trophic level
allows the assessment of changes in the structure of the food
web (Lira et al., 2021; Pauly et al., 1998) and can be used as
a sustainability index (Collie et al., 2016; Cury et al., 2005;
Philippsen et al., 2019). The fishing-in-balance indicator allows
one to assess whether fishing activity is ecologically balanced
(Kleisner & Pauly, 2011; Pauly et al., 2000). Likewise, the
analysis of trophic interactions in the food web quantifies
the loss in production and provides the basis for the definition
of the L index, which considers ecosystem properties (such as
primary and secondary production) and the characteristics of
the fishing activity (Libralato et al., 2008; Pauly et al., 2000).
Doriaetal. (2018c) proposed the combination of using ecosystem
methods to analyze artisanal fishing in the Amazon, focusing
on exploited fish communities, using fishing in the Madeira
Basin as a case study, in a situation/moment not modified by
large projects (e.g., before the construction of the Madeira River
hydroelectric plants). In the present study, we intended to refine
this analysis considering the same area in an impact situation.

The present study evaluated whether ecosystem indicators
responded to changes in fisheries landings in face of the
environmental changes caused by human actions such as damming
and deforestation. We also identified which indicators can best detect
changes in fish production and make recommendations on how to
use the indicators to better manage small-scale inland fisheries.

MATERIALS AND METHODS

Study area

Madeira River is the main river of the basin and is the largest
tributary of the Amazon River (Sant’Anna et al., 2020a) and has
the largest inventoried fish diversity in the world, with 1,057
fish species (Ohara et al., 2015). The most important fish market
of the Madeira River is located in Porto Velho (approximately
460 thousand inhabitants; IBGE, 2022) (RO), Brazil, and was
chosen as a case study, due to its representativeness in the
Amazonian scenario, as a medium-sized market, with great
importance for riverside communities in the region (Doria et al.,
2012; Sant’Anna et al., 2020b); and for being affected by two
large hydroelectric dams, Santo Antonio and Jirau (Doria et al.,
2015; Hauser et al., 2019; Hauser et al., 2020; Lima et al., 2020a;
Sant’anna et al., 2015).
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The fishing activity developed in the region is classified as
small-scale artisanal fishing, characterized by short, isolated trips,
simple fishing gear of many types, low income from fishing, and
its focus is on more than 10 predominant species (Doria et al.,
2012; Doria et al., 2015). The activity is carried out along the
Madeira River in communities and districts in the municipalities
of Humaita, in the state of Amazonas, and Porto Velho, which is
also the capital of the state of Ronddnia and where the main fish
landing port of the region is located (Fig. 1).

This region has been influenced by the construction of two
large dams, the Santo Anténio dam, 7 km upstream from Porto
Velho and built between 2008 to 2011, and the Jirau dam, built at
Caldeirdo do Inferno Fall and completed in 2012, located 100 km
upstream from Porto Velho (Doria et al., 2015; Santos et al., 2018).

In the period studied by Lima et al. (2020a), from 1990 to
2014, before the dams were closed, the average annual fishing
production was 576.8 tons (£ 294.8 tons) and 1,202 fishers
worked in the region between Guajara-Mirim and Humaita
(Doria et al., 2015). In this region, the fishing fleet consists
mainly of small non-motorized and motorized wooden canoes,

with an average length of 6 m and a storage capacity of 250 to

600 kg. However, the number of large boats (motorized and with
an average length of 9 m + 2.3 m), which have a greater storage
capacity (average of 2,500 kg), diminished over time and were
not observed after the year 2005 (Doria et al., 2018c).

Data collection

Landings records were obtained concurrently from different
sources to fill gaps in fisheries records, and due to the limited
availability of data in the study region. The fisheries database
consisted of the following information:

*  Years 2000 to 2009, daily landing records kept by the Z-1
fishing association based on fisher’s declarations;

*  Years 2009 to 2019, fisheries landing records collected using
a questionnaire by the state inspection authority;

» Bibliographic records and environmental data on human
actions in Porto Velho and related to fisheries in the study
area (Table 1).

The main landing port in the region is in Porto Velho, it is called
Cai n’agua port, and responsibility of the Z-1 fishing association.
The daily records of fisheries landings (species categories and total
weight landed in kg) made by the fishing association were obtained

by a research group called South-Western Amazon Biodiversity
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Figure 1. Geographic location of the fishing areas of municipalities in the Madeira River region, Brazil. The numbers indicate the

fish landing ports: (1) Jaci-Parana, (2) Vila Teotonio, in Rondonia, and (3) Humaita, in Amazonas state, before arriving at Cai n’agua

port in the city of Porto Velho, Rondonia, Brazil.
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Study Group, of the Laboratory of Ichthyology and Fisheries at
the Universidade Federal de Rondonia. Additionally, data records
from the questionnaires applied by the inspection authority were
organized into spreadsheets to calculate the rate of capture-per-unit-
of-effort (CPUE), and statistical analysis was performed.
Environmental data and information regarding human actions
were extracted from official documents and national and state
records throughout the study period (Table 1) and correlated

with the variation of landings and sustainability indices.

Data analysis

Fisheries landing data were aggregated by month and year
for the statistical analysis and estimation of average landings.
The CPUE was obtained by fisheries landing records collected
using a questionnaire by the state inspection authority (Eq. 1),
from CPUE of the Amazon:

CPUE = C/Nf-Nd )

Where: C= catch in kg; Nf= number of fishers; Nd= number
of days.

So that the monthly average from 2009 to 2019 could be
estimated. After applying the Shapiro-Wilk’s and Levene’s tests,
it was observed that the monthly production data (kg) and CPUE
did not present normal distribution and homoscedasticity (Myers,
1990). Therefore, the non-parametric Kruskal-Wallis’ test was
performed to detect differences in the median, interquartile range,
and in the distribution of records. Additionally, Dunn’s post-hoc
test was applied with Bonferroni’s p-value adjustment method

to visualize which records presented differences between them.
The analyses were performed using the R statistical program (R
Core Team, 2021).

The relative frequency was estimated according to species
category, when necessary, since fishers assign common names
to several species. Thus, the production levels of the categories
and species estimated were those that represented at least 2%
of the total weight captured in the year and were considered the
main categories. To observe changes in fishing production in
the studied period, in the analysis of total and specific fishing
production, the records were grouped into the following five-
year intervals: 2000-2004, 2005-2009, 2010-2014, and 2015-
2019 (according to the Doria et al., 2018b). Carruthers et al.
(2014) demonstrated the importance of testing catch-based
methods with groups of three to ten years in order to observe
trends over the years.

The feeding habits and trophic level of the main species were
calculated based on studies in the region (Cella-Ribeiro et al.,
2016; Doria et al., 2018b) and on information from the FishBase
platform (Froese & Pauly, 2019). The first ecosystem indicator
estimated was the annual trophic level (TL). This indicator
is a weighted average of the TL of the species in the catches
(as used in Doria et al., 2018c). The average TL varies over the
years of study in such a way that, in the ecosystem assessment of
fisheries, the functionality of the species is more relevant than the
species itself. To analyze the dynamics of the fish in the trophic
levels, the species were grouped into five categories: 2 to 2.49
(detritivores); 2.5 to 2.99 (herbivorous); 3 to 3.39 (omnivorous);

3.4 t0 3.99 (carnivorous); and 4 to 4.5 (piscivorous).

Table 1. Environmental data and human actions with the potential to affect fisheries landings from 2000 to 2019, in the municipality

of Porto Velho, Rondonia, Brazil.

Environmental changes and anthropization Period Source
Li t al. (2020a); Santos et al.
Construction of hydroelectric dams 2008-2012 ima et al. ( ); Santos et a
(2018)
Average precipitation (mm) 2000-2019 Hydroweb (2021)
Average annual hydrological level (cm) 2000-2019 Hydroweb (2021)

Alerts on the maximum and minimum hydrological
level of the Madeira River

2014, 2018, 2019 Rondénia (2017; 2018; 2019)

Average deforestation in the municipality of Porto
Velho (km?)

2008-2019 TerraBrasilis (2021)

2000, 2003, 2007, 2008, 2010,

Occurrence of El Nifio and La Nifia

2011, 2016 and 2018

Brazil (2021)

Average forest cover in the municipality of Porto
Velho (km?)

2000-2019 MapBiomas (2021)
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The fishing-in-balance (FiB) index (Pauly et al., 2000) was
calculated to evaluate the efficiency of the fishing system using
data of the catches during the study period, using Eq. 2:

FiBk = log(Yk(1/TE)™) — log(YO(1/TE)™") )

Where: k=year(0=base year); Y=catch (tons); TL=calculated
average trophic level of catches; TE= transfer efficiency between
trophic levels, set at 0.078 before the end of dam construction
(before 2012) and 0.048, as of 2012, for this stretch of the
Madeira River (Lima et al., 2020b).

The theoretical loss in secondary production due to
exploitation was quantified by calculating the L index (Libralato
et al., 2008). In this index, the ecosystem properties expressed
as a function of the primary production required (PPR) to
support the capture of each species, the TL of the species, the
primary production of the basic chain (P1), and the energy
transfer efficiency rate (TE) of trophic flows in the ecosystem
are considered (Eq. 3).

1 m .
L==p.Ln. TE.Z .(PPRi.TE™1) = — PPR.TE™"*/P1.Ln.TE  (3)
i

The values of P1, PPRi, and TE used were from a food-chain
model of the middle stretch of the Madeira River (Lima et al.,
2020b). Due to the TE presenting different values, the L index
was presented in two graphs, ten years before the construction
of the first dam (from 2000 to 2009) and ten years later (2010 to
2019). In sustainable fisheries, reference values for the L index
range from L = 0.021 (years before) to L = 0.007 (years after)
(Libralato et al., 2008). The probability of sustainable fishing
(Psust) was estimated using Eq. 4:

Psust =—L-1/(0.18+1) 4

The resulting value was compared with the average value of
the L index (Libralato et al., 2008).

Correlations between explanatory (environmental data
and human actions) were assessed using correlation plots and
Pearson’s correlation tests, on the “corrplot” package in r.
Variables with correlation greater than 0.4 were removed and
not used in later models to avoid collinearity. We also evaluated
variance inflation factors (VIF), which were generally < 3,
indicating that there was no multicollinearity among the
remaining variables (Myers, 1990). The environmental variables
were log-transformed to ensure the fit to a normal distribution
and to be used in subsequent modelling, since it is a requirement
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to use mixed linear models. Model diagnosis was performed
using the package “predictmeans” in R. Thus, to understand the
impacts on annual fisheries production (t) (2000 to 2019) and
on the FiB indicator, the selected records were the following:
hydrological level (cm), rainfall (mm), forest cover (%),
deforestation in the geographical area of Porto Velho (km?),
fishing (days-n°. of fishers), years of El Nifio and La Nifla, and
before and after installation of dams on the Madeira River in
order to understand their effects on fisheries production and FiB.
These analyses were performed in the R statistical program,
package Ime4 (R Core Team, 2021).

A mixed linear model is described by the distribution of two
vector-valued random variables: Y, the response, and B, the
random effects vector. The model that best suited the data with
fisheries production was a mixed linear model. The model that
most suited the data with the indicator FiB was a generalized
linear model.

RESULTS

The highest in 2008
(1,425.7 tons). However, the lowest fisheries production was

fisheries production occurred
76.8tin 2014 (Fig. 2). The average annual fisheries production in
the four five-year intervals was 465.8 t (+ 318.9), with significant
variation between the intervals (Kruskal-Wallis, X2 = 26.44;
degrees of freedom — df = 3; p > 0.001). Dunn’s test showed that
fisheries production in the period 2005-2009 (median = 45.90;
interquartile = 99.39) was significantly different from that of
2000-2004 (median = 13.59; interquartile = 58.91) and of 2015—
2019 (median = 7.84; interquartile = 20.84).

The CPUE reached its highest value in 2009, with
28.35 kg/fisher-day and the lowest value in 2013, with 11.8 kg/
fisher- day, with an average value of 19.27 (£5.2). The annual
CPUE values showed a statistically significant difference
(Fig. 2) between the years (Kruskal-Wallis, X>= 59.793; df = 10;
p > 0.001), and Dunn’s test showed that the values estimated
before the completion of the Santo Antonio and Jirau dams (2009,
2010 and 2011, and the median = 25.4; 23.9; 22.6, respectively)
differ from the estimated values for the years 2016, 2017, 2018,
and 2019 (median = 14.4; 12.9; 12.5; and 11.2, respectively),
after completion of the dams.

During the study period, fish species of 53 taxa were
identified in the landings. Between them, 20 categories (which
use the common name for the species) represented 90% of the
production, but 16 had at least 2% of representativeness in the
production for the studied period (Table 2). In the first block of
years, from 2000-2004, the categories with the highest percentage
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Figure 2. Annual fisheries production landed at the Cai n’agua port in Porto Velho (Rondonia, Brazil; data source: Z-1 Fishing
Association) capture-per-unit-of-effort (CPUE): 2004 (Doria et al., 2012); from 2009 to 2019; and the year of completion of the dam
(Doria et al., 2015).

Table 2. Relative fishing production (main fish landed that presented > 2% of total landings, for at least one year) in the Cai n’agua
port in Porto Velho (RO), Brazil, at five-year intervals, main trophic category, migratory habit, and trophic level*.

Order Taxon (fish Fishery production (%) Trophic Migratory Trophic
Family category) 2000-2004 2005-2009 2010-2014 20152019 category  habit level
. Schizodon
Characiformes ] . .
) fasciatus (Spix & 2.07 4.82 8.01 7.61 Herbivore SD 2.0
Anostomidae

Agassiz, 1829)

Potamorhina
altamazonica
Curimatidae (Cope, 1878); 3.26 2.16 5.18 5.69 Detritivore SD 2.0
P. latior (Spix &
Agassiz, 1829)

Prochilodus
nigricans (Spix & 24.26 12.15 10.47 9.42 Detritivore SD 2.3
Agassiz, 1829)

Semaprochilodus
Prochilodontidae taeniurus
(Valenciennes,
1821); 10.84 8.66 7.74 4.81 Detritivore SD 2.0
Semaprochilodus
insignis (Jardine,
1841)

Continua
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Order Taxon (fish

Fishery production (%)

Trophic Migratory Trophic

Family category)

20002004 20052009 2010-2014 2015-2019

category habit level

Brycon

amazonicus (Spix 5.78 5.82

& Agassiz, 1829)

4.44 7.40 Omnivore AD 2.0

Characidae Triportheus spp. 7.20 3.72

4.07 3.34 Omnivore AD 2.7

Colossoma

macropomum 2.19 0.55

(Cuvier, 1816)

1.91 0.41 Omnivore AD 2.0

Myleus spp.;

Serrasalmidae 14.18 12.21

Mylossoma spp.

11.54 15.57 Herbivore AD 2.0

Heros spurius
(Heckel, 1840);
Geophagus
megasema
(Heckel, 1840);
Satanoperca

Cichliformes
Cichlidae

0.47 1.40

Jjurupari (Heckel,
1840);

4.53 3.14 Omnivore R 2.3

Cichla sp. 1.66 3.91

5.16 4.04 Carnivore R 3.2

Pinirampus

pirinampu (Spix 0.10 7.05

& Agassiz, 1829)

493 2.78 Carnivore AD 3.0

Brachyplatystoma

8.24 8.98

rousseauxii
(Castelnau, 1855)

2.68 7.54 Carnivore LD 3.2

Brachyplatystoma

filamentosum 1.90 181

Siluriformes (Lichtenstein,

Pimelodidae 1819)

1.87 2.90 Carnivore LD 35

Zungaro zungaro

0.33
(Humboldt, 1821)

1.15

1.90 3.09 Carnivore AD 34

Phractocephalus
hemioliopterus
(Bloch &
Schneider, 1801)

1.46 1.34

1.79 1.83 Carnivore AD 34

Pseudoplatystoma
spp.

3.39 4.12

3.79 6.83 Carnivore AD 32

R=residents; LD= long distance; AD= average distance; SD= short distance; *the numbers in bold indicate the highest percentage fisheries production in the five-year

intervals. Source: Doria et al. (2018c).

of production were curimatd (Prochilodus nigricans), jaraqui
(Semaprochilodus spp.), and pacu (Mylossoma spp.). In the other
intervals, the category pacu had the highest production, followed
by curimatd and dourado (Brachyplatystoma rousseauxii) in
2005-2009. The aracu category (Schizodon fasciatus) had the
third highest percentage of production in the years 2010-2014

Bol. Inst. Pesca, 2024,50:e865 | https://doi.org/10.20950/1678-2305/bip.2024.50.e865

and 2015-2019 (Table 2). The jau (Zungaro zungaro) had a ten-
fold increase (0.33 to 3.09%) in its fisheries landing records, and
the surubim/caparari category (Pseudoplatystoma spp.) doubled
production from the first to the last evaluated period.

The mean TL in fisheries landings increased from 2005
onwards, with variations over the period (2.55 + 0.2; Fig. 3a)

7/17


https://creativecommons.org/licenses/by/4.0/deed.en

and a tendency to stabilize from 2016 onwards. The highest
value was reached in 2010, and it was due to the increase in
landings of carnivorous and piscivorous fish. In 2013, a large
production of detritivores was responsible for raising the TL to
2.45 (Fig. 3a), and, after the great flood of 2014, the percentage
of piscivorous fish was higher than in the years that preceded it.
As of 2017, there has been an even greater increase in carnivores
and piscivores. However, 2009 was the only year in the period in
which the landing of carnivores and piscivores were higher than
the landings of other trophic categories (Fig. 3b).

The FiB showed an upward trend between 2000 and 2009,
when it began to decline, reaching a negative value (-0.044) in

2013, which remained until 2018. In 2019, FiB returned to a
positive value (Fig. 4), but with a value nine times lower than
the mean of the years that presented the highest values, from
2008 to 2012 (0.57 £ 0.1).

The drop in landed production was similar to that shown
by the L index, which, after damming and the decrease in TE,
showed lower values than in other years (Fig. 5). In the 10 years
prior to the construction of the dams (until 2009), the L index
had an average value of 0.03 £ 0.013 (Fig. 5a), and the Psust was
80%. From 2010 to 2019, five years (from 2014 to 2018) had
values lower than 0.007, and an average value of 0.01 = 0.010
(Fig. 5b), and the Psust was 90%.
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Figure 3. Annual average trophic level (TL) of captures. (a) Frequency (%) of kg of all trophic levels of the categories landed and
(b) for each category’s trophic level (TL) ranging from detritivores to piscivores: 2 to 2.49; 2.5 t0 2.99; 3 to 3.39; 3.4 t0 3.99; and 4
to 4.5, landed at the Cai n’agua port in the city of Porto Velho (RO), Brazil.
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Figure 4. Fishing-in-balance (FiB) estimated from the categories and species landed at the port of Cai n’agua in Porto Velho
(RO), Brazil.
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Figure 5. L index (primary production required) (a) ten years before the construction of dams (from 2000 to 2009) and (b) ten years
after (2010 to 2019).
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Using a correlation matrix with the records, it was observed
that the significant parameters, in relation to fisheries production
(catch) and the FiB indicator (fib), were the hydrological level
(wl), precipitation (prec), forest cover in the geographical area of
Porto Velho (forest), fishing effort (effort), and the series of years
in which EI Nifio or La Nifia occurred.

The model that best suited the data on fishery production
was a mixed linear model, in which the random effect of dams
influenced 99.9% of the catch, and the hydrological level explains
78% of the catch variation (Table 3). The model that best suited
the data with the FiB indicator was a generalized linear model,
which explains 61% of the variation of the index over the years,
and the absence of dams was significant. In the series of data
under study from 2000, when separating 10 years before the
construction of the first dam (2000-2009) and 10 years after
(2010 to 2019), several transformations in the environment were
observed (Fig. 4).

The results of the model indicate that fisheries production was
significantly influenced by the hydrological level, and FiB was
significantly affected by the installation of the dams (Table 4).

DISCUSSION

In the 20 years of fisheries data evaluated in this study,
changes were observed in the annual averages of fisheries
production in the main landing port of the region of Porto Velho.
Landings over the past 10 years (2010-2019) fell by 74%, which
was accompanied by a 66% drop in mean CPUE. This index
suffered reduction between 2015 and 2016 because many fishers

abandoned the activity (Dutka-Gianelli et al., 2022). The number
of fishers registered by Sant’Anna et al. (2020b) in 2012 for this
fishing port was 376, which is almost a third of those registered
in 2009 and 2010.

The fishers who did not abandon the activity during the first
years after the implementation of the dams increased their fishing
efforts to maintain catch levels, which justifies the increase in
CPUE. However, as they increased the effort to maintain the
catch, consequently, they increased expenses with their fishing
expeditions. Due to the drop in fisheries production, more fishers
decided to look for another activity. According to the market
intermediaries, fishers are leaving the activity to work in mining,
as it is a more profitable activity, which may explain the almost
40% decrease of fishers in the activity, which is why the traders
are choosing to buy fish from the neighboring municipalities of
Labrea and Humaita.

The change in catch composition also affected the profitability
of the activity. This happened because there was a marked shift
from higher value fish to lower value fish up until 2014 (as observed
by Lima et al., 2020a), and this was accentuated in the following
years. There is an increase in the percentage of production (200%)
of medium-distance migratory catfish (average price US$ 3.34)
and a 50-70% reduction in the landing of long-distance catfish
(average price US$ 4.45) (Lima et al., 2020a).

Concomitantly, the composition of trophic levels underwent
several changes, as observed via the trophic level indicator.
The highest TL value was in 2010 (3.01), and it is attributed to the

increase in landings of carnivorous species of the Pimelodidae

Table 3. The results of the correlation matrix of records regarding fisheries production and fishing-in-balance. Fisheries production

(catch); fishing-in-balance indicator (fib); hydrological level (wl); precipitation (prec); forest cover in the geographical area of Porto

Velho (forest), fishing effort (effort); and the series of years in which El Nifio or La Nifia occurred”.

year catch wl prec  deforest el nino la nina cpue forest fib effort
EX 3 E3 EX X3 EX 3 EX F 3 E3 EX3

year -0.608 0418  0520° 0833 0.022  -0.043  -0.635 " -0.989 " -0497" -0.756
catch  -0.608" 20260  -0.110  -0357 0303  -0.174 0292 0543 0775 0516
wl 0418  -0.260 0473°  0.026  -0.068 -0326 -0.158  -0396  -0209  -0.197
prec 05200 -0.110 0473 0045  0.110 -0475  -0294 -0493° 0013 -0.553"
deforest 0.833 + -0357  0.026  0.045 0220  -0238 -0.7427 -0.843 " -0.643"  -0215
el nino  -0.022 0303  -0.068  0.110  0.220 20250 0050 0019 0077  -0223
la_nina -0.043  -0.174 0326 -0.475 0238  -0.250 0065 0014  -0.087  -0.209
cpue  -0.635 0292  -0.158  -0294 -0.742°  0.050  0.065 0.663° " 0404  0.765
EX X3 E3 E3 XXX £33 EX 3

forest -0.989 0543 0396 -0.493" -0.843 0019 0014 0.663 0422 0.740
fib  -0497 0775 -0209 0013 -0.643  0.077  -0.087 0404  0.422 0.186

effort  -0.756 0516  -0.197 -0.553"  -0215 -0223  -0209 0765 = 0.740°  0.186

“Computed correlation used Pearson-Method with pairwise-deletion; *significant level of 0.05; **significant level of 0.01; ***significant level of 0.001.
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Table 4. Results of the mixed linear model (MLM) and generalized linear model (GLM) for the catch and the fishing-in-balance
indicator models, respectively. The parameters analyzed were effort, hydrological level, precipitation, forest cover, and presence of

La Nina and El Nifio phenomena.

Catch model
Predictors Estimates CI P-value
(Intercept) -57.92 -186.29-70.45 0.279
Effort 0.65 -0.50-1.79 0.192
Hydrological level -4.02 -7.99—0.06 0.048*
Precipitation 4.06 -0.36-8.48 0.063
Forest cover 4.32 -5.29-13.92 0.280
La Nifa / El Nifio -0.25 -1.72-1.22 0.665
Random effects
c? 0.17
T 00 dam 0.17
T 11 dam, wl 000
P 01 dam -1.00
no , 2
Comments 14
Marginal R? 0.779
FiB model
Predictors Estimates CI P-value
(intercept) 106.45 -124.73-337.63 0.367
Effort -0.49 -2.95-1.97 0.697
Hydrological level -19.03 -39.24-1.18 0.065
Precipitation 7.12 -3.98-18.22 0.209
Forest cover -0.59 -14.48-13.29 0.933
El Nifio -2.14 -4.73-0.44 0.105
La Nifia 0.77 -2.46-4.00 0.639
Dam (Before) 2.02 0.02-4.02 0.048*
N observations 9

*Significance of < 0.05; CI= confidence interval.

family, such as Brachyplatystoma filamentosum and Pinirampus
pirinampu, which are species that represent the migratory group
and were important for fisheries before the construction of the
dams. In 2010, most of the landings were of carnivorous and
piscivorous fish, and the greatest decline was in detritivorous fish,
such as branquinha (Potamorhina altamazonica and P. latior)
and pacu, in addition to curimatd (Prochilodus nigricans).
Therefore, there was an inverse relationship between these
landed fish that has never previously been observed since data
began to be recorded, in 1990 (Doria et al., 2018c). Similarly,
it does not correspond to the trend of fisheries landings in the
central Amazon (Doria et al., 2018a).
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From 2010, during the construction of the dams, the average
TL decreased due to the return of detritivorous fish, and, in
2013, it decreased due to the increased production of the jaraqui
category (detritivore); while, in 2014, the increase was in the
landing of carnivores such as Cichla and Hoplias, possibly due
to the more favorable environmental condition for detritivores
and sedentary carnivores in the year 2013. In a post-damming
environment (more enriched environments due to plant/animal
mortality) and the following year, carnivores emerge due to the
high occurrence of prey (detritivorous fish). In addition, in this
year, there was a flood of proportions greater than those that
had occurred previously, i.e., 2,2 m higher than the greatest
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previously recorded (Justina et al., 2014). In this period, the
waters reached more lakes, which have sedentary species that
some fishers could access. In addition, the records also showed
an increase in Pimelodidae, with growth in the landing of
the category Pseudoplatystoma and the barba-chata catfish
(Pinirampus pirinampu). It is necessary to monitor this index
in landings because, in the last years of the presented series, it
seemed to stabilize around 2.5 to 2.7.

The FiB indicator is highly dependent on catches and their
TL in the reference year (2000 in the present study). Until 2012,
the FiB observed in the fisheries in the port of Porto Velho was
FiB > 0, demonstrating that the fishing pressure on the Madeira
River is relatively low, similar to that observed by Doria et al.
(2018c), and sustainable (Pauly et al., 2000). On the other hand,
the FiB < 0 observed for the values in the years 2013 to 2018
reflects a system that is working less efficiently than it should
due to intense fishing pressure (Pauly et al., 2000). However,
it was observed in the study area that this pressure did not occur,
as the CPUE decreased, as well as the number of fishers. Both the
statistical analysis of fisheries production and the CPUE show
that the values before and after the construction of the dams
differ. In other words, regardless of the effort (greater or lesser
considering the number of fishers), production was affected by
other issues, probably not related to fishing pressure.

The FiB index is not only sensitive to the historical
development of fisheries, but also to differences in fisheries
status over time, more precisely than any other single index
derived from catch statistics (Cury et al., 2005). Thus, the index
only decreases when catches do not expand as expected, which
allows one to assess whether a fishery is ecologically balanced or
not (Pauly et al., 2000). Therefore, due to its integrative nature,
it is believed that the FiB provides a better indicator of changes
in ecosystems than the composition of the catch (Garcia &
Staples, 2000).

The values of the L index until 2009 ranged from 0.018 to
0.063, and, from 2010 to 2019, the values ranged from 0.004
t0 0.023. In other words, the index showed the unsustainability of
fisheries from 2014 to 2018 (see Libralato et al., 2008). However,
the Psust from 2000 to 2009 was 80%, and, from 2010 to 2019,
it was 90%. This indicator has greater value with the increase
of species between the higher TL than in marine fisheries, since
the high sustainability of fisheries in open oceans is consistent
with the relatively low yields and high TL of catches made
in this environment (Caddy et al., 1998). From 2000 to 2009,
the percentage of production of species categories with a
TL of > 3 was less than half of the total; from 2010 to 2019,
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this percentage was equal to 60%. Due to the flood in 2014
and the construction of the dams, this resulted in an increase
in species with high TL (TL > 3) (Agostinho et al., 2016).
Thus, Psust was not suitable for analyzing an ecosystem affected
by the construction of dams.

However, the sum of the impacts of the construction of the
two large dams with other events (natural or anthropogenic)
in the same basin can cause environmental changes and affect
fishery landings (Castelo et al., 2013; Santos et al., 2018).
In the Madeira River, it was observed that the capture of fish has
a direct relationship with the variation of the hydrological level
(Lima et al., 2017). In other words, any change in dynamics,
whether caused by dams, waterways or extreme floods and
droughts, will lead to changes in fisheries.

The impacts of anthropogenic (dams) and natural (e.g., El
Nifio and La Nifia) origin that affect the flood pulse of rivers are
mainly responsible for changes in fish production in freshwater
rivers, since the flood regime is the controlling factor of fish stocks
in Neotropical rivers (Lowe-McConnell, 1987). In the Amazon
Basin, fish migrations are closely linked to seasonal fluctuations
in the hydrological regime (Goulding, 1980; Junk et al., 1989).
Reproductive migrations of diverse species of Characiformes are
synchronized with the rainy season and the rising-water period,
presumably to optimize environmental conditions for egg
hatching, larval and juvenile growth, and survival (Duponchelle
et al., 2021). The longitudinal reproductive migrations of most
large Siluriformes are carried out upstream, towards the Andean
piedmont during the high-water period (Barthem & Goulding,
1997; Barthem et al., 2017; Duponchelle et al., 2016; Hauser
et al., 2019; Hauser et al., 2020; De Lima and Araujo-Lima,
2004). Large catfish also have a relevant ecological function
as top predators of the food chain; therefore, changes in their
abundance can have profound consequences for the ecosystem
(Angelini et al., 2006), which can produce a cascade effect on
other species in the food chain (Primack & Rodrigues, 2001;
Primack & Ros, 2002).

When the fluctuations no longer govern the available
environments and the previously available ones have changed,
they demand a transformation from the existing ichthyofauna
that results in a decrease in the abundance and slow adaptation
of the more resilient species and, consequently, the change in
fisheries to different trophic guilds (Pinaya et al., 2016; Sousa
et al., 2021). The construction of two large dams in the main
channel of the middle Madeira River, coupled with changes in
the hydrological level, precipitation, and the ecological behavior
of fish species, may contribute to the reduction of fisheries
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production values (Barros et al., 2020; Sant’Anna et al., 2020a;
Sousa et al., 2020; Sousa et al., 2021).

In addition, another major threat to the maintenance of
fish stocks that use the flooded forest is the loss of habitats
(Arantes et al., 2019; Crampton et al., 2004) that comes from
unusual flooding (e.g., El Nifio) or deforestation. In the Tapajos
River, deforestation was the main factor in the decrease in fish
biomass, as the reduction of allochthonous food resources affects
fish communities (Capitani et al., 2021; Carvalho et al., 2018).
The same may be happening in the study region, where
deforestation has already exceeded the value of 400 km? per
year in 2019, and, since 2012, this scenario has increased, and
forest cover is gradually decreasing. Forest loss in floodplains
works together with climate change and promotes a considerable
decrease in the probability of fish species persisting in the long
term (Barros et al., 2020; Herrera-R et al., 2020).

Global climate change affects the hydrological cycle in
the Amazon Basin, altering rainfall and evaporation levels,
with lower rainfall, especially during the dry season (Castello
& Macedo, 2016; Davidson et al., 2012). Extreme droughts
can be catastrophic for fish for a short period due to the large
reduction in aquatic environments (Duponchelle et al., 2021).
Although several fish species can move to the river channel
during the dry season, some resident species of lakes remain in
the biotope and are unable to survive if the drought is severe,
as happened in 2016 (Rondonia, 2017). Studies have observed
evidence that extreme droughts occasionally alter the biomass
of fish, affect reproduction of some species and at certain times
cause local extinction (Humphries & Baldwin, 2003; Ropke
et al., 2022). In large floods, the effect is different, for example,
the consequences of the great flood of 2014 apparently led to
an increase in production, given the numbers of the landings
in 2015; however, the impact on the well-being of traditional
populations was destructive for 3,758 families (CGU, 2014).
Nonetheless, more detailed investigations are necessary to assess
the real impacts of this anomalous event.

The cumulative effects of these environmental impacts in a
basin can harm important economic activities, such as fishing,
and jeopardize the main ecological processes performed by
fish in tropical rivers. This has negative effects on ecosystem
functioning and on income, food security, and livelihoods of
millions of people in tropical regions (Arantes et al., 2019;
Brismar, 2004; Tallis et al., 2015; Villarroya et al., 2014). Thus, it
is important to develop studies that allow the integrated analysis
of factors that have the potential to affect fisheries and that can
contribute to the conservation and sustainability of the fisheries
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resources used by traditional communities. Although it has
reduced in recent decades, artisanal fishing remains an important
activity for hundreds of communities located on the banks
of the main Amazonian rivers. In the Madeira Basin by itself
(Bolivia, Peru, Brazil), it is estimated that there are more than
5,000 riverine families involved in fisheries (Doria et al., 2018b).
In addition to specific jobs, such as that of the fisher, fishing
generates a series of complementary activities (e.g., restaurants,
markets/processing plants and fishmongers).

CONCLUSION

The indicators of the TL, FiB, and L indexes are useful
for diagnosing the situation of the fisheries after major
environmental changes, whether from anthropic actions or not.
Furthermore, models can help to understand the relationship
between environmental changes and their consequences for
fisheries. Better understanding of the fisheries in large rivers can
be obtained using such tools and has the potential to provide
more precise information for decision making regarding the
sustainability of fisheries.

CONFLICT OF INTEREST

Nothing to declare.

DATA AVAILABILITY STATEMENT

All data relevant to the study are included in the article and
as supporting information.

AUTHORS’ CONTRIBUTIONS

Conceptualization: Sant’Anna, L.R.A., Reis, V.; Writing —
original draft: Sant’Anna, I.R.A.; Data curation: Sant’Anna,
LR.A., Pinto, D.M.; Writing — review & edition: Sant’Anna,
I.R.A., Souza, F.X.S., Sousa, R.G.C., Doria, C.R.C.; Resources:
Reis, V.; Investigation: Reis, V.; Sofware: Pinto, D.M.;
Formal Analysis: Souza, F.K.S.; Validation: Sousa, R.G.C.;
Supervision: Doria, C.R.C.; Final approval: Doria, C.R.C.

FUNDING

Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior Rr
Finance Code 001.

ACKNOWLEDGMENTS

Not applicable.

13/17


https://creativecommons.org/licenses/by/4.0/deed.en
https://ror.org/00x0ma614

Ecosystem indicators to assess the sustainability of multispecific artisanal fisheries in face of the environmental changesin the Southwest Amazon Basin

REFERENCES

Agostinho, A. A., Gomes, L. C., Santos, N. C., Ortega, J. C.,
& Pelicice, F. M. (2016). Fish assemblages in neotropical
reservoirs: colonization patterns, impacts and management.
Fisheries Research, 173(Part 1), 26-36. https://doi.
org/10.1016/j.fishres.2015.04.006

Almeida, O., Lorenzen, K., McGrath, D., Amaral, L., & Rivero,
S. (2010). Importancia econdmica do setor pesqueiro na
calha do Rio Amazonas-Solimdes (Paper 275). Papers
do NAEA, 1(1). https://doi.org/10.18542/papersnaca.
v19i1.11371

Angelini, R., Agostinho, A. A., & Gomes, L. C. (2006). Modeling
energy flow in a large Neotropical reservoir: a tool evaluate
fishing and stability. Neotropical Ichthyology, 4(2), 253-
260. https://doi.org/10.1590/S1679-62252006000200011

Arantes, C. C., Fitzgerald, D. B., Hoeinghaus, D. J., & Winemiller,
K. O. (2019). Impacts of hydroelectric dams on fishes and
fisheries in tropical rivers through the lens of functional
traits. Current Opinion in Environmental Sustainability,
37, 28-40. https://doi.org/10.1016/j.cosust.2019.04.009

Arantes, C. C., Laufer, J., Pinto, M. D. D. S., Moran, E. F., Lopez,
M. C., Dutka-Gianelli, J., Pinto, D. M., Chaudhari, S.,
Pokhrel, Y., & Doria, C. R. (2021). Functional responses of
fisheries to hydropower dams in the Amazonian Floodplain
of the Madeira River. Journal of Applied Ecology, 59(3),
680-692. https://doi.org/10.1111/1365-2664.14082

Barros, B. S. F.,, Doria, C. R. C., Rodrigues, C. G., & Lima-
Filho, J. A. (2020). A ictiofauna de igarapés da microbacia
do Belmont, um sistema hidrografico degradado pela
expansdo urbana na Amazdénia Sul Ocidental. Revista
Brasileira de Ciéncias da Amazonia, 9(3), 120-140.
https://doi.org/10.47209/2317-5729.v.9.n.3.p.120-143

Barthem, R. B., & Goulding, M. (2007). An unexpected
ecosystem: the Amazon revealed by the fisheries. Grafica
Biblos; Botanical Garden Press.

Barthem, R. B., Goulding, M., Leite, R. G., Caiias, C., Forsberg,
B., Venticinque, E., Petry, P., Ribeiro, M. L., B., Chuctaya,
J., & Mercado, A. (2017). Goliath catfish spawning in the
far western Amazon confirmed by the distribution of mature
adults, drifting larvae and migrating juveniles. Scientific
Reports, 7(1), 41784. https://doi.org/10.1038/srep4 1784

Blanchard, J. L., Coll, M., Trenkel, V. M., Vergnon, R., Yemane,
D., Jouffre, D., Link, J. S., & Shin, Y. J. (2010). Trend
analysis of indicators: a comparison of recent changes in
the status of marine ecosystems around the world. /CES
Journal of Marine Science, 67(4), 732-744. https://doi.
org/10.1093/icesjms/fsp282

Brismar,A.(2004). Attention toimpact pathwaysin EISs of large dam
projects. Environmental Impact Assessment Review, 24(1),
59-87. https://doi.org/10.1016/S0195-9255(03)00162-8

Caddy, J. F., Carocci, F., & Coppola, S. (1998). Have peak fishery
production levels been passed in continental shelf area? Some

Bol. Inst. Pesca, 2024,50:e865 | https://doi.org/10.20950/1678-2305/bip.2024.50.e865

perspectives arising from historical trends in production per
shelf area. Journal of Northwest Atlantic Fishery Science, 23,
191-220. https://doi.org/10.2960/J.v23.al3

Capitani, L., Angelini, R., Keppeler, F. W., Hallwass, G., & Silvano,
A. M. (2021). Food web modeling indicates the potential
impacts of increasing deforestation and fishing pressure in the
Tapajos River, Brazilian Amazon. Regional Environmental
Change, 21, 42. https://doi.org/10.1007/s10113-021-01777-z

Carruthers, T. R., Punt, A. E., Walters, C. J., Maccall, A.,
MCallister, M. K., Dick, E. J., & Cope, J. (2014). Evaluating
methods for setting catch limits in data-limited fisheries.
Fisheries Research, 153, 48-68. https://doi.org/10.1016/].
fishres.2013.12.014

Carvalho, F., Power, M., Forsberg, B. R., Castello, L., Martins,
E. G., & Freitas, C. E. C. (2018). Trophic ecology of
Arapaima sp. in a ria lake-river—floodplain transition zone
of the Amazon. Ecology Freshwater Fish, 27(1), 237-246.
https://doi.org/10.1111/eff.12341

Castello, L., & Macedo, M. N. (2016). Large-scale degradation of
Amazonian freshwater ecosystems. Global Change Biology,
22(3), 990-1007. https://doi.org/10.1111/gcb.13173

Castello, L., McGrath, D. G., Hess, L. L., Coe, M. T., Lefevre,
P. A., Petry, P., Macedo, M. N., Reno, V. E., & Arantes,
C. C. (2013). The vulnerability of Amazon freshwater
ecosystems. Conservation Letters, 6(4), 217-229. https://
doi.org/10.1111/conl.12008

Cella-Ribeiro, A., Torrente-Vilara, G., Lima-Filho, J. A., &
Doria, C. R. C. (2016). Ecologia e Biologia de Peixes do
Rio Madeira. Edufro.

Collie, J. S., Botsford, L. W., Hastings, A., Kaplan, I. C., Largier,
J. L., Livingston, P. A., Plaganyi, E., Rose, K. A., Wells, B.
K., & Werner, F. E. (2016). Ecosystem models for fisheries
management: finding the sweet spot. Fish and Fisheries,
17(1), 101-125. https://doi.org/10.1111/faf. 12093

Controladoria-Geral da Unido (CGU) (2014). Relatorio de
Fiscaliza¢dao n° 201408699. Diagnostico situacional dos
efeitos da cheia do Rio Madeira. CGU.

Crampton, W. G., Castello, L., & Viana, J. P. (2004). Fisheries in the
Amazon varzea: historical trends, current status, and factors
affecting sustainability. In People in nature: wildlife conservation
in South and Central America (pp. 76-98). Columbia University
Press. https://doi.org/10.7312/silv12782-006

Cruz, R. E. A., Kaplan, D. A., Santos, P. B., Avila-da-Silva,
A. O., Marques, E. E., & Isaac, V. J. (2020). Trends and
environmental drivers of giant catfish catch in the lower
Amazon River. Marine and Freshwater Research, 72(5),
647-657. https://doi.org/10.1071/MF20098

Cury, P., Shannon, L., Roux, J., Daskalov, G., Jarre, A., Moloney,
C., & Pauly, D. (2005). Trophodynamic indicators for
an ecosystem approach to fisheries. ICES Journal of
Marine Science, 62(3), 430-442. https://doi.org/10.1016/j.
icesjms.2004.12.006

14/17


https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.1016/j.fishres.2015.04.006
https://doi.org/10.18542/papersnaea.v19i1.11371
https://doi.org/10.18542/papersnaea.v19i1.11371
https://doi.org/10.1016/j.fishres.2015.04.006
https://doi.org/10.1093/icesjms/fsp282
https://doi.org/10.1093/icesjms/fsp282
https://doi.org/10.1016/S0195-9255(03)00162-8
https://doi.org/10.1016/j.fishres.2013.12.014
https://doi.org/10.1111/conl.12008
https://doi.org/10.1111/conl.12008
https://doi.org/10.1016/j.fishres.2013.12.014
https://doi.org/10.1016/j.icesjms.2004.12.006
https://doi.org/10.1016/j.icesjms.2004.12.006

SantAnna IRA, Reis V, Pinto DM, Souza FKS, Sousa RGC, Doria CRC

Davidson, E. A., Aratjo, A. C., Artaxo, P., Balch, J. K., Brown,
F., Bustamante, M. M. C., Coe, M. T., Defries, R. S., Keller,
M., Longo, M., Munger, J. W., Schroeder, W., Soares-
Filho, B. S., Souza, C. M., & Wofsy, S. C. (2012). The
Amazon basin in transition. Nature, 481, 321-328. https://
doi.org/10.1038/nature10717

De Lima, A. C., & Araujo-Lima, C. A. (2004). The distributions
of larval and juvenile fishes in Amazonian rivers of
different nutrient status. Freshwater Biology, 49(6), 787-
800. https://doi.org/10.1111/j.1365-2427.2004.01228.x

Doria, C.R. C., Athayde, S., Lima, H. M., Carvajal-Vallejos, F. M.,
& Dutka-Gianelli, J. (2020). Challenges for the governance
of small-scale fisheries on the Brazil-Bolivia transboundary
region. Society & Natural Resources, 33(10), 1213-1231.
https://doi.org/10.1080/08941920.2020.1771492

Doria, C. R. C., Athayde, S., Marques, E. E., Lima, M. A. L.,
Dutka-Gianelli, J., Ruffino, M. L., Kaplan, D., Freitas, C.
E. C., Isaac, V. N. (2018a). The invisibility of fisheries
in the process of hydropower development across the
Amazon. Ambio, 47(4), 453-465. https://doi.org/10.1007/
s13280-017-0994-7

Doria, C. R. C., Duponchelle, F., Lima, M. A. L., Garcia, A.,
Carvajal-Vallejos, F. M., Méndez, C., Catarino, M.,
Freitas, C. E. C., Vega, B., Miranda-Chumacero, G., &
Van Damme, P. A. (2018b). Review of fisheries resource
use and status in the Madeira River Basin (Brazil, Bolivia,
and Peru) before hydroelectric dam completion. Reviews
in Fisheries Science & Aquaculture, 26, 494-514. https://
doi.org/10.1080/23308249.2018.1463511

Doria,C.R.C.,Lima,M.A.L., & Angelini, R. (2018c). Ecosystem
indicators of a small-scale fisheries with limited data in
Madeira River (Brazil). Boletim do Instituto de Pesca,
44(3), 1-10. https://doi.org/10.20950/1678-2305.2018.317

Doria, C. R. C., Lima, M. A. L., & Neto, L. F. M. (2015). A
pesca artesanal comercial e de subsisténcia na bacia do rio
Madeira, porgdo brasileira. In C. R. C. Doria & M. A. L.
Lima (Eds.), Rio Madeira: seus peixes e sua pesca (pp.
1-11). Edufro, RiMa.

Doria, C. R. C., Ruffino, M. L., Hijazi, N. C., & Cruz, R. L. D.
(2012). A pesca comercial na bacia do rio Madeira no estado
de Ronddnia, Amazonia brasileira. Acta Amazonica,42,29-
40. https://doi.org/10.1590/S0044-59672012000100004

Duponchelle, F., Isaac, V. J., Rodrigues Da Costa Doria, C., Van
Damme, P. A., Herrera-R, G. A., Anderson, E. P., Cruz, R.
E. A., Hauser, M., Hermann, T. W., Agudelo, E., Bonilla-
Castillo, C., Barthem, R., Freitas, C. E. C., Garcia-Davila,
C., Garcia-Vasquez, A., Renno, J.-F., & Castello, L. (2021).
Conservation of migratory fishes in the Amazon basin.
Aquatic Conservation: Marine and Freshwater Ecosystems,
31(5), 1087-1105. https://doi.org/10.1002/aqc.3550

Duponchelle, F., Pouilly, M., Pécheyran, C., Hauser, M., Renno,
J. F., Panfili, J., Darnaude, A. M., Garcia-Vasquez, A.,
Carvajal-Vallejos, F., Garcia-Davila, C., Doria, C., Bérail,

Bol. Inst. Pesca, 2024,50:e865 | https://doi.org/10.20950/1678-2305/bip.2024.50.e865

S.,Donard, A., Sondag, F., Santos, R. V., Nuiiez, J., Point, D.,
Labonne, M., & Baras, E. (2016). Trans-Amazonian natal
homing in giant catfish. Journal of Applied Ecology, 53(5),
1511-1520. https://doi.org/10.1111/1365-2664.12665

Dutka-Gianelli, J., Sant’Anna, I. R. A., de Souza, S. T. B., Pinto,
D. M., Laufer, J., Arantes, C. C., & Doria, C. R. (2022).
Navigating conflicts to improve livelihoods of traditional
communities impacted by hydroelectric dams. In S. Jentoft,
R. Chuenpagdee, A. Bugeja Said, M. Isaacs (Eds.), Blue
Justice (pp. 367-388). Springer. MARE Publication Series.
https://doi.org/10.1007/978-3-030-89624-9 20

Fabré, N. N., Castello, L., Isaac, V. J., & Batista, V. S. (2017).
Fishing and drought effects on fish assemblages of the
Central Amazon Basin. Fisheries Research, 188, 157-165.
https://doi.org/10.1016/j.fishres.2016.12.015

Fearnside, P. M. (2014). Impacts of Brazil’s Madeira River
dams: Unlearned lessons for hydroelectric development in
Amazonia. Environmental Science & Policy, 38, 164-172.
https://doi.org/10.1016/j.envsci.2013.11.004

Fearnside, P. M. (2015). Impactos das barragens do Rio Madeira:
Ligdes ndo aprendidas para o desenvolvimento hidrelétrico
na Amazonia. In P. M. Fearnside (Ed.), Hidrelétricas na
Amazénia: impactos ambientais e sociais na tomada de
decisoes sobre grandes obras (pp. 137-151). Editora do INPA.

Ferreira, R. D., Ledo, J. A. D, Silva, T. S. F., Renn¢, C. D., Novo, E.
M. L. M., & Barbosa, C. C. F. (2013). Atualizagdo e corre¢ao
do delineamento de areas alagaveis da bacia Amazonica.
Simposio Brasileiro de Sensoriamento Remoto, 16,5864-5871.

Fluet-Chouinard, E. (2018). Mapping and assessment of global
wetland cover: implications for biodiversity conservation
and inland fisheries (Doctoral dissertation, University of
Wisconsin).

Food and Agriculture Organization of the United Nations
(FAO) (2000). Fisheries Department. The State of World
Fisheries and Aquaculture, 2000 (Vol. 3). FAO. https://
doi.org/10.4060/ca9229%en

Freitas, C. E. C., Rivas, A. F., Campos, C. P., Sant’Anna, I. R.
A.,Kahn, J. R., Correa, M. A. A., & Catarino, M. F. (2012).
The potential impacts of global climatic changes and dams
on Amazonian fish and their fisheries. In H. Tiirker (Ed.),
New advances and contributions to fish biology. InTech.
https://doi.org/10.5772/54549

Freitas, C. E. C., Siqueira-Souza, F. K., Humston, R., & Hurd,
L. E. (2013). An initial assessment of drought sensitivity
in Amazonian fish communities. Hydrobiology, 705, 159-
171. https://doi.org/10.1007/s10750-012-1394-4

Froese, R., & Pauly, D. (2019). FishBase (version Feb 2018).
In Y. Roskov, G. Ower, T. Orrell, D. Nicolson, N. Bailly,
P. M. Kirk, T. Bourgoin, R. E. DeWalt, W. Decock, E.
Nieukerken, J. Zarucchi, & L. Penev (Eds.), Species 2000
& ITIS Catalogue of Life, 2019 Annual Checklist Digital
resource. Naturalis.

15/17


https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.1038/nature10717
https://doi.org/10.1038/nature10717
https://doi.org/10.1007/s13280-017-0994-7
https://doi.org/10.1080/23308249.2018.1463511
https://doi.org/10.4060/ca9229en
https://doi.org/10.4060/ca9229en
https://doi.org/10.1080/23308249.2018.1463511
https://doi.org/10.1007/s13280-017-0994-7

Ecosystem indicators to assess the sustainability of multispecific artisanal fisheries in face of the environmental changesin the Southwest Amazon Basin

Garcia, S. M., & Staples, D. J. (2000). Sustainability reference
systems and indicators for responsible marine capture
fisheries: a review of concepts and elements for a set of
guidelines. Marine & Freshwater Research, 51(5), 385-
426. https://doi.org/10.1071/MF99092

Goulding, M. (1980). The fishes and the forest: explorations in
Amazonian natural history. University of California Press.

Hauser, M., Doria, C. R., Santos, R. V., Garcia-Vasquez, A.,
Pouilly, M., Pécheyran, C., Ponzevera, E., Torrente-Vilara,
G., Bérail, S., Panfili, J.,, Darnaude, A., Renno, J.-F,,
Garcia-Davila, C., Nufiez, J., Ferraton, F., Vargas, G., &
Duponchelle, F. (2019). Shedding light on the migratory
patterns of the Amazonian goliath catfish, Brachyplatystoma
platynemum, using otolith 87S1/86Sr analyses. Aquatic
Conservation: Marine and Freshwater Ecosystems, 29(3),
397-408. https://doi.org/10.1002/aqc.3046

Hauser, M., Duponchelle, F., Hermann, T. W., Limburg, K. E.,
Castello, L., Stewart, D. J., Torrente-Vilara, G., Garcia-
Vasquez, A., Garcia-Davila, C., Pouilly, M., Pecheyran,
C., Ponzevera, E., Renno, J.-F., Moret, A. S., & Doria, C.
R. (2020). Unmasking continental natal homing in goliath
catfish from the upper Amazon. Freshwater Biology, 65(2),
325-336. https://doi.org/10.1111/fwb.13427

Herrera-R, G. A., Oberdorff, T., Anderson, E. P., Brosse, S.,
Carvajal-Vallejos, F. M., Frederico, R. G., Hidalgo, M.,
Jézéquel, C., Maldonado, M., Maldonado-Ocampo, J. A.,
Ortega, H., Radinger, J., Torrente-Vilara, G., Zuanon, J.,
& Tedesco, P. A. (2020). The combined effects of climate
change and river fragmentation on the distribution of
Andean Amazon fishes. Global Change Biology, 26(10),
5509-5523. https://doi.org/10.1111/gcb.15285

Humphries, P., & Baldwin, D. S. (2003). Drought and aquatic
ecosystems: anintroduction. Freshwaterbiology,48(7),1141-
1146. https://doi.org/10.1046/j.1365-2427.2003.01092.x

Hydroweb (2021). Séries Historicas de Esta¢des. Retrieved
from https://www.snirh.gov.br/hidroweb/serieshistoricas

Instituto Brasileiro de Geografia e Estatistica (IBGE) (2022).
Censo Brasileiro de 2022. Retrieved from https://www.
ibge.gov.br/cidades-e-estados/ro/porto-velho.html

Jézéquel, C., Tedesco, P. A., Bigorne, R., Maldonado-Ocampo,
J. A., Ortega, H., Hidalgo, M., & Oberdorff, T. (2020).
A database of freshwater fish species of the Amazon
Basin. Scientific Data, 7, 96. https://doi.org/10.1038/
s41597-020-0436-4

Junk, W. J., Bayley, P. B., & Sparks, R. E. (1989). The flood pulse
concept in river: floodplain systems Special. Fisheries and
Agquatic Sciences, 106, 10-127. Retrieved from https://www.
waterboards.ca.gov/waterrights//water _issues/programs/
bay delta/docs/cmnt081712/sldmwa/junketal1989.pdf

Justina, E. D., Rodrigues, E. F., & Fontene, S. S. (2014). Cheia
no rio madeira: analise da dindmica climatica e hidrologica
regional e consequéncias sobre a cidade de Porto Velho
— RO no ano de 2014. Revista Geonorte, 5(18), 11-17.

Bol. Inst. Pesca, 2024,50:e865 | https://doi.org/10.20950/1678-2305/bip.2024.50.e865

Retrieved from https://periodicos.ufam.edu.br/index.php/
revista-geonorte/article/view/1432

Kleisner, K., & Pauly, D. (2011). Stock-catch status plots of
fisheries for Regional Seas. In V. Christensen, S. Lai, M.
L. D. Palomares, D. Zeller & D. Pauly (Eds.), The state
of biodiversity and fisheries in Regional Seas. Fisheries
Centre Research Reports, 19(3), 37-40. https://doi.
org/10.14288/1.0074734

Li,D., Lu, D., Moran, E., & da Silva, R. F. B. (2020). Examining
water area changes accompanying dam construction in
the Madeira River in the Brazilian Amazon. Water, 12(7),
1921. https://doi.org/10.3390/w12071921

Libralato, S., Coll, M., Tudela, S., Palomera, 1., & Pranovi, F.
(2008). Novel index for quantification of ecosystem effects
of Fishing as removal of secondary production. Marine
Ecology Progress Series, 355(1), 107-129. https://doi.
org/10.3354/meps07224

Lima, M. A., Carvalho, A. R., Nunes, M. A., Angelini, R., &
Doria, C. R. C. (2020a). Declining fisheries and increasing
prices: The economic cost of tropical rivers impoundment.
Fisheries Research, 221, 105399. https://doi.org/10.1016/;.
fishres.2019.105399

Lima, M. A. L., Doria, C. R. C., Carvalho, A. R., & Angelini, R.
(2020b). Fisheries and trophic structure of a large tropical
river under impoundment. Ecological Indicators, 113,
106162. https://doi.org/10.1016/j.ecolind.2020.106162

Lima, M. A. L., Kaplan, D. A., & Doria, C. R. C. (2017).
Hydrological controls of fisheries production in a major
Amazonian tributary. Ecohydrology, 10(8), €1899. https://
doi.org/10.1002/eco0.1899

Lira, A. S., Lucena-Fredou, F., & Le Loc’h, F. (2021). How
the fishing effort control and environmental changes
affect the sustainability of a tropical shrimp small scale
fishery. Fisheries Research, 235, 105824. https://doi.
org/10.1016/j.fishres.2020.105824

Lowe-McConnell, R. H. (1987). Ecological studies in tropical
fish communities. Cambridge University Press.

MapBiomas (2021). Cole¢do da Série Anual de Mapas de
Cobertura e Uso da Terra do Brasil. Retrieved from
https://bit.ly/4ifeGrs

Myers, R. H. (1990). Classical and modern regression with
applications (2nd ed.). Duxbury.

Ohara, W. M., Queiroz, L. J., Zuanon, J., Torrente-Vilara, G.,
Vieira, F. G., & Doria, C. R. C. (2015). Fish collection
of the Universidade Federal de Rondonia: its importance
to the knowledge of Amazonian fish diversity. Acta
Scientiarum, 37(2), 251-258. https://doi.org/10.4025/
actascibiolsci.v37i2.26920

Pauly, D., Chistensen, V., & Walters, C. (2000). Ecopath, Ecosim,
and Ecospace as tools for evaluating ecosystem impact of
fisheries. ICES Journal of Marine Science, 57(3), 697-706.
https://doi.org/10.1006/jmsc.2000.0726

16/17


https://creativecommons.org/licenses/by/4.0/deed.en
https://www.ibge.gov.br/cidades-e-estados/ro/porto-velho.html
https://doi.org/10.1038/s41597-020-0436-4
https://www.waterboards.ca.gov/waterrights//water_issues/programs/bay_delta/docs/cmnt081712/sldmwa/junketal1989.pdf 
https://www.waterboards.ca.gov/waterrights//water_issues/programs/bay_delta/docs/cmnt081712/sldmwa/junketal1989.pdf 
https://doi.org/10.1038/s41597-020-0436-4
https://www.ibge.gov.br/cidades-e-estados/ro/porto-velho.html
https://periodicos.ufam.edu.br/index.php/revista-geonorte/article/view/1432 
https://doi.org/10.14288/1.0074734
https://doi.org/10.3354/meps07224
https://doi.org/10.1016/j.fishres.2019.105399
https://doi.org/10.1002/eco.1899
https://doi.org/10.1016/j.fishres.2020.105824
https://doi.org/10.1016/j.fishres.2020.105824
https://doi.org/10.1002/eco.1899
https://doi.org/10.1016/j.fishres.2019.105399
https://doi.org/10.3354/meps07224
https://doi.org/10.14288/1.0074734
https://periodicos.ufam.edu.br/index.php/revista-geonorte/article/view/1432 
https://doi.org/10.4025/actascibiolsci.v37i2.26920
https://doi.org/10.4025/actascibiolsci.v37i2.26920

SantAnna IRA, Reis V, Pinto DM, Souza FKS, Sousa RGC, Doria CRC

Pauly, D., Christensen, V., Dalsgaard, J., Froese, R., & Torres-
Junior, F. (1998). Fishing down marine food webs.
Science, 279(5352), 860-863. https://doi.org/10.1126/
science.279.5352.860

Pinaya, W. H. D., Lobon-Cervia, F. J., Pita, P., Souza, R. B.,
Freire, J., & Isaac, V. J. (2016). Multispecies fisheries in the
lower Amazon River and Its relationship with the regional
and global climate variability. Plos One, 11(6), €0157050.
https://doi.org/10.1371/journal.pone.0157050

Primack, R. B., & Rodrigues, E. (2001). Biologia da
conserva¢do. Efraim  Rodrigues. Retrieved from
https://www.academia.edu/40644193/Biologia da_
Conserva%C3%A7%C3%A30 Primack and Rodrigues

Primack, R. B., & Ros, J. (2002). Introdu¢do a biologia da
conservagdo. Ariel Science.

R Core Team (2021). 4 language and environment for statistical
computing. The R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/

Rondoénia (2002). Governo do Estado de Rondonia. Lei n° 1038
de 22 de janeiro de 2002. Diretrizes para a protecao a pesca
e estimulos a aqiiicultura do Estado de Rondonia. Retrieved
from  http://data.portal.sistemas.ro.gov.br/2019/02/Lei_
da Pesca - n%C2%BA 1038 de 2002.pdf

Rondoénia (2017). Secretaria de Estado do Desenvolvimento
Ambiental. Boletim Didrio de Monitoramento de Eventos
Hidrologicos Criticos do Estado de Rondoénia. Secretaria
de Estado do Desenvolvimento Ambiental.

Rondonia (2018). Secretaria de Estado do Desenvolvimento
Ambiental. Boletim Didrio de Monitoramento de Eventos
Hidrologicos Criticos do Estado de Rondoénia. Secretaria
de Estado do Desenvolvimento Ambiental.

Rondonia (2019). Secretaria de Estado do Desenvolvimento
Ambiental. Boletim Diario de Monitoramento de Eventos
Hidrologicos Criticos do Estado de Rondoénia. Secretaria
de Estado do Desenvolvimento Ambiental.

Ropke, C., Pires, T. H., Zuchi, N., Zuanon, J., & Amadio, S.
(2022). Effects of climate-driven hydrological changes
in the reproduction of Amazonian floodplain fishes.
Journal of Applied Ecology, 59(4), 1134-1145. https://doi.
org/10.1111/1365-2664.14126

Sant’Anna, I. R. A, Freitas, C. E. C., Sousa, R. G. C., Anjos, H.
D. B., & Doria, C. R. C. (2020a). Fishing production of
Pinirampus pirinampu and Brachyplatystoma platynemum
catfish has been affected by large dams of the Madeira River
(Brazilian amazon). Boletim do Instituto de Pesca, 46(2),
1-9. https://doi.org/10.20950/1678-2305.2020.46.2.581

Sant’Anna, [. R. A., Rodrigues, E. R. F., Neves, K. P., Pinto,
D. M., & Doria, C. R. C. (2020b). A dinamica do
desembarque pesqueiro pelosregistros dos intermediarios

Bol. Inst. Pesca, 2024,50:e865 | https://doi.org/10.20950/1678-2305/bip.2024.50.e865

do Mercado Cai n’agua em Porto Velho-RO. Revista
Brasileira de Ciéncias da Amazénia, 9(3), 107-119.
https://doi.org/10.47209/2317-5729.v.9.n.3.p.107-119

Sant’Anna, I. R. A., Simdo, M. O. A. R., Silva, L. M. L., Santos,
A. R., & Doria, C. R. C. (2015). As pescarias tradicionais da
Cachoeira do Teotonio, rio Madeira, Porto Velho, RO. Rio
Madeira: seus peixes e sua pesca (Vol. 1, pp. 33-50). EDUFRO.

Santos, R. E., Pinto-Coelho, R. M., Simdes, N. R., & Zanchi,
F. B. (2018). The decline of fisheries on the Madeira
River, Brazil: The high cost of the hydroelectric dams in
the Amazon Basin. Fisheries Management and Ecology,
25(5), 380-391. https://doi.org/10.1111/fme.12305

Sousa, C. A., Vieira, L. C. G., Legendre, P., Carvalho, P., Velho,
L. F. M., & Beisner, B. E. (2019). Damming interacts with
the flood pulse to alter zooplankton communities in an
Amazonian River. Freshwater Biology, 64(5), 1040-1053.
https://doi.org/10.1111/fwb.13284

Sousa,R.G.C.,deFreitas,H.C.P., Zacardi,D.M., & Faria-Junior, C. H.
(2021). Effects of river dams on the fish guilds in the northwest
region of the Brazilian Amazon. Fisheries Research, 243,
106091. https://doi.org/10.1016/j.fishres.2021.106091

Sousa, R. G. C., Mereles, M. A., Siqueira-Gonzaga, F. K.,
Hurd, L. E., & Freitas, C. E. C. (2018). Small dams for
aquaculture negatively impact fish diversity in Amazonian
streams. Aquaculture Environment Interactions, 10, 89-98.
https://doi.org/10.3354/aei00253

Tallis, H., Kennedy, C. M., Ruckelshaus, M., Goldstein, J., &
Kiesecker, J. M. (2015). Mitigation for one & all: An
integrated framework for mitigation of development
impacts on biodiversity and ecosystem services.
Environmental Impact Assessment Review, 55, 21-34.
https://doi.org/10.1016/j.eiar.2015.06.005

TerraBrasilis (2021). PRODES (Desmatamento). Retrieved from
https://terrabrasilis.dpi.inpe.br/app/map/deforestation?hl=pt-br

Villarroya, A., Barros, A. C., & Kiesecker, J. (2014). Policy
development for environmental licensing and biodiversity
offsets in Latin America. Plos One, 9(9), €107144. https://
doi.org/10.1371/journal.pone.0107144

Winemiller, K. O., Akin, S., & Zeug, S. C. (2007). Production
sources and food web structure of a temperate tidal
estuary: integration of dietary and stable isotope data.
Marine Ecology Progress Series, 343, 63-76. https://doi.
org/10.3354/meps06884

Winemiller, K. O., Mclntyre, P. B., Castello, L., Fluet-Chouinard,
E., Giarrizzo, T., Nam, S., & Saenz, L. (2016). Balancing
hydropower and biodiversity in the Amazon, Congo,
and Mekong. Science, 351(6269), 128-129. https://doi.
org/10.1126/science.aac7082

17/17


https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.1126/science.279.5352.860
https://doi.org/10.1126/science.279.5352.860
https://www.academia.edu/40644193/Biologia_da_Conserva%C3%A7%C3%A3o_Primack_and_Rodrigues
http://data.portal.sistemas.ro.gov.br/2019/02/Lei_da_Pesca_-_n%C2%BA_1038_de_2002.pdf 
http://data.portal.sistemas.ro.gov.br/2019/02/Lei_da_Pesca_-_n%C2%BA_1038_de_2002.pdf 
https://doi.org/10.1111/1365-2664.14126
https://doi.org/10.1371/journal.pone.0107144
https://doi.org/10.3354/meps06884
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1126/science.aac7082
https://doi.org/10.3354/meps06884
https://doi.org/10.1371/journal.pone.0107144
https://doi.org/10.1111/1365-2664.14126
https://doi.org/10.47209/2317-5729.v.9.n.3.p.107-119

	_Hlk132266701
	_Hlk184053999
	_Hlk184054813

