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A B S T R A C T

This work tests the null hypothesis that the coefficients of the total landings, landed values, mean catches and
price per kg of migratory and resident species are constant over time following the installation of two large run-
of-the-river hydroelectric dams in a large tropical river. To identify shifts in catches and economic returns due to
river impoundment, we inspected daily landing data (25-year time series) and wholesale prices (19-year time
series) for the Madeira River, the largest tributary of the Amazon River. Our results show that the period of
decreasing catches and increasing prices observed for fisheries in the Madeira River matched the timings of the
construction of the two dams. According to the results, both dams quickly changed catches and fish supply to
market, which were immediately echoed in the price per kg of exploited fish species. Following the dam con-
struction, prices rose for both fish that became scarce and fish that became abundant. Though catches declined
58% in 25 years, the price increased 49% over the same period, representing a high economic cost for the local
population. Further, there was a clear decline in the catches of some species (e.g., the dourada and the curimatã),
but increased catches of others (e.g., the sardine and the tucunaré). Moreover, some fluctuation patterns across
years showed natural oscillations, or changes, in local habitats and even fishing efforts.

1. Introduction

Fisheries production in large tropical rivers is a key ecosystem ser-
vice to human welfare and an important component of biodiversity
supplying global economic value, markedly to developing countries
(Balmford et al., 2002; Costanza et al., 1997). The exploitation of such
biodiversity despite benefiting many people, has changed natural eco-
systems leading to losses in biodiversity and ecosystem services,
threatening the well-being of social groups more susceptible to poverty.
As a result, over the last century, freshwater biodiversity has plum-
meted globally (Sala et al., 2000), mainly due to river impoundment
that negatively impacts the ecosystem (Dudgeon et al., 2006; Lima
et al., 2017; Santos et al., 2018), its biological diversity and local fish
stocks (Agostinho et al., 2008; Bunn and Arthington, 2002; Pelicice
et al., 2017).

Notwithstanding these effects, at the end of 2000’s about 45,000
large dams (15m in height) and 800,000 small dams had been built
worldwide (WCD, 2000). In tropical areas, large impoundments keep
growing and being considered as development actions (Hoeinghaus
et al., 2009), continuously adding pressure on rich biological diversity
(Agostinho et al., 2005). The Amazon basin has been affected by this
trend and currently has 416 hydroelectric power plants in operation or
under accelerated construction, and 334 are planned (Winemiller et al.,
2016). The consequences of the rushed development and construction
of these plants include underestimation of the disruption on the resi-
lience of local ecosystems and of impacts on the livelihoods of local
fishing communities (Santos et al., 2018).

The recent development of large-scale infrastructure projects, such
as roads, waterways, mines, and hydroelectric dams, has threatened
fisheries in Amazonian aquatic ecosystems (Lees et al., 2016),
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introducing major risks to a region that has also been impacted by
overfishing (Petrere et al., 2004) and climate change (Freitas et al.,
2012). There is clear evidence for the impact of man-made river reg-
ulation in the Amazon on bio-ecological processes within the river
channel (Agostinho et al., 2008; Almeida et al., 2016; Bunn and
Arthington, 2002; Sant’Anna et al., 2014; Santos et al., 2018; Ward and
Stanford, 1995) and its effects on formation of shoals, breeding,
feeding, nursery and refuge habitats (Bayley, 1991; Goulding, 1980;
Nunes et al., 2019).

River connectivity regulates the quantity and species composition of
the fish caught and the life cycles of fish species in the Amazon region
(Halls and Welcomme, 2004; Jiménez-Segura et al., 2010; Junk et al.,
1989; Lima et al., 2017). Fish species migrating thousands of miles from
estuarine areas to the Andes for reproductive purposes, are particularly
dependent on natural river processes. These fish, together with other
products from agriculture and the rainforest, are the means of survival
for approximately 30 million people (Anderson et al., 2018; Hauser
et al., 2019).

Freshwater fisheries are an economic opportunity for millions of
low-income families and provide the majority of dietary protein con-
sumed by rural and urban communities in developing tropical countries
(Allan et al., 2005). In Amazon, fish is an essential component in the

diet of riverside and indigenous people, reaching up to 500 g of per
capita daily fish consumption (Batista and Petrere, 2008; Batista et al.,
1998; Isaac et al., 2015), highlighting the societal and economic im-
portance of this ecosystem service in developing countries (Hoeinghaus
et al., 2009). As a result, damming in the Amazon impacts both fishers
and fish consumers in a region where riverine populations depend en-
ormously and historically on natural resources for income generation,
food security and subsistence (Santos et al., 2018).

Fishery production brings US$200 million/year to the Amazon re-
gion and employs 200,000 commercial fishers (Tundisi et al., 2014).
Given the large array of changes caused by river damming, there are
environmental and energetic costs to those who rely on fisheries, due to
the changes in catch and species composition (Hoeinghaus et al., 2009;
Santos et al., 2018; Wegener et al., 2017; Winemiller et al., 2016).
Assessments on the impoundment effects in the Amazon River on
fisheries’ catches and on economical yields are rarely conducted due to
our current lack of long-term time series data (Doria et al., 2016).

This work tests the null hypothesis that total landings (ton), landed
values (R$), and coefficients estimated in the regression model of the
mean catches and price/kg for migratory and resident species are
constant over time following impoundment in a large tropical river. The
basic premise is that the changes are caused by an external factor (e.g.,

Fig. 1. Madeira River crossing Rondônia State (Brazil) with the Jirau and Santo Antônio Dams (close to Porto Velho City). The fishery area monitored by the Porto
Velho fishermen’s colony is also highlighted.
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anomalous flooding, overexploitation, or river impoundment), which
could lead to fewer (or more) fish being landed. Alternatively, catches
could be caused by changes in the market value of the fish traded. To
identify shifts in catches and economic returns due to river impound-
ment, we inspected daily landings data (25-year time series) and
wholesale prices (19-year time series) for the Madeira River, the largest
tributary of the Amazon River, where two large run-of-the-river hy-
droelectric dams, Santo Antônio and Jirau, were installed between
2011 and 2012 (Hauser et al., 2019).

Specifically, we searched for structural breaks in: (a) total landings
(from 1990 to 2014); (b) the average catch of species frequent in at
least 60% of landings (or that had their prices registered in 60% of
records); (c) the average catch by species category (migratory or re-
sident); (d) the average price of fish; and (e) the landed values per total
catches, per migratory species and per resident species. A finding of no
significant changes over the course of the time series (particularly, after
the river damming) may indicate that the impoundment did not impact
fishing landings or the economics of the fishery. In contrast, significant
changes indicate impacts. As most of the commercial fish species found
in the Madeira River are migratory, and given the importance of catfish
as a fishery resource throughout the Amazon basin (Barthem et al.,
2017; Doria et al., 2012), any ecological and economic damages from
Madeira River damming will have social and ecological impacts far
beyond the limits of the Madeira basin.

2. Material and methods

2.1. Study area

The Madeira River (Fig. 1) is a white water river that flows through
Brazil, Bolivia, and Peru, draining over 1.4 million km2 (Latrubesse
et al., 2005; Siqueira et al., 2015). The Upper Madeira River carries
around 2.1 million tons of sediment per day (PCE et al., 2004). In total,
the Madeira River contributes about half of the total sediment trans-
ported to the Atlantic Ocean through the Amazon River (Meade, 1994).

Currently, 1008 fish species have been catalogued in the Madeira
River watershed: the highest freshwater fish species richness recorded
in the world (Ohara et al., 2015). Further, fishery landings from the
Madeira River are around 4000 tons per year (Doria et al., 2018), re-
presenting approximately 4% of the total Amazonian fish catch
(Barthem and Goulding, 2007).

The vast majority of the Madeira River flows through the State of
Rondônia (≈ 1700 km2) where approximately 60 species, including the
culturally valuable and high-priced migratory catfishes, have been re-
corded in the main channel (Doria et al., 2012). Most of the fish catches
are Characiforms, Siluriforms, and Perciforms (Lima et al., 2017). The
Porto Velho fish market (called Cai n’água) in Rondônia is the main
landing port and the major trading market in the region. The total fish
landings there are around 566 ± 196 tons/year (Doria et al., 2018)
and represents more than 90% of commercial catch in Madeira River,
supporting approximately 1200 registered fishermen across the region
(Doria et al., 2012). The fishing fleet consists of small wooden fishing
vessels (more than 1000 units) with storage capacity between 250 and
600 kg (Doria et al., 2018). The Madeira River fishery occur around
Porto Velho city (∼200 km river stretch).

The main stretch of the Madeira River (within the Rondônia border)
comprises roughly 18 rapids (Cella-Ribeiro et al., 2013), some of which
represent important geographical barriers controlling fish distribution
and migration (Goulding et al., 2003; Siqueira et al., 2015; Torrente-
Vilara et al., 2011). In 2008, two other important barriers began to be
constructed: the Santo Antônio and Jirau hydroelectric power plant
dams (HPPs). By 2012, the reservoirs were fully flooded. The dams
were installed in the middle portion of the Madeira River (Fig.1)—5 km
(Santo Antônio HPP) and 136 km (Jirau HPP), respectively, from Porto
Velho (the capital of Rondônia)—and removed two important water-
falls: Teotônio and Caldeirão do Inferno (Hauser et al., 2019). The

Madeira River HPPs were the first to be implemented in a white water
river in Brazil, as well as to use bulb type turbines (run-of-the-river),
which flood relatively small areas (Fearnside, 2014).

2.2. Fisheries data

We used two data series: fishery landings data from 1990 to 2014
and records of species’ prices per kg from 1994 to 2013. Data on fish
price/kg from 1990 to 1994 were available, but were not used because
Brazil’s economic instability during this period resulted in large varia-
tions in currency values and daily prices, compromising the accuracy of
the data.

Both time series datasets (landings and price/kg) were recorded
daily by Z-1 Fisher’s Colony at the Cai N’água landing port in Porto
Velho, where the catches were also traded. Landings data included the
species and the total weight landed (in kg) while the economic time
series included average price/kg and represented the ex-vessel price
registered in the fish market. The long partnership between the re-
searchers’ group and the Laboratory of Ichthyology and Fisheries at the
Federal University of Rondônia (UNIR) allowed the taxonomic identi-
fication of fish to the species level when possible (following Queiroz
et al., 2013), as well as the supply of the datasets by the Fisher’s Colony.

2.3. Data analysis

Unexpected changes in mean values from time series are structural
breakpoints. The model for identifying such changes is the standard
linear regression model (Zeileis et al., 2002). This approach defines the
mean of a time series by coefficients that depend on time, which do not
change if there is no structural break in the data.

Thus, in this work, we used the regression model Bai and Perron
(2003): defined as = + = + ⋯

′
−y z δ u t T T, 1, , ,t t j t j j1 (1), for

= ⋯ +j m1, , 1. In our application, we took yt to be the total landings,
landed values, and observed catches and price/kg of migratory and
resident species at time t ; zt is the vector of covariates; δj is the corre-
spondent vector of coefficients to be estimated; and ut is the disturbance
at time t . The unknown breakpoints are identified by the indices

⋯T T, , m1 . Therefore, we are interested in estimating both the coeffi-
cients δj and the breakpoints Tj. We test the null hypothesis that the
coefficients δj are constant over time following impoundment in a large
tropical river. A coefficient change is caused by an external factor (e.g.,
an anomalous flooding, an overexploitation or a river impoundment),
which could lead to fewer (or more) fish being landed and changes in
the market value of the fish traded.

The structural break dates were identified using partitions of the
dataset and were located at the lowest residual sums of squares (RSSs).
The RSSs were calculated using the ordinary least squares cumulative
sum (CUSUM) method. Since it is computationally expensive to test all
possible partitions in a data set, the minimal RSS was sought through an
optimal segmentation, as defined by Bai and Perron (2003). The algo-
rithm found the minimal RSS for each number of breakpoints from 0
(no breakpoints) to 5, yielding six models, each with its Bayesian in-
formation criterion (BIC) value. The model with the lowest BIC was
chosen as the one with the optimal number of breakpoints (Script
available in Link research data).

Specifically, we searched for structural breaks in: (a) total landings
(1990–2014); (b) the average catch of species frequent in at least 60%
of landings (or that had their prices registered in 60% of records); (c)
the average catch by species category (migratory or resident); (d) the
average price of fish; and (e) the landed values per total catches and per
migratory and resident species.

Weighted average price was the price per species. The price of
species per kg was deflated for later conversion into US dollars. The
inflation rate used followed the “National Index of Prices for
Consumers” (IPCA). Landed values were estimated by multiplying the
catch per species (in tons) by the weighted average price/kg/species (in
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USD).

3. Results

From 1990 to 2014, the small-scale fishery in the Madeira River
exploited 53 species in a group called “salada” (mix of species), which
comprised small-sized species, smaller individuals, and a few in-
dividuals from small catches (Table 1). The characiform (63%) and
siluriform (25%) fish species comprised most of the landings. The
mixture of species (“salada”) represented 12% of total landings and
included mainly characiforms, osteoglossiforms, and clupeiforms. Of all
landings (n=5505), 32 species represented less than 2% of the weight
of the catches.

The mean annual catches for the entire period were around 576.8 t
(± 294.8 t). The largest catch was registered in 2008 (1589.01 t),
mainly due to catches of pacu (silver dollar fish, Mylossoma spp.) and
barbachata (Flatwhiskered catfish, Pinirampus pirinampu), which re-
presented 35% of total catches. The lowest catch was observed in 2014
(76.83 t).

3.1. Temporal changes in overall catches and prices

Overall catches and prices per year varied over the periods, espe-
cially after the start of HPP development (Fig. 2). Average landings had
two structural breakpoints, indicating two change events in the mean of
total catches for the period from 1990 to 2014 (Table 2; Fig. SM1). The

overall weighted average price per kilo of all species harvested from
1994 to 2013 showed three structural breakpoints (Table 2; Fig. SM1).

The structural breakpoints in the catches indicated that, in 2005,
mean catches increased by 65% (46.88 to 77.3). Later, they decreased
by 58% (to 32.8) from 2008 to 2011, when a lower mean catch was
established for total landings (Fig. SM1). With respect to price assess-
ment, the structural breakpoint showed a decrease of 37.5% in 1999
and significant increases in 2006 (109.2%) and 2010 (49.3%; Fig. SM1;
values in Table 2).

3.2. Structural breakpoints in average values of most frequent fish species

Of the nine species most frequently caught (≥ 60% of registers),
only surubim (Pseudoplatystoma spp.) and sardines (Triportheus spp.)
were not common in economic records (Table 3). Of the species
common in both catch records and economic datasets, six had structural
breakpoints in the mean catches (Fig. SM2; Table SM1, Supplementary
material for details). The greatest extents of change with respect to the
average catch were observed in the sardinha (sardine, Triportheus spp.)
species, for which catches increased by 139.7% (1995), and the
dourada (giant catfish, Brachyplatystoma rousseauxii), for which catches
declined by 74.4% (in 2009).

The last economic change increased the average price per kilo for all
six species in either 2010 or 2011. Catfish species had the highest price
increase in 2010. Specifically, prices for the dourada, which re-
presented 72% of all catches, increased 88% in relation to the average

Table 1
Frequency of observation (%) in the catches (1990–2014) and migratory habits of species (≥ 1%) found in the landings by the small-scale fishery in Madeira River,
Amazon. LD= Long-distance migration; MD=medium distance migration; R= resident.

Order/Family Common name Scientific name N of observations in the landings (%) Migratory habits

Osteoglossiforms
Arapaimatidae Pirarucu Arapaima gigas 1.76 R
Osteoglossidae Aruanã Osteoglossum bicirrhosum 1.05 R
Clupeiforms
Pristigasteridae Apapá Pellona spp. 2.19 MD
Characiforms
Anostomidae Piau Leporinus spp. 2.88 MD
Characidae Jatuarana Brycon amazonicus 4.38 MD

Matrinxã Brycon melanopterus 1.12 MD
Sardinha Triportheus spp. 4.02 MD

Serrasalmidae Pacu Mylossoma spp. 4.49 MD
Piranha Serrasalmus spp. 1.91 R
Tambaqui Colossoma macropomum 2.36 MD
Pirapitinga Piaractus brachypomus 2.71 MD

Curimatidae Branquinha Potamorhina spp. 4.1 MD
Erythrinidae Traíra Hoplias malabaricus 2.28 R
Prochilodontidae Curimatã Prochilodus nigricans 4.7 MD

Jaraqui Semaprochilodus spp. 4.29 MD
Siluriforms
Callichthyidae Tamoatá Hoplosternum littorale 1.29 R
Doradidae Bacu * 1.07 MD
Loricariidae Bodó Hypostomus spp. 1.83 R
Pimelodidae Surubim Pseudoplatystoma spp. 4.75 MD

Surubim caparari Pseudoplatystoma tigrinum 1.35 MD
Jaú Zungaro zungaro 3.18 MD
Barbachata/barbado Pinirampus pirinampu 2.08 MD
Dourada Brachyplatystoma rousseauxii 4.66 LD
Babão Brachyplatystoma platynemum 3.05 LD
Filhote/piraíba Brachyplatystoma filamentosum 2.99 MD
Piramutaba Brachyplatystoma vaillantii 1.25 MD
Pirarara Phractocephalus hemioliopterus 3.33 MD
Jandiá Leiarius marmoratus 1.22 MD
Coroatá Platynematichthys notatus 1.38 MD
Mapará Hypophthalmus spp. 1.85 MD
Mandi Pimelodus aff. blochii 2.47 MD

Perciforms
Cichlidae Tucunaré Cichla sp. 3.37 R

Acará * 2.43 R
Sciaenidae Pescada Plagioscion squamosissimus 2.66 R
N.I Mixed species * 3.95
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value recorded since 1994. Half of this price increase (43.5%) occurred
in 2010, one year after catches sharply dropped.

Of the most frequently caught species, only the pacu (silver dollar
fish, Mylossoma spp.), jaraqui (kissing prochilodus, Semaprochilodus
spp.), and surubim (barred sorubim, Pseudoplatystoma spp.) species did
not experiences significant changes in catches during the period, but
changed in average price/kg (Fig. SM3). These price changes occurred
mainly in 2009, and one catfish species, the Pseudoplatystoma spp.
(surubim), which was the third-most reported species in the landings,
had the greatest price increase (175.2%; Fig. SM3; Table SM2,
Supplementary material).

An additional three catfish species not common in landing records
and with no change in catches also had significant price increases. In
2010, these were the babão (B. platynemum, by 62%) and filhote (B.
filamentosum, by 57%) species. The price for jaú (Zungaro zungaro) in-
creased in 2006 (Fig. SM4; Table SM3, Supplementary material).

3.3. Changes detected in catches and prices of migratory and resident
species

Most of the migratory species caught were medium-distance

migratory species (75%), followed by long-distance migratory species
(e.g., the Amazon catfish, 14%). Resident species represented the
lowest proportion of the catches (4.8%), and a group of fish that could
not be identified constituted a slightly higher proportion (6.2%).

• The medium-distance migratory fish species did not exhibit struc-
tural breakpoints in average catches during the assessed period.
However, their average price/kg showed three structural break-
points that significantly increased their average values in June
1999, December 2006, and May 2010 (Fig. SM5; Table SM4,
Supplementary material).

• The long-distance migratory species showed four significant changes
in average catches (Fig. SM5; Table SM4, Supplementary material).
Values fluctuated from an increase in average catches in 1995
(51.4% higher) to a drop of 63.8% that established the current lower
average catch from 2009 onwards (Fig. SM5). Likewise, the average
prices of these species changed four times (Fig. SM5; Table SM4,
Supplementary material), and though they dropped twice (after
2005 and markedly after 2010), mean prices sharply increased (Fig.
SM5). These patterns seemed to be mostly influenced by changes in
the catches and price/kg of dourada (≈ 72% of long-distance

Fig. 2. Total annual catch (ton) of fish landed between 1990 and 2014 and the average annual price (USD) of the kilo of fish between 1994 and 2013 by the small-
scale fishery in Madeira River, Amazon. HPP: Hydroelectric Power Plant.

Table 2
Structural breakpoints (SB) in mean values of total catches identified from 1990 to 2014 and structural breakpoints in weighted average price per kilo from 1994 to
2013 to all species harvested by the small-scale fishery in Madeira River, Amazon. NSB=Number of structural breakpoints; delta-BIC=Bayesian information
criteria; Date Interval: period of breakpoints identified; CI=Confidence interval relative to bolded date; Mean= structural breakpoint mean value (ton); 1 Lowest
BIC, indicating the best fit. Bolded date in each interval indicates the specific month of identified structural breakpoints.

NSB BIC Date Interval CI (Liminf-Limsup) Mean

Total catch (ton) 0 3101
1 3098
2 30901 1990/Jan – 2005/Mar 2000/Jul - 2006/Feb 46.88

2005/Apr – 2008/Dec 2008/Sep - 2011/Feb 77.30
2009/Jan – 2014/Dec 32.80

3 3100
Mean Price per kg 0 554

1 417
2 373
3 3401 1994/Jan – 1999/Jun 1999/Feb - 1999/Dec 1.57

1999/Jul – 2006/Nov 2006/Oct - 2007/Jan 0.98
2006/Dec – 2010/Oct 2009/Dec - 2010/Nov 2.05
2010/Nov – 2013/Dec 3.06

4 448
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migratory species landed; see Fig. SM2).

• Resident fish species had one breakpoint in average catches (Table
SM4, Supplementary material), resulting in an increase in late 2006
(Fig. SM5). Temporal changes in resident species were likely influ-
enced by landings of the tucunaré (Fig. SM2), which comprised 55%
of the total catches in this group. The other resident species landed
were those of acará/oscar (Astronotus spp., 27.2%), pirarucu
(Arapaima gigas, 14%), aruanã/silver aruana (Osteoglossum bicir-
rhosum, 3.7%), and bodó and cascudo (Hypostomus spp.). The
average prices of resident species experienced three change events,
resulting in one price decrease (in late 1998) and two price increases
(by 47.7% in 2006 and 64% in 2010; Figure SM5; Table SM4,
Supplementary Material).

3.4. Structural breakpoints in average landed values

During the 20 years of the economic data records (from 1994 to
2013), the landed value (tons x price) of total catches decreased slightly

(in 1997), then increased (in 2006), and, finally, decreased again (in
2009; Fig. SM6; Table SM6, Supplementary material). Among the most
frequently caught species, the average landed value changed only for
the dourada (B. rousseauxii), tucunaré (Cichla sp.) and pacu (Mylossoma
spp.) species (Table SM6; Fig. SM7, Supplementary material).

The landed value of long-distance migratory species had three
breakpoints during the observed time series. Again, the patterns mat-
ched the trends observed for the dourada (B. rousseauxii; Fig. SM2).
Medium-distance migratory species experienced only one change in
mean landed value (in 2007), while the average landed value of re-
sident species underwent two change events, which increased average
landed value in 2007 and 2009 (Fig. SM6; Table SM5, Supplementary
material).

4. Discussion

Our results show that the period of decreasing catches and in-
creasing prices observed for fisheries in the Madeira River matched the
construction of the Santo Antônio and Jirau dams, which have been
under construction since 2008 (Fearnside, 2014, 2015). According to
the results, both dams quickly changed catches and fish supply to
market, which were immediately echoed in the price per kg of exploited
fish species. Additionally, after the dam construction, prices increased
for both fish that became scarce and fish that have became abundant.
Though catches declined 58% in 25 years, the price increase of 49%
represents a high economic cost for the local population. Moreover,
there was a clear decline in the catches of some species (e.g., dourada
and curimatã), which contrasted with the increased catches of sardine
and tucunaré. However, there was no pattern in this shift, since these
last species showed fluctuations in different years (1995 and 2006)
suggesting natural oscillations, changes in local habitats, or even
changes in fishing efforts.

One of the most negative impacts of a dam is the blocking of mi-
gratory fish routes. It is widely known that many Amazonian species
move hundreds of miles along the river channel, especially for re-
productive purposes. The most vulnerable species is the migratory go-
liath catfish, which is highly economically profitable. These fish carry
out the longest migration of any freshwater fish in the world, crossing
several countries throughout their life cycle and making fishery man-
agement difficult (Goulding et al., 2019).

In economic terms, consistent excess supply can lead to a drastic
decrease in revenue due to price drops, while a decrease in supply (fish)
triggers increased prices. When a good (fish) is inelastic, changes in
price do not affect people’s consumption. In our case, in the Amazon
basin, fish are an essential food item. The landing port considered here
is the only one in the region and does not have competing markets
(Doria et al., 2018). This means that fish landed are not being delivered
to other consumers. Likewise, as Amazon has been recorded as the re-
gion with the greatest per capita consumption of fish in the world since
1980’s (Batista and Petrere, 2008; Batista et al., 1998; Isaac and de
Almeida, 2011), any effect of other competing food commodities in the
market region would be negligible. In fact, the region has the highest
fish intake in world (≈ 169 kg person−1 year−1; Doria et al., 2016;
Isaac et al., 2015). This level of fish consumption results in an inelastic
demand for fish, meaning that the buying behavior of consumers does
not change in response to price increases or decreases. Thus, decreasing
the fish supply in the Amazon will always result in an increase in fish
prices, though fish consumption is unlikely to drop. A persistently low
supply of Amazon fish may increase prices even more. The partial or
total loss of inundated forests, flood pulses, and ecosystem services (e.g.
fisheries) deeply threaten local livelihoods and equitable access to food
and economic safety in the Amazon.

Therefore, a change in the river flow and flooding pattern is likely to
shift trends in economic returns from fisheries. The destructive poten-
tial of damming Amazon Rivers includes habitat loss or alteration,
changes in water quality and temperature, a disconnection among fish

Table 3
Amplitude (%) and year of changes (in brackets and indicated by breakpoint
analysis) observed in average values of species most frequently registered in
landings and the economic dataset from Madeira River fishery. Negative signals
show the percentage of reduction in catches while the absence of signals in-
dicates the percentage of increase in catches. 1Even though Pseudoplatystoma
spp. (Surubim/Barred sorubim) was not frequent in economic dataset and did
not change in catches it was shown because its influence on overall change of
weighted average price from 1994 to 2013.

Species most frequent in catches and
economic dataset

Proportion of change (year) indicated by
breakpoints

% of total catches
in ton

% of market value in
USD/kg

Brachyplatystoma rousseauxii
(Dourada/Giant catfish)

88.48 (1995)
− 64.79 (1999)
80.21 (2004)
−74.43 (2009)

31.86 (2004)
43.28 (2007)
43.56 (2010)

Brycon amazonicus (Jatuarana/not
termed in English)

− 66.63 (1997) 58.42 (2011)

Cichla sp. (Tucunaré/Peacock
cichlid)

118.8 (2006) − 48.20 (1998)
65.34 (2006)
66.46 (2011)

Potamorhina spp. (Branquinha/not
termed in English)

− 56.42 (1995) − 60.60 (1999)
182.05 (2006)
82.72 (2010)

Prochilodus nigricans (Curimatã/
Black prochilodus)

− 61.37 (2008) − 50.83 (1999)
149.15 (2006)
64.98 (2011)

Triportheus spp. (Sardinha/Sardine) 139.70 (1995)
− 51.53 (2004)

Not frequent in
economic dataset

Pseudoplatystoma spp.1 (Surubim/
Barred sorubim)

Not changed 75 (2006)
175 (2008)
(Not frequent in
economic dataset)

Mylossoma spp. (Pacu/Silver dolar
fish)

Not changed − 52.38 (2000)
105 (2006)
120.32 (2009)

Semaprochilodus spp. (Jaraqui/
Kissing prochilodus)

Not changed − 58.51 (1999)
123.21 (2006)
84 (2009)

Zungaru zungaru (Jaú/Gilded catfish) Not frequent in
total catches

126.85 (2006)

Brachyplatystoma platynemum
(Babão/Slobbering catfish)

Not frequent in
total catches

87.09 (2006)
62.06 (2010)

Brachyplatystoma filamentosum
(Filhote/Piraíba/Kumakuma)

Not frequent in
total catches

43.92 (2004)
36.68 (2007)
57.00 (2010)
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populations, higher fish mortality, reduced fish diversity, and disrup-
tions to important ecological processes and ecosystem services, such as
fisheries (Farias et al., 2010; Gubiani et al., 2010; Pelicice and
Agostinho, 2008; Torrente-Vilara et al., 2011; Winemiller et al., 2016).
With regard to Amazon fisheries, dams are potentially disastrous to
many commercial fish stocks that are related to natural flood pulse
dynamics and respond to flood alterations (Górski et al., 2012). The
hydrologic changes caused by the construction of dams (Castello and
Macedo, 2016) reflect the time, duration, and extension of the flood
pulse (Junk et al., 1989; Richter et al., 1997; Van Looy et al., 2014), all
of which are determining factors for habitat feasibility for fish feeding,
spawning, growth, and refuge areas for many fish species (Barber et al.,
2002; Górski et al., 2012; Lima et al., 2017). Further, food cycles have
been related to patterns of fish landings (e.g. Arnade et al., 2005; Gates,
2000), and the temporal continuity of Amazon river level has been
predicted to be the key variable controlling the continuity of fisheries’
yield and, likely, the stability of production within the aquatic system
(Vallejos et al., 2013).

Much of contemporary freshwater fisheries management research
addresses the fisher rather than the fish (Winfield et al., 2016). How-
ever, in the Amazon, both have been disregarded by planners and en-
trepreneurs, who have failed to assess the true benefits and costs of
large hydropower projects in Amazon rivers (Winemiller et al., 2016).

The growing displacement of prime uses of Amazonian rivers for
fisheries should be evaluated against hydropower generation, taking
into account both the economic costs of modifying downstream river
flows and hydrology and the economic benefits of maintaining the in-
tegrity of upstream catchments (Emerton, 2005). If the current trend of
decisions regarding hydropower exploitation in the Amazon persists,
rural communities will not experience energy supply or job creation
benefits that exceed the costs of lost fisheries, agriculture, and property
(Winemiller et al., 2016). Indeed, in addition to the results presented
here, there is also further evidence of recent catch declines (39% in 15
years) in a stretch of the Madeira River under the influence of the im-
poundments (Santos et al., 2018).

One limitation of our dataset was the lack of information on fishing
efforts to confirm that the changes in catches were not due to lower
fishing efforts. Theoretically, microeconomics, fishing effort, and cli-
mate could synergistically mediate change in catches affecting com-
mercial landings (Stergiou et al., 1997).

However, Brazil has experienced steady economic stability since the
start of 2000 until the end of 2014, minimizing the chance of micro-
economic reasons causing changes in landings (and prices). The re-
search team carried out fieldwork on Fisher’s socioeconomics
throughout the entire period (2009–2013). Their daily observations of
and connections with the fishers ensured that the number of fishers and
the time they spent fishing remained nearly unaltered, at least until
2014. However, at the end of 2014, Brazil fell into an economic crisis,
and the Madeira River was simultaneously very affected by the largest
flood in the past century. Many fishers had to temporarily leave their
homes or lost their entire villages, drastically affecting local fisheries.
Even those not affected by flooding in their neighborhoods faced ob-
structed access to fishing grounds. As a result, this year had fewer
landings. The lowest catch observed in 2014 (76.83 t) was likely the
result of lower catches being amplified by the fishers’ withdrawal from
fishing due to the extreme flooding. A much higher amplitude of dif-
ferences and persistence changes in catches were registered in 2009,
during the power plant’s construction, while for prices, the significant
differences were identified from 2010 ahead, therefore right after total
impoundment. However, changes have been persistent and show a
pattern that fits the typical regime shift induced by more or less abrupt
transition (Gröger et al., 2011). The impoundment of the Madeira River
seems to be the only extreme event driving the shifts observed in the
landings and whole prices of fish through the period assessed here.

Finally, the database used and provided was only possible due to the
participation of the fishers, who, in some places around the world, are

reliable and can be used to inform management decisions (Bevilacqua
et al., 2019; Carvalho et al., 2009; Philippsen et al., 2016). The use of
this dataset to assess the impacts of the dam construction can be par-
ticularly valuable to inform the changes for every part of the socio-
ecological system. Fisher's experience might be the best source of data
in large tropical rivers in remote areas of the world, especially before
impounding, when usually little information is available. But more
important, fishery scientists have to inspire fishers and provide the
means to allow the proper sampling of landing data and the price of the
fish. We showed and understand the consequence of damming to the
ecosystem. Perhaps the time has come to focus on the consequences for
those who rely on fish supply as livelihood and economic insertion.

5. Conclusions

The 25-year time series of fish landings shows that catches were
influenced not only by natural events, but also by the effects of the
construction of two hydropower dams, which may have contributed to
a reduction in the fish production and, consequently, a change in the
price and landed value of species. Since fish are the main source of
protein for Amazonian populations, the construction of hydroelectric
plants in this region impacts not only the environment, but also people
and their livelihoods. The Madeira River is a unique ecosystem that has
been drastically impacted by two large hydroelectric projects. This river
is vital not only to the life cycles of fish species, but also to the rural and
urban populations dependent on fish.

The results of this study may help guide public policies to establish
consistent and standardized studies on future hydroelectric projects in
the Amazon basin. Extensive evidence has clearly demonstrated that
the development of hydroelectric dams should be controlled in
Amazonian rivers, mainly to maintain the rivers’ natural hydrological
regimes and the biological dynamics of their ecosystems. The changes
in these dynamics impact the stocks and the fishing yield, with direct
economic consequences. Studies started before the establishment of a
large infrastructural project are needed to obtain continuous and
standardized data that can guide post-dam conservation and mitigation
strategies.
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