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Abstract This study aimed to investigate the
environmental impacts generated by the hydroelectric
complex in the Madeira River, Brazilian Amazon, based
on the perceptions of local fishers and fishery database, it
focus attention on three main impacts: (i) on local fishery
stocks; (ii) in fish fauna and (iii) on the aquatic ecosystems.
The local fishers were selected through the ‘‘snowball’’
approach for the application of semi-structured interviews.
All the local fishers confirmed having perceived a decline
in fishery productivity following the impounding of the
Madeira River. Changes in the condition of the fish were
also perceived by the local fishers, including exophthalmia
(82%), a reduction in the weight or length of the fish
(25%), and irregular breeding patterns (14%). In the case of
impacts on the river, changes in the hydrological cycle
were the process remembered most frequently (75%). The
results elucidated a range of environmental impacts caused
by the hydroelectric dams of the Madeira River.
Keywords Anthropogenic disturbance  Artisanal fishers 
Ethnobiology  Human ecology  Reservoirs 
Riverside communities

INTRODUCTION
The number of hydroelectric dams operating in the
Brazilian Amazon region has grown at an increasingly
rapid rate in recent years (Lees et al. 2016). Including
small-scale projects, the number of dams planned for the
whole Amazon Basin may reach 277 (Castello and Macedo
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article (https://doi.org/10.1007/s13280-020-01316-w) contains supplementary material, which is available to authorized users.

2015). In Brazil alone, the 2017–2026 Decadal Energy
Expansion Plan foresees the construction of six new
hydroelectric power stations in Amazonian ecosystems by
2026 (Brasil 2017). This proliferation of hydroelectric
projects, together with the facilitation of the environmental
licensing process required for the construction of dams in
the Amazon Basin, indicates that the environmental
impacts being generated by these schemes may be underestimated (Pelicice et al. 2017).
Despite being considered a source of clean energy,
hydroelectric power stations have profound negative
impacts on the fundamental ecological processes that sustain the biological diversity of aquatic ecosystems
(Athayde et al. 2019). One of the principal impacts caused
by these hydroelectric projects is the modification of the
hydrological cycle of the river (Timpe and Kaplan 2017).
Dams may also reduce the availability of nutrients in the
floodplain (Zahar et al. 2008), alter the physicochemical
characteristics of the water, and modify the morphology of
river channels (Lobato et al. 2015).
Another type of impact resulting from the construction
of hydroelectric dams is the blocking of fish migration
routes. Dams may create insurmountable barriers to the
movement of these organisms along fluvial corridors,
affecting their reproduction patterns, and changing their
whole life cycle (Nunes et al. 2015; Winemiller et al.
2016). The interruption of migration routes may also affect
the composition, abundance and functional attributes of the
local fish assemblages (Agostinho et al. 1999; Pinto et al.
2019). This process is especially preoccupying in the
Amazon Basin, where many commercially important fish
species, such as the catfishes (Brachyplatystoma spp. and
Pseudoplatystoma spp.) undertake systematic long-distance
migrations over the course of their life cycle (Barthem
et al. 2017; Anderson et al. 2018).
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In addition to their negative impacts on fish populations,
hydroelectric dams also affect the human populations that
depend on fishery resources (Alho et al. 2015). Approximately, 40.3 million people, worldwide, depend on artisanal fisheries for their livelihood, and this activity
provides high-quality food for many of the planet’s most
vulnerable populations, thus combatting poverty, hunger,
malnutrition, and inequality (FAO 2018). In the Amazon
region alone, fisheries generate input of US$200 million
per annum and support a workforce of 200 000 fishers
(Tundisi et al. 2014). In addition, the per capita fish consumption of Amazonian populations is among the highest
in the world and is considered to be both the main source of
protein and income for many local communities (Doria
et al. 2016).
The Basin of the Madeira River is one of the Amazonian
ecosystems that has most suffered from the implantation of
hydroelectric dams (Latrubesse et al. 2017). As one of the
principal tributaries of the Amazon River, the Madeira
River play a fundamentally important role in the region’s
fisheries, with more than 1000 species recorded up to now
(Ohara et al. 2015), including a large number of recently
described taxa (Bifi et al. 2019). At least 57 of the fish
species recorded in the Madeira Basin are commercially
important for the region’s fishing communities (Doria et al.
2012). Six major fishing ports are located on the Brazilian
stretch of the Madeira River, and more than 40 local
communities practice traditional fishing activities (Doria
and Lima 2015). It seems likely that most, if not all these
communities will suffer irreversible, long-term impacts
from the hydroelectric dams.
Given this, the identification and evaluation of the
impacts provoked by the hydroelectric complex of the
Madeira River will be fundamental to the management of
the region’s fisheries and its aquatic ecosystems. The
analysis of the perceptions of local human populations is an
important practical tool for this type of evaluation (Hanazaki et al. 2013). Throughout history, humans have congregated at the margins of watercourses, which have
provided them with important ecosystem services (Moulton
and Souza 2006). This relationship has resulted in the
accumulation of knowledge on environmental processes,
and the impacts suffered by aquatic ecosystems over the
years (Silvano and Begossi 2009). This knowledge can be
of enormous relevance to the environmental management
of these ecosystems (Collier et al. 2015).
The present study used the knowledge of local fishers to
evaluate the impacts of the Madeira River hydroelectric
complex. The local fishers’ knowledge has been an inestimable and extremely useful source of data on the biology
and ecology of the local fish species, the fluctuations in the
abundance of commercial stocks, and environmental
impacts (Silvano et al. 2008). From this perspective, the
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present study aimed to investigate the environmental
impacts generated by the hydroelectric complex in the
Madeira River based on the perceptions of local fishers and
fishery database, focusing attention on three main impacts:
(i) on local fishery stocks; (ii) in fish fauna and (iii) on the
aquatic ecosystems. It is expected that the results of this
study may contribute to the management of aquatic
ecosystems by mitigating or preventing similar impacts in
other hydrographic basins affected by hydroelectric dams.

MATERIALS AND METHODS
Study area
The study focused on the municipality of Humaitá, located
in the southern extreme of the Brazilian state of Amazonas,
approximately 675 km southwest of the state capital,
Manaus (Fig. 1). The municipality of Humaitá has an area
of 34 430 km2, located on the margin of the Madeira River,
with an estimated population of 54 000 inhabitants (IBGE
2010).
The source of the Madeira River is located in the
Bolivian Andes, where it is formed by the confluence of the
Beni and Mamoré rivers (Goulding et al. 2003). The
Madeira River has a total length of 3240 km, of which,
1425 km are within Brazil, where the river runs through the
states of Rondônia and Amazonas before discharging into
the Amazon River near the town of Itacoatiara (Costa
1998). The local climate is classified as A (tropical rainy)
and Am (monsoon rains) in the Köppen system, with a
short dry season, annual precipitation of 2250–2750 mm,
and mean annual temperatures of between 24 and 26 °C.
The Santo Antônio hydroelectric dam (08° 480 S, 63° 560
W) is 175 km upstream from Humaitá city and 7 km
upstream from Porto Velho city, the capital of Rondônia
State. The Jirau hydroelectric dam (09° 150 S, 64° 380 W) is
further upstream, 263 km from Humaitá and 100 km from
Porto Velho (Fig. 1).
Humaitá fishing colony
Under Brazilian federal legislation (Law 1699 of July 13th,
2008), fishing colonies are recognized as professional class
entities for artisanal fishers, that is, for individuals that
make their livelihood predominantly from fishing. The
statute of the Humaitá colony (colony Z-31) was established on January 15th, 2002. The catches of the members
of this colony are landed on a floating pier on the left
margin of the Madeira River. The catches are then sold in
the municipal market of the town of Humaitá or to middlemen. Approximately, 1655 fishers are currently affiliated with the Humaitá fishing colony (Santos et al. 2018).
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Fig. 1 Fishing grounds of the Z-31 (Dr. Renato Pereira Gonçalves) fishing colony, which operates out of the municipality of Humaitá, in
Amazonas State, Brazil, and the location of the Santo Antônio and Jirau dams on the Madeira River in Rondônia State. The catches landed by this
fishing colony were obtained at 17 fishing grounds located downstream from the dams

The local fishers use a variety of vessels, including
rowboats, motorized canoes, and fishing boats of up to
13 m in length (Lima et al. 2016). Gillnets and cast-nets are
the principal types of equipment used to fishing, although
some fishers also use hook and line, trawls or dragnets,
harpoons, and arrows. More than half (54%) of the interviewees reported living in the periphery of the town of
Humaitá, while the other 46% live in the rural zone. All
interviewees consider themselves to be artisanal fishers and
approximately 65% of them use the fish both for commercialization and for own consumption. The gain from the
fish commercialization represents between 50 and 100% of
family income in the riverside communities of the Madeira
River (Doria and Lima 2015).
Ethnobiological data
Local fishers were accessed using a non-probabilistic
‘‘snowball’’ approach, which consists of the identification
of the local ‘‘experts’’ on the topic under investigation. In
this approach, each informant identifies one or more

experts until no additional individuals are indicated, thus
completed the sample within the target group (Patton
2001). Once all the local fishers had been identified, the
objectives of the study were explained, and each local
fishers was asked to sign a free and informed consent form.
This authorized legally their participation in the study,
based on the recommendations of Resolution 466/12 of the
Brazilian National Health Council (Brasil 2012). The participants’ names are not provided here, to protect their
identities. This study was approved by the Research Ethics
Committee of the Federal University of Minas Gerais
(UFMG),
under
process
number
CAAE: 80160217.8.0000.5149.
Semi-structured interviews were applied in July 2017 to
28 local fishers (22 men and six women) of the Z-31 colony, also known as the Dr. Renato Pereira Gonçalves
fishing colony (Appendix S1). At the time of the study, the
interviewees were between 35 and 61 years old, with an
average age of 52 years. The basic selection criterion was
having lived in the study area since before the construction
of the Santo Antônio and Jirau dams, with at least 20 years
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of fishery experience. The questions presented in the
interview were intended to decipher the perceptions of the
local fishers with regard to the impacts caused by the dams,
focusing on three principal impacts: (i) on local fishery
stocks; (ii) in fish fauna and (iii) on the aquatic ecosystems.
To facilitate the interviews and the data analysis, the local
fishers were asked to refer only to the changes perceived by
them over the past 20 years (1997–2017).
To decipher the perceptions of the local fishers on the
impacts caused by the impoundment of the Madeira River,
the interviewees were asked whether, in the past 20 years,
they had perceived: (i) unusual changes (i.e., an increase or
decrease) in fishery production, (ii) changes in the characteristics (e.g., their appearance, biology or behavior) of
the fish, and (iii) unusual changes in the characteristics of
the aquatic ecosystems (tributaries, lakes, margins, etc.) of
the Madeira River. Whenever the answer was positive, the
interviewee was asked to define ‘‘in which year’’ or ‘‘from
which year onward’’ the change was noticed, and what the
‘‘possible cause’’ of these changes may have been. When
the interviewee referred to one or more fish, the interviewer
asked ‘‘which species’’ were involved. Finally, the interviewee was asked to describe in detail the situation
regarding the fishery, fish or river in the periods before and
after the impoundment.
The fish species cited in the interviews and recorded in
the database were identified taxonomically using a checklist (Medeiros et al. 2014). For this, the interviewees were
shown a catalog of photographs of the fish species found in
the Madeira River and asked to list the species they knew
and their local names. This catalog contained 202 photographs of fish species published in the regional inventories of Queiroz et al. (2013). These photographs were
shown to the local fishers in a random order (with the same
order being used in all cases).
Fishery data
To evaluate and confirm the perceptions of the local fishers
on the impacts of the hydroelectric complex of the Madeira
River on its fish and fisheries, the results of the interviews
were compared with the local fishery data. These data were
obtained from the database available at the Z-31 colony in
Humaitá. All catches landed at the colony from 17 fishing
grounds located downstream of the dams have been
recorded between January 2002 and September 2017
(Fig. 1). The data were recorded daily, and include information on the date of each fishing trip, the type of fish
caught, and the catch volume (kg).
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Data analysis
The information compiled in the interviews was analyzed
using a collective subject technique (Lefevre 2005), which
involves the identification of key expressions, that are used
to group common themes and the central idea of the
‘‘collective discourse’’. Following the semi-structured
interviews, the impacts perceived by the local fishers following the construction of the Madeira River hydroelectric
complex were tabulated and allocated to categories.
Impacts on fisheries were divided into two categories:
(i) decline in fishery productivity and (ii) ‘‘peak’’ in fishery
production in the flood season of 2014. The impacts perceived on the fish were assigned into three categories:
(i) exophthalmia (lesions in the eyes), (ii) reduction in the
size (length/weight) of the fish, and (iii) fish containing
mature ova outside the normal breeding season. Impacts on
the river were also divided into three categories: (i) irregular flood pulse; (ii) muddy water, and (iii) erosion on the
river margins. The relative and absolute frequencies of the
different categories were quantified for analysis. Only the
perceptions mentioned by at least 10% of the interviewees
were considered for analysis.
To compare the perceptions of the local fishers with the
fishery data, the information on the catches landed at the
Humaitá colony was divided into ‘‘Before’’ and ‘‘After’’
categories, based on the first complete impoundment of the
Madeira River (Santo Antônio Dam) in July 2011. All the
fishery data collected between January 2002 and July 2011
were thus allocated to the ‘‘Before’’ category, while those
collected between August 2011 and September 2017 (except 2013) were assigned to the ‘‘After’’ category. In 2013,
the floating pier of the fishing colony was removed from
the Madeira River to make way for the construction of
flood prevention works by the Humaitá town council. This
led to the suspension of data collection between January
and October 2013, so the data from 2013 were excluded
from the analyses. The sluice gates of the Jirau Dam were
shut off completely in October 2012.
All the fish species referred to by the interviewees were
included in the comparative analysis of the fishers’ perceptions and the data on the catches landed at the Humaitá
colony. This analysis included all the species mentioned by
the interviewees, as well as the species that were not
mentioned but were among the 20 most abundant species in
the fishery data. In this case, only one fish, the babão
(Brachyplatystoma platynemum) was among the 20 species
most landed by the fishers of the Humaitá colony but was
not cited in the interviews.
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RESULTS AND DISCUSSION
Fish most caught
A total of 20 ethnospecies were cited by the local fishers as
being the most caught at the Z-31 colony (Table 1). This
relatively large number of commercial species indicates
that the local fishery production is multispecific, that is, the
targeting of an ample diversity of species to supply both the
community and the local markets (Ruffino et al. 1998).
Multispecies fisheries are typical of tropical environments
(Hallwass et al. 2011), given its diversity of habitats and
high species richness.
The pacu (Mylossoma spp.) and the curimatã
(Prochilodus nigricans) were considered to be the most
productive fish by the local fishers, each being cited in 79%
of the interviews (Table 1). This was corroborated by the
fishery data, with the highest production being recorded for
the pacu, followed by the curimatã, in all the periods
analyzed (Table 1). This is consistent with the findings of
fishery studies in the Amazon Basin, where the bulk of the
production is provided by migratory characiforms (Gonçalves and da Batista 2008). These findings are thus as
expected, given that these species (pacu and curimatã) are
not only extremely important fishery resources, but are also
widely appreciated and consumed by the riverside populations of the Amazon region (Soares et al. 2007). Souza
et al. (2015) recorded a similar pattern in the municipality
of Iranduba, in the Brazilian state of Amazonas, where the
pacu (Mylossoma spp., Myleus spp., Metynnis sp.) and the
curimatã (P. nigricans) were considered to be the fish most
landed by local fishers.
Impacts of the hydroelectric dams on local fisheries
Decline in catches
All the local fishers confirmed having perceived a decline
in fishery productivity following the damming of the
Madeira River (Fig. 2a). One of the local fishers reported
that in areas in which 200–300 kg of fish were caught
typically prior to the impoundment, no more than 50 kg is
caught in the present day, representing a decline in productivity of approximately 75–83% (Table 2). One other
local fisher, responsible for recording catches at the fishing
colony, reported that the number of landings has declined
noticeably since the construction of the dams. Additionally,
the informants noticed that even during months that were
historically the most productive, there are days that the pier
remains empty, with no fish being landed (Fig. 3a,
Table 2). Fearnside (2014) recorded a similar scenario at a
number of communities in the Madeira River, where fish

disappeared following the impoundment of the river.
Rainey and Rainey (2016) also found a similar situation in
the community of Vila São Sebastião, in the municipality
of Porto Velho, where residents reported a reduction in
catches in areas adjacent to the community.
Based on the perceptions of the local fishers, the production of 15 ethnospecies declined following the
impoundment (Table 1). Many studies have shown that
impoundments for hydroelectric projects may provoke a
reduction in fish populations due to a number of different
types of impact, such as the blocking of migration routes
(Perkin and Gido 2012; Mahlum et al. 2014), injuries to the
fish in the turbines (McKinstry et al. 2007), shifts in the
flood pulse (Santos, et al. 2018), changes in the physical–
chemical properties of the water (Preece and Jones 2002;
Olden and Naiman 2010), and alterations in the trophic
structure of the impounded ecosystem (Agostinho et al.
2016; Oliveira et al. 2018). All these factors may have
contributed to the decline in fishery production in the
Madeira Basin. It is important to note here that the fishery
data from the Madeira River reflect the dependence of local
fisheries on migratory species, including Mylossoma spp.;
P. nigricans; Semaprochilodus insignis; Pseudoplatystoma
spp., which are among the fish that are most vulnerable to
impoundments (Agostinho et al. 2016).
The pacu was the fish most referred in the interviews,
appearing in 25% of the cases. A similar pattern was
observed in the mean total catch, with the greatest reduction in the biomass landed at the fishing colony
(- 2316 kg) was recorded for the pacu. Fishers of the
Araguaia Tocantins Basin also reported a decline in the
production of the pacu following the impoundment of the
Tocantins River (Hallwass et al. 2013). This accentuated
reduction in the catches of the pacu may be linked to the
fact that the modification of the hydrological cycle of
impounded rivers generally leads to a reduction in the
survival of the larvae in their spawning areas (Agostinho
et al. 2004), a process that may have led to a decline in the
abundance of these fish in the Madeira River.
The data indicate that the local fishers of the Humaitá
fishing colony have a clear perception of the decline in the
production of the pacu, although their perception was less
sensitive for other species that suffered an even greater
proportional decline in catches, such as the mapará (Hypophthalmus spp.) and branquinha, Potamorhina latir and
P. altamazonica (Table 1). In addition, all species that
recorded an increase in fish production in the colony’s
fishery database were not cited in the interviews. This may
be related to the fact that local fishers generally provide
more details on the most abundant and most exploited
species, in particular, those with the highest commercial
value (Silvano and Begossi 2002). The pacu, in particular,
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is a prominent fishery target throughout the Amazon Basin
(Batista and Petrere 2003), which probably enhanced the
perceptions of the local fishers, even though some other
species had declined more, in relative terms.
The low frequency of catches of some species may have
been the main factor that negatively influenced the perception of local fishers. The mapará, for example, suffered the
largest decline in relative frequency in the fishery database
but was largely ignored by local fishers in the interviews.
While the mean catch of the mapará declined 87%, it represented only 0.31% of the total catch recorded (Table 1). In
addition, species that recorded a significant increase in
fishery production, such as Mandi (Pimelodus sp.), were not
also remembered by local fishers in the interviews. The
increase in fishery production observed for Mandi was
320%, however, its capture represents only 0.06% of all
fishery production in Humaitá Colony (Table 1). This pattern can also be observed for the other species that have
registered increased fishery production. These results indicate that the low frequency of the capture of landed species
may have influenced the perception of local fishers regarding
the hierarchy of species that were more or less impacted.
Such minor inconsistencies between the perception of
the local fishers and the biological data do not necessarily
detract from the value of the semi-structured interviews,
given that the relationship formed between the researchers
and the traditional communities provides an opportunity
for the accumulation of knowledge and the collection of
new data (Silvano and Valbo-Jørgensen 2008; Daw et al.
2011). In the present study, for example, while the hierarchy of the species most impacted was not defined
exactly, it was possible to confirm the negative influence of
the impoundment on the fishery stocks (i.e., decline in
stocks), as well as identifying the taxonomic groups
potentially most affected.
The decline in fishery production reported by the local
fishers and confirmed by the fishery data from Humaitá can
have a negative impact on the economy of the local communities. In the Amazon region, fisheries are an important
source of income and employment and supply both
national and international markets (Almeida et al. 2004).
Santos et al. (2018), for example, estimated that the
hydroelectric complex of the Madeira River represents a
loss of approximately US$342 000 per annum for fishing
activity in Humaitá. In addition to economic losses, the
decline of fisheries on the Madeira River may affect the
subsistence of local families. The per capita consumption
of fish in the Amazon is among the highest in the world,
reaching 440 g/day in some regions (Cerdeira et al. 1997;
Doria et al. 2016). This implies that the impact of the dams
will also modify the diets of local riverside populations that
depend on fish as a source of animal protein.

Fig. 2 Relative frequency of citations of the different environmental
impacts perceived by the local fishers from the Z-31 fishing colony in
Humaitá following the construction of the Madeira River hydroelectric complex: a impacts perceived in fisheries; b impacts perceived on
the fish, and c impacts perceived on the river

‘‘Peak’’ of fishery production during the flood of 2014
More than half (54%) of the local fishers reported that the
flood of 2014 resulted in a period of atypically high fishery
productivity at Humaitá (Fig. 2a, Table 2). The flood of
2014 was considered to be the greatest ever recorded on the
Madeira River, reaching a historic peak of 19.74 m on
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Table 2 Selected comments from the local fishers of the Z-31 fishing colony, in the municipality of Humaitá, on the impacts perceived in the
fishery, the fish, and the river
Impacts

Comment

Fishery
Decline

‘‘Since 2012 fishing is more difficult, where we used to catch 200–300 kg of fish per trip, I now catch
only 50 kg’’
‘‘After they built the dams, our catches decreased so much, look at this pier, completely empty. I pass my
days fixing my nets and selling bananas, to make a little money, because, if I were to depend on fishing,
I wouldn’t have any money at all’’
‘‘Before they built the dam, I could easily sustain my daughter in the dry season, but now, there are no
more fish in the river’’

‘‘Peak’’ in fishery production in the ‘‘During the big flood of 2014, I caught so many fish, that they were beginning to rot’’
flood of 2014
‘‘In 2014, I caught so many jatuarana that I had to give them away to my neighbors because no-one
wanted to buy them. But afterward, the fish were even more scarce’’
‘‘Our catches had been declining since 2012, but after the peak in 2014, the fish disappeared completely. I
never saw some types of fish again’’
Fish
Exophthalmia

‘‘Right after they built the dam, the pacu and the piau got bug-eyed’’
‘‘In 2017, I began catching fish with enormous eyes, full of pus. When they got trapped in the nets, their
eyes dropped out!’’
‘‘I’ve seen some fish, in particular the sardinha and the curimatã, with bug eyes since 2012. It looks like
they’ve got an eye tumor’’

Reduction in the body weight/length ‘‘Before the dam, I always caught nice plump pacu, but now, they’re all thin’’
‘‘After the dam, the curimatã and the jaraqui are all small’’
Irregular reproduction season

‘‘Now (after the dam) we catch fish with roe in July’’
‘‘The fish is coming with roe now. I saw fish with roe in May’’

River
Irregular flood pulse

‘‘In the old days, the river was more predictable, but now, we don’t know when the water will rise or fall.
It’s difficult to fish now, because the dam controls the river’’
‘‘The river is varying a lot, and the fish have disappeared. Last week, there was a strong variation in water
(‘‘repiquete’’) and my catch was so small, the only money I received was just enough to pay my crew,
there was nothing left for me. I lost almost all the ice I had bought’’

Muddy waters

‘‘When the river level begins to fall, we begin to catch a lot of fish. But then they release water from the
dam, and the fish disappear. There is no more dry season for us to fish’’
‘‘When the dam releases water, there is this flood (‘‘repiquete’’), and the river water gets all muddy’’
‘‘The water is muddier now, and it is so muddy that people have stopped drinking the river water’’

Erosion

‘‘We have been having a lot of landslides since they built the dams’’
‘‘The riverbank is collapsing a lot of now; some parts of the river have even become wider’’

March 30th, 2 m higher than the previous record, in 1997
(Brasil 2014). Rainey and Rainey (2016) recorded a similar
situation in Porto Velho, where local fishers reported a
major increase in the availability of fish in 2014. Some
studies have recorded peaks in fishery productivity in years
with atypical floods, such as 2014 (as well as 1993 and
1997) on the Madeira River (Doria and Lima 2015; Lima
et al. 2017; Ayla et al. 2018). These peaks in fishery productivity recorded during exceptional floods may have
been associated primarily with the higher river levels
recorded in the preceding years (Lima et al. 2017). Welcomme and Halls (2004) concluded that higher flooding
periods lead to an increase in the availability of nutrients,
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refuges and breeding grounds, which may favor the
reproduction of stocks in subsequent years.
However, the more experienced local fishers interviewed in the present study were unanimous in saying that
the atypical peak in fishery production during these historic
floods is more closely related to the unique features of
these events than river levels during the preceding period.
In particular, the local fishers explained that the historic
floods inundate floodplain lakes that are not normally
reached by the rising waters during typical years, enabling
large numbers of fish to migrate from these lakes to the
river:
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Fig. 3 Environmental impacts generated by the hydroelectric complex in the Madeira River. a Floating landing pier at the Z-31 fishing colony in
Humaitá at the time of the interviews (July 2017). Note that on this day, in one of the months that is typically among the most productive in this
area, the pier is completely empty. It is also possible to observe the sale of bananas by one of the local fishers to minimize the fishery financial
losses. b Erosion of the left margin of the Madeira River in the municipality of Humaitá at the time of the interviews (July 2017). Note that the
soil and some roots are exposed. Photo by Rangel Eduardo Santos

Fisher: ‘‘When the flood is normal, the river is not
connected to all of the lakes, so the fish cannot get to
the river, and they stay in the lake for about five
years. But during big floods, like in 2014, the water
fills all this floodplain, and all the lakes and várzea
(floodplain). Thus, the fish that have been living in
the lakes for a long time, like the jatuarana (Brycon
spp.), who live in clean water, can get to the river.
This is why we caught so many jatuarana in 2014,
because they passed here in front of the town, and we
just caught them.’’
This explanation is supported by other observations
from the local fishers, who reported that characiform fish,
such as the jatuarana/matrinxã (Brycon amazonicus, B.
melanopterus, B. falcatus) and the tambaqui (Colossoma
macropomum), were the most caught during the 2014
flood, with an average citation of 43% and 11% respectively (Table 1). Characiforms are known to dominate the
fish faunas of floodplain lakes (Freitas and Garcez 2004),
and the increase in their production in 2014 may have been
related to the inundation of these lakes, which may not
have been reached by the waters of the less intense floods
of the previous, more typical years.
Franca et al. (2015) and Marengo and Espinoza (2016)
found that the exceptional 2014 flood event was not related
directly to the impacts of the hydroelectric complex of the
Madeira River, but rather to the exceptional rainfall

recorded in central-northern Bolivia and southeastern Peru,
where the principal affluents of the Madeira are found.
However, the local fishers did report that the 2014 floodimpacted local fisheries in a manner not observed in the
historic floods that occurred prior to the construction of the
dams. In particular, the local fishers reported that following
other atypical flood events, like that of 1997, the peak in
fishery production was followed by a decline in the next
year, although stocks recovered during subsequent years.
Following the peak in productivity associated with the
2014 flood, however, the local fishers reported that many of
the species that declined in the subsequent year were
unable to recuperate their stocks (Table 2). This indicates
that the impoundment of Amazonian rivers may aggravate
the impacts of major flood events on the region’s fisheries.
It is important to note here that most fish populations found
in ecosystems impacted by dams are more than usually
vulnerable to environmental changes, due to the blocking
of migration routes (Anderson et al. 2018), for example,
and the modification of the hydrological cycle (Santos et al.
2018). In other words, the increase in fishery productivity
during extreme floods results in the depletion of fish stocks
already left vulnerable by the impacts of the impoundment.
This may reduce the number of juveniles available for
recruitment to the subsequent generations, which places the
species at risk of local extinction.
From this perspective, the environmental impacts of the
impoundments, together with natural stochastic events,
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may result in an increase in the vulnerability of many
Amazonian fish species. This may, in part, account for the
accentuated decline in the production of some fish, such as
the jatuarana/matrinxã (68%), which was the species
reported in the interviews as the most productive during the
historic flood (Table 1). Overall, this evidence indicates
that the local fish fauna has yet to adapt to the environmental changes imposed by the hydroelectric dams.
Impacts of the hydroelectric dams on the fish
Exophthalmia
The appearance of abnormalities in the eyes (exophthalmia) was the change in the fish most cited (82%) in the
interviews (Fig. 2b; Table 2). In fish, exophthalmia has
been recorded in ecosystems impacted by hydroelectric
dams and is generally associated with the passage of the
fish through the hydraulic turbines, which may cause
physical trauma related to the variation in the pressure in
the fish’s body, a process known as barotrauma (Stephenson et al. 2010; Brown et al. 2014). This occurs when the
fish pass through the turbines and suffer rapid decompression, for less than one second, before returning to the
surface pressure (Brown et al. 2012). In addition to
exophthalmia, the passage through the turbines may cause
other types of barotrauma, such as the rupture of the swim
bladder, emboli and hemorrhaging (Colotelo et al. 2012).
Exophthalmia in fish may also be associated with parasitic infections (bacteria, fungi, viruses and worms),
which may damage the eyes and cause necrotic material to
be exuded through the ulcerated cornea (Eiras et al. 2010).
However, it seems unlikely that the lesions observed in the
fish from the Madeira River are caused by parasitosis,
given that infection-related exophthalmia is more typical in
farmed fish kept at high densities and water of low quality.
By confining fish stocks together at high densities, fish
farming may provoke chronic stress, making the fish more
vulnerable to infection (Jerônimo et al. 2010). In their
natural environment, by contrast, fish are often infected by
a number of different parasites, but typically do not present
any obvious symptoms (Pavanelli et al. 2002).
While ocular lesions have been observed by local fishers
ever since the inauguration of the hydroelectric dams, there
has not yet been any specific study of the appearance of
exophthalmia in the fish from the Madeira River. The first
fish with this condition were caught by the local fishers in
2012, soon after the impoundment of the river (Table 2).
The local fishers reported that fish with this condition have
been caught continuously since this time, up until the date
of the interviews (July 2017). This appears to support the
hypothesis that the exophthalmia observed in the fish is in
fact associated with their passage through the turbines (i.e.,
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barotrauma), and indicates that some species may be
impeded from to access the fish ladders adequately, being
attracted instead to the area of the turbines. Fearnside
(2014) discusses this possibility and concluded that the
reduced volume of water in the fish ladder at the Santo
Antônio Dam is insufficient to attract fish toward its
entrance, leaving them to follow the principal flow of the
river.
Fish ladders have long been used for migratory species,
such as salmon, but due to the enormous diversity of
Amazonian fish, systematic studies of the most effective
types of transposition mechanisms have not conducted for
the majority of the species (Fearnside 2014). This may
account for the apparent ineffectiveness of the fish ladders
for some characiform species, such as the pacu, curimatã,
and the piau (Schizodon fasciatus, Leporinus spp.), which
were the main species observed with exophthalmia by the
local fishers (Table 1). The occurrence of these lesions in
the fish may also explain to the decline in catches reported
by the local fishers and recorded in the fishery database
(Table 1), given that barotrauma typically results in the
eventual mortality of the animal (McKinstry et al. 2007).
Reduction in the weight/length of the fish
Some of the local fishers (25%) reported that, following the
construction of the dams, ‘‘scrawny’’ or ‘‘small’’ fish were
caught frequently (Fig. 2b, Table 2). The growth and
weight gain of an individual organism are determined by a
complex of environmental factors, in particular, the quantity and quality of the nutrients available in the environment (Dourado and Benedito-Cecilio 2005). In the Madeira
Basin, the quality and availability of nutrients on the
floodplain is related directly to the hydrochemical characteristics of its waters, which contain high concentrations of
suspended solids and nutrients derived from its Andean
drainage (Barthem and Fabré 2004). This favors the primary production of the floodplain, which supports a complex trophic network (Bayley 1989).
However, by regulating the flow of the river and
retaining nutrients within the reservoir, hydroelectric dams
may limit the input of organic matter downstream from the
impoundment, restricting the diversity and abundance of
feeding resources, and the primary productivity of the
floodplain environment (Hahn and Fugi 2009). Alterations
in the timing of the seasonal flood pulse in impounded
ecosystems may also provoke behavioral shifts and the
adaptation of the fish’s physiology to the availability of
nutrients (Vismara et al. 2004). It thus seems likely that the
presence of ‘‘scrawny’’ or ‘‘small’’ fish is related directly to
the impacts of the Santo Antônio and Jirau dams on the
quality and/or availability of feeding resources downstream

Ó Royal Swedish Academy of Sciences 2020
www.kva.se/en

Ambio

from this impoundment, as well as to a general reduction in
the primary productivity of the floodplain.
This finding is preoccupying in the specific case of the
Humaitá fishing colony, given that the species considered
by the local fishers to have been the most affected are the
pacu and the curimatã, which contributed to the greatest
catch volume, according to the fishery data (Table 1). The
greater impact observed in the pacu may, in part, be related
to their omnivorous feeding behavior, and their dependence
on a regular hydrological cycle and the seasonal flooding of
the floodplain forests to guarantee access to an adequate
diet. Claro et al. (2004), for example, found that the principal source of energy of the pacu is allochthonous items,
such as the fruit, seeds, and terrestrial invertebrates typically found in flooded forests.
The reduction in body size and/or weight of the fish will
have an important impact on fisheries in the Amazon
region. Larger fish are generally considered to be more
valuable by fishers and consumers, given that they represent a richer source of nutrients (greater biomass) and
comparatively demand less processing time to be consumed (fewer or larger spines), tending to be thus more
easily marketed (Begossi et al. 2012). A reduction in body
mass is also expected to affect the condition factor of the
fish, with negative consequences for the reproduction of the
basin’s fish fauna (Vazzoler 1996).
Irregular reproductive season
Some of the local fishers (14%) also reported that the
construction of the hydroelectric dams on the Madeira
River resulted in the capture of females containing mature
ova during periods outside the reproductive season
(Fig. 2b, Table 2). This unseasonal breeding may be related
to changes in the hydrological cycle of the Madeira River
following its impoundment. The reproductive migrations of
Amazonian fish are closely synchronized with the hydrological cycle of the region’s rivers (Arantes et al. 2019),
and any alteration of this cycle will obviously have a significant impact on migration patterns and, ultimately,
population structure (Agostinho et al. 1999). Santos et al.
(2018) observed a 2-month delay in the migration period of
the fish of the Madeira River, resulting from the shift in the
hydrological cycle, which would be consistent with the
delay in the reproductive cycle of some species observed
by local fishers.
The principal fishes impacted in this case were pacu,
sardinha (Triportheus auritus, T. angulatus), and curimatã
(Table 1). The possible changes in the breeding season
observed in these species (females containing mature ova
between May and July) reflect a delay in comparison with
the legal close season for the Madeira River (Brazilian
federal law 11 959 of 2009). This period is timed to

prohibit the fishing of certain fish species during the
reproduction season, to guarantee the preservation of the
species. In Amazonas State, the close season is established
by the State Environment Council (CEMAAM) and is
normally between November and March. The increase in
the numbers of mature females captured by the local fishers
2 to 4 months after the close season (Table 2) may be
related to the impoundment of the Madeira River and has
negative consequences for fishery management in the
Amazon Basin and for maintaining the diversity of local
fish.
Impacts of the hydroelectric dams on the river
Irregular hydrological cycle
Changes in the hydrological cycle were the impact on the
river most remembered (75%) by the local fishers during
the interviews (Fig. 2c, Table 2). The local fishers believe
that this change is related primarily to sudden variations in
the level of the river, known locally as ‘‘repiquetes’’, which
are more frequent and intense than they were prior to the
impoundment of the river (Table 2). Some fishers also
reported that the river is now constantly flooded and that
the low water periods are now less intense than they were
prior to the construction of the dams (Table 2).
Agostinho et al. (2004) found that changes in the
hydrological patterns of inland aquatic ecosystems are one
of the principal impacts caused by the construction of
hydroelectric dams, throughout the world, given that major
daily variations in the discharge of water are necessary to
maximize the generation of electricity. A number of other
studies in the Madeira Basin (e.g. Doria et al. 2014; Silva
and Paula 2018) have obtained similar results. Santos et al.
(2018), for example, found that, following the impoundment of the Madeira River, the level of the river remained
high during the ebb period, reaching its lowest levels
during what would normally be the rising water periods.
According to the study, the river levels also varied more
between years, and there was less homogeneity in the fluviometric patterns following damming of the Madeira
River. See Table S1 and Fig. S1 for more details about the
impacts of hydroelectric dams (Santo Antônio and Jirau)
on the hydrological cycle. The fishers from the area of
Ponta do Abunã also observed that the regular cycle in the
level of the river had changed following the construction of
the Jirau Dam and that this change was considered to be the
principal cause of the scarcity of fish in the region (Silva
and Paula 2018).
In the present study, the local fishers were unanimous on
the negative effects of the loss of predictability of river
flow, claiming that this affects most fishing trips, given
that, when they go to fishing during a period of ‘‘low’’
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water, they are surprised by a sudden increase in the level
of the river, after which, the fish ‘‘disappear’’ (Table 2). As
fishery productivity is closely related to the hydrological
cycle in the Amazon Basin, changes in this cycle caused by
the impoundment of rivers have been one of the principal
factors in the decline in catches across the region (Winemiller et al. 2016; Timpe and Kaplan 2017). Santos et al.
(2018), for example, concluded that part of the decline
(39%) in catches landed at the Humaitá fishing colony is
related to the increase in the mean level of the river following impoundment, based on (i) a reduction in the
concentration of fish, which hampers catches and limits
fishery efforts (Goulding 1979), and (ii) a reduction in the
number of fishing trips during periods of more intense flow,
as a means of reducing costs.
In addition to causing a decline in fishery production,
the local fishers reported that the increased variability in
the level of the river has resulted in other losses. Major
fishing trips require the purchase of ice, fuel, provisions,
and the contracting of additional personnel. However, the
imbalance of the river level often results in investment
losses, as catches are almost invariably insufficient to cover
costs (Table 2), a similar scenario was also recorded by
Santos et al. (2018).
Muddy waters
More than half (54%) of the local fishers reported that,
following the impoundment, the water of the Madeira
River had become ‘‘muddier’’ than normal (Fig. 2c,
Table 2). However, no other study of the perceptions of
riverside communities on the Madeira River has recorded
any similar response.
It seems likely that the perception of the local fishers
interviewed in the present study was related directly to the
increase in the erosion of the margins of the Madeira River
following the impoundment, as reported by the local fishers
themselves (Table 2). This conclusion was reinforced by
the fact that the local fishers reported that the muddy water
was observed primarily during periods of ‘‘repiquete’’
when water is discharged by the dam. High levels of river
discharge may cause an increase in erosive processes, and
lead to an increase in the quantity of particulate matter
suspended in the water, and thus, its turbidity, which may
have led the local fishers to believe that the water is
muddier than normal (Medeiros et al. 2015).
The sediment load may have a negative impact on an
aquatic ecosystem, given that the high turbidity caused by
suspended solids may hamper the penetration of sunlight,
reducing the potential for photosynthesis, and leading to a
reduction in the oxygenation of the water and the primary
productivity of the river (Wetzel 2001). This may have
negative implications for the maintenance of ecological
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processes and the biological diversity of aquatic ecosystems. Given this, the negative effects of the Jirau and Santo
Antônio dams on the quality of the water of the watercourses and lakes of the Madeira Basin entails risks for
both local diversity and the management of the region’s
fishery stocks.
Erosion of the river margins
Some (18%) of the local fishers also mentioned that the
number of erosions of the margins of the river had
increased following the impoundment (Figs. 2c, 3b,
Table 2). Major erosion events have been recorded following the impoundment of the Madeira River, including
the damage or destruction of 300 houses by the erosion on
the waterfront of the city of Porto Velho in 2012 (Fearnside
2014). At the community of Vila São Sebastião, in the
municipality of Porto Velho, local residents confirmed an
increase in the number of landslides following the
impoundment of the Madeira River, with larger numbers of
trees being ripped out of the river margins (Rainey and
Rainey 2016).
An increase in erosion downstream from the dams had
been predicted by experts prior to the construction of the
hydroelectric complex. The environmental impact study
required for the approval of the Santo Antônio and Jirau
schemes (FURNAS and CNO 2005b) concluded that, prior
to the construction of the dams, the sedimentation of the
margins, bed, and floodplain of the Madeira River were
prevailing over erosive processes. However, Tundisi and
Matsumura-Tundisi (2006) predicted that this equilibrium
would be annulled by the impoundment of the river, given
that the reservoir would favor the deposition of sediments
upstream from the dam and would support erosive processes downstream since the deposited sediment load
would not be transferred downstream.
Other hydrological alterations of the Madeira River may
have contributed to an increase in erosive processes on its
margins (Fearnside 2014), given that the channeling of its
flow through the spillway altered the currents downstream
from the dam, forcing more water toward urban areas. This
is confirmed by the residents of the town of Vila São
Sebastião, who confirmed that the river is faster-flowing
and more turbulent than it was prior to the impoundment
and that this turbulence often damages the boats and dugouts canoe moored at the front of their houses (Rainey and
Rainey 2016).

CONCLUSIONS
The perceptions of local fishers confirmed that a range of
environmental impacts has been generated by the
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construction of the hydroelectric complex on the Madeira
River. It is hoped that these findings will contribute to the
development of more effective management strategies for
the hydrographic basins affected by hydroelectric dams. As
the stocks of some fishery target species are decreasing as a
consequence of these impacts, it will be necessary to
establish a fish breeding program to ensure the long-term
maintenance of their populations. The perceptions of the
local fishers on the appearance of exophthalmia in the fish
reinforce the need for a more systematic analysis of the
efficiency of the transposition systems of the Santo Antônio
and Jirau dams. The observation of impacts on the breeding
patterns of the local fish fauna also emphasizes the need for
the re-evaluation of the timing of the close season for the
species most affected by the impoundment, in particular,
the migratory characiform species that are targeted by local
fisheries.
The perceptions of the local fishers on the aquatic
ecosystem and fishery activities no longer reflect the natural processes of the river, but rather, the manner in which
the dams control the flood pulse. In addition to modifying
the way in which the local fishers perceive and relate to the
river, the impacts of the dams on the flood pulse of the
Madeira River have had a negative effect on the region’s
fisheries, which are the principal source of income and
subsistence for innumerable local families. In particular,
the findings of this study emphasize the need for the
implementation of an effective system of management to
avoid the enormous oscillations in river levels caused by
the operation of the dams, not only seasonally, but also on a
daily basis. While this may reduce the output of electricity
of the dams, it would result in an important gain in
ecosystem services.
Overall, it is clear that the expansion of the hydroelectric
network in the Amazon Basin will extend the impacts
observed in the present study throughout the basin. Clearly,
any reduction in the number of hydroelectric schemes in
the region should be seen as a fundamentally important
investment to guarantee the future of the region, in economic, social, and ecological terms. Further research will
also be essential to minimize the negative impacts of
impoundments in the region, as well as developing more
sustainable models of power production, that will guarantee a better balance between the region’s energy demands
and the ecosystem services that support such a large proportion of the population.
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EDUEM: Maringá.
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doce. Freshwater Biology 55: 86–107.
Oliveira, A.G., M.T. Baumgartner, L.C. Gomes, R.M. Dias, and A.A.
Agostinho. 2018. Long-term effects of flow regulation by dams
simplify fish functional diversity. Freshwater Biology 63:
293–305. https://doi.org/10.1111/fwb.13064.
Patton, M.Q. 2001. Qualitative research and evaluation methods.
London: Sage Publications.
Pavanelli, G.C., J.C. Eiras, and R. M. Takemoto. Doenças de peixes:
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Usina Hidrelétrica de Jirau, em Rondônia. Novos Cadernos
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Boletim do Instituto de Pesca 41: 633–644.
Stephenson, J.R., A.J. Gingerich, R.S. Brown, B.D. Pflugrath, Z.
Deng, T.J. Carlson, M.J. Langeslay, M.L. Ahmann, et al. 2010.
Assessing barotrauma in neutrally and negatively buoyant
juvenile salmonids exposed to simulated hydro-turbine passage
using a mobile aquatic barotrauma laboratory. Fisheries
Research 106: 271–278. https://doi.org/10.1016/j.fishres.2010.
08.006.
Timpe, K., and D. Kaplan. 2017. The changing hydrology of a
dammed Amazon. Science 11: 1–13. https://doi.org/10.1126/
sciadv.1700611.
Tundisi, J.G., J. Goldemberg, T. Matsumura-Tundisi, and A.C.F.
Saraiva. 2014. How many more dams in the Amazon. Energy
Policy 74: 703–708. https://doi.org/10.1016/j.enpol.2014.07.013.
Tundisi, J.G. and Matsumura-Tundisi, T. (2006). Parecer Técnico
sobre Limnologia, Qualidade das Águas e Sedimentologia, Part
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