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ABSTRACT

Barriers represent one of the greatest threats to river integrity and freshwater fish, as they fragment habitats and impair species
dispersal, particularly in a scenario of climate change. In this context, we applied a novel framework that combined predictions of
species distribution models with a river connectivity index to identify accessible and climatic-environmental suitable habitats for
frugivorous and socioeconomically important fish in the Amazon basin. We also ranked dams based on their potential for river
fragmentation and blocking access to climate refuge for fish species that provide essential ecosystem functions and services in
the Amazon. Our results revealed that there are still extensive areas that remain both connected and climatic-environmentally
suitable along the Amazon-Solimdes rivers, acting as core areas for fish dispersal and tracking suitable habitats. However, the
planned expansion of hydropower infrastructure combined with climate change can lead to a contraction of areas that will re-
main simultaneously climatic-environmental suitable and connected. By identifying and ranking the most impactful barriers,
our results can provide innovative and applicable information for sustainable energy planning decisions in the Amazon. These
results can inform policies and conservation actions aimed at preserving river connectivity, biodiversity, and ecosystem services
under rapidly changing conditions.

1 | Introduction expected to expand further in the near future to meet demands

of demographic and technological growth (Zarfl et al. 2015; Grill

For freshwater fish to track suitable habitats as anthropo-
genic barriers continue to expand across river basins might
become an insurmountable challenge in the future (Radinger
et al. 2018; Peluso et al. 2022; Franklin et al. 2024). The wide
portfolio of existing barriers, such as dams, dikes, and weirs, is

et al. 2019). Barriers can significantly disrupt river connectiv-
ity, obstruct fish movement, and alter habitat quality through
changes in both physical and limnological characteristics while
restricting access to spawning and feeding grounds (Agostinho
et al. 2008; Seliger and Zeiringer 2018). Ultimately, river reaches
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fragmented by barriers will become spatially and functionally
isolated for fish species, impairing recolonization processes
and increasing the risk of local extirpations (Carvajal-Quintero
et al. 2017).

The location and attributes of barriers (e.g., size, passability),
especially dams, determine the extent and severity of their
impacts (Pelicice and Agostinho 2008; Rodeles et al. 2020).
Dams that prevent access to floodplains or river reaches highly
connected to large tributaries have particularly severe ecolog-
ical consequences. Fish are often unable to move upstream
past barriers, even when fishways exist (Lira et al. 2017; Zarri
et al. 2022). The effectiveness of these structures installed to
facilitate fish movement, including dispersal and migration,
is questionable and varies considerably across species and site
conditions (Pelicice and Agostinho 2008; Silva et al. 2017).
Even when fish by-pass dams, the large reservoirs upstream
are unsuitable for most rheophilic fish, trapping them in hab-
itats that reduce their fitness (Pelicice and Agostinho 2008).
Downstream movements can also be challenging as eggs can
settle to deeper parts of the reservoir, juveniles can be easily
predated, and there is also a high risk of mortality for fish
passing through hydroelectric turbines (Agostinho et al. 2021).
Addressing the impacts of installed and planned hydroelec-
tric plants with respect to their position in the river network
is therefore fundamental to understand hydrological frag-
mentation, providing relevant information for environmental
planning and management. Despite the plethora of implica-
tions of river fragmentation, conservation and restoration of
aquatic systems often overlook connectivity measures (Rodeles
et al. 2020; Thieme et al. 2023).

Megadiverse basins such as the Amazon are currently threat-
ened by the escalating effects of climate change and river
fragmentation (Hurd et al. 2016; Herrera-R et al. 2020). The
Amazon basin has a strong impact on global climate because
of its historically high rates of evapotranspiration, precipita-
tion, and river discharge (Marengo 2005; Marengo et al. 2024).
Hydrological instability caused by climate change, coupled
with increased damming, may trigger severe alterations in
the Amazon water cycle. As plans for hydropower expansion
intensify in tropical regions, the Amazon basin is expected to
have the highest number of newly built dams in the near future
(Zarfl et al. 2015; Flecker et al. 2022). Amazonian fish species,
many of which are of commercial interest, depend on river con-
nectivity for completion of their life cycles (Ropke et al. 2015;
Arantes et al. 2017) and for moving to future climate refugia
(Radinger et al. 2018). Consequently, many human communi-
ties and their livelihoods rely on maintaining river connectivity
as a precondition for the regular supply of ecosystem services,
including fish harvests.

Among fish, species with fruit-eating habits stand out as vital
from ecological and socioeconomic points of view as they are
major inland fisheries targets and play unique roles in the supply
of an array of ecosystem services (Anderson et al. 2009; Nagl
et al. 2021). These species provide food security in most local
traditional and indigenous communities which have a fish-
based diet (Isaac et al. 2015; Begossi et al. 2019). In addition, fru-
givorous species, such as tambaqui (Colossoma macropomum)
and matrinxd (Brycon amagzonicus), are of high commercial

importance owing to their large body size and high apprecia-
tion by human consumers, making them relevant and valuable
sources of income for Amazonian people (Anderson et al. 2011;
Hallwass and A.M. Silvano 2016). From an ecological functional
perspective, frugivorous fish are essential in the maintenance
of forest ecosystems through seed dispersal (Correa et al. 2016).
Fish can move long distances, facilitating the colonization of re-
mote patches and connecting plant populations in fragmented
landscapes, maintaining regional forest diversity (Anderson
et al. 2011; Nagl et al. 2021).

Protecting and restoring river connectivity will be the cor-
nerstone of climate adaptation in a world facing high rates of
habitat fragmentation (Thieme et al. 2023; Stoffers et al. 2024).
However, conservation efforts to maintain free-flowing rivers
will not successfully protect freshwater fish biodiversity unless
they integrate species' future distributions with the portfolio
of projected barriers that will affect dispersal to suitable envi-
ronments in the future. Similarly, restoring free-flowing rivers
by removing or retrofitting barriers may not be as effective as
expected if exclusively focused on structural connectivity (i.e.,
based on the physical structure of the river network), neglect-
ing the redistribution of species in response to climate change
(Kemp and O'hanley 2010). For that reason, enhancing dispersal
to high-quality habitats based on species requirements for future
climate scenarios might be much more effective than reconnect-
ing long stretches of low habitat suitability (Rodeles et al. 2020;
Stoffers et al. 2024; Wegscheider et al. 2024). Integrating climate
change and river fragmentation within the same framework is
thus urgent to address synergistic effects and to support more
effective river conservation and restoration efforts. If climati-
cally suitable habitats for fish are unreachable due to barriers,
ecosystem processes, function, and services will be disrupted,
increasing the vulnerability of traditional human communities
that depend on them.

A previous study addressed river connectivity in the Amazon
basin focused on identifying connectivity corridors for freshwa-
ter species, including some long-distance migratory fish (Caldas
et al. 2022). However, it did not predict the potential distribu-
tion ranges of the species for the present and the future. Flecker
et al. (2022) focused on identifying portfolios of sites which min-
imize the impact of dams on river connectivity and fish diversity
under current climate. Although some studies have addressed
climate change, they adopted a more regional approach fo-
cused on the Andean Amazon (Anderson et al. 2018; Herrera-R
et al. 2020). The goal of our study was to evaluate the interplay
of climate change and barrier-driven river fragmentation on fru-
givorous fisheries resources across the Amazon basin focused
on the accessibility of suitable areas in the years to come. The
research questions were: (1) how frugivorous fish species will
redistribute in the future in response to changes in climate? (2)
how does present and future barrier establishment constrain or
enable access to climatically suitable habitats? and (3) which ex-
isting and planned barriers contribute most to reducing access
to climatically suitable areas? By identifying the most impactful
installed and planned hydroelectric plants in the Amazon, this
study contributes to informing the sustainable planning of the
energy matrix expansion in order to minimize impacts on nat-
ural capital in the face of climate change. Ultimately, this study
will contribute to decision-making in processes related to the
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continuous provision of valuable ecological, social, economic,
and cultural benefits provided by Amazonian frugivorous fish.

2 | Material and Methods

We followed a series of modeling steps to prioritize climati-
cally suitable and connected habitats for fish communities at
the Amazon basin scale (Figure 1; Supporting Information—
ODMAP Protocol). First, we modeled the potential distribution of
52 frugivorous fish species of socioeconomic value (Table S1) for
both the present (1970-2000) and the future (2030-2100), under
two climatic scenarios (moderate: SSP2-4.5 and pessimistic:
SSP5-8.5). Next, using a graph-based approach, we modeled the
connectivity of the Amazon basin, including the effect of current
barriers (waterfalls and existing anthropogenic barriers) and fu-
ture projected infrastructures (a combination of current and pro-
posed barriers). Finally, we assessed the contribution of individual
barriers that most significantly fragment the Amazon basin.

2.1 | Species Selection and Grouping

Fish were selected based on frugivory level and with respect to
their value to fisheries, resulting in 52 species (for further de-
tails see Supporting Information). We arranged these species
into two groups based on their movement behavior. The migra-
tory group included 27 species (Table S1) that demonstrate some
level of migration. Such species rely on basin-wide connectivity
between rivers and distinct habitats to access feeding areas and
complete life-cycle events such as reproduction and development
(Duponchelle et al. 2016; Herrera-R et al. 2023). The sedentary
group included 25 species (Table S1) that are primarily residents
and some that exhibit restricted lateral migration into flood-
plains or flooded forests during high-water periods (Arantes
et al. 2021). Finally, we considered the combined group of both
migratory and sedentary species to examine a general response
from the 52 species.

2.2 | Spatial Framework

Our research area encompasses the entire Amazon basin,
including regions from Bolivia, Brazil, Colombia, Ecuador,
Guyana, and Peru (Figure 2). The Amazon, covering over 6
million km?, is the largest river basin in the world and con-
tributes to nearly 20% of the planet's freshwater discharge.
It harbors four of the world's 10 largest rivers: the Amazon
mainstream and its tributaries Negro, Madeira, and Japura.
For our analysis, basin and river network spatial data were
obtained from the HydroRIVERS database (Lehner and
Grill 2013). The barriers in the analysis of fragmentation
were comprised of natural barriers, that is, waterfalls, and
anthropogenic barriers (e.g., dams, weirs, culverts) (Table S2;
Figure 2). All present-day barriers were validated by means of
the inspection of high spatial resolution remote sensing im-
ages to confirm their existence and to ensure they effectively
block the river. Future barriers were cross-checked against
official government documents, including energy expansion
plans and environmental study inventories, to validate their
inclusion in future scenarios.

2.3 | Species Distribution Modeling

Climatic-environmental suitability for the occurrence of frugiv-
orous species in the Amazon was obtained from the species dis-
tribution modeling technique (for detailed modeling workflow,
please see the Supporting Information—ODMAP protocol). This
approach associates, in a correlative sense, the occurrence re-
cords of the species with variables representing the environmen-
tal space of a given study area to estimate climatic-environmental
conditions that are suitable for the species occurrence across
the geographic space. For each considered species, the climatic-
environmental suitability was obtained for the current and future
times, projecting the outputs on the hydrographic network of the
Amazon River basin encompassing rivers of order 4 or larger,
based on the information provided by the HydroSHEDS database
(https://www.hydrosheds.org/products/hydrorivers). The dis-
tribution of the species was modeled as a function of bioclimatic
and hydrological variables (Table S4) covering the Amazon hy-
drographic network. Present and future (2030, 2050, 2070, and
2090) bioclimatic variables were extracted from the WorldClim
2.1 database (http://www.worldclim.org/) based on two Shared
Socio-economic Pathways (SSPs), one moderate (SSP2-4.5) and
one pessimistic (SSP5-8.5). We used five algorithms to predict
the environmental suitability and potential distribution of spe-
cies in the study area. From the outputs of such algorithms, and
considering the criterion adopted for evaluating the predictive
performance of models, we obtained the consensus model (see de-
tails on Supporting Information—ODMAP protocol). Predictive
performance of ENMs was evaluated using the Area Under the
Receiver Operating Characteristic Curve (AUC), retaining those
with AUC > 0.8, which were combined to obtain a consensus pre-
diction (Aradjo and New 2007). The presence-absence outputs
of the consensus model, representing the potential distribution
of the species, were obtained following the majority consensus
rule. This means that models were binarized with the threshold
that maximizes the sum of sensitivity and specificity, and then
cells in which at least more than half of the models indicate the
presence of the species were considered occupied. All maps were
constructed on a regular geographical grid with 40,222 cells with
a spatial resolution of 7km covering the entire river network.

2.4 | Connectivity Indices Assessment

To evaluate longitudinal connectivity within the Amazon basin
for fish at present and for future time, we followed recommenda-
tions outlined in Baldan et al. (2022). Using hydrographic data,
the river network was represented as a graph, where edges rep-
resent barriers or confluences, while nodes correspond to river
reaches (Baldan et al. 2022). A “river reach” was defined as a
unit represented by a segment between two neighboring conflu-
ences or barriers. Connectivity was quantified as the probability
of dispersal between two reaches within the river network. For
the connectivity analyses, we employed the riverconn R pack-
age (Baldan et al. 2022), which provides connectivity indices
integrating the number, passability, and position of barriers. We
calculated the Reach Connectivity Index (RCI) as the weighted
sum of the probabilities of dispersal (Iij) between a specific reach
i and every other reach j in the river network:

n w;
RCI, = ijl Iy ©
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o / 52 species SDM
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TSS+ROC (AUC>0.8)

Environmental variables Future Scenarios
WorldClim SSP2-4.5
SSP5-8.5

Mean suitability per fish group  «— Probability of occurrence

Migratory
Sedentary
Connectivity analysis Barrier ranking for removal
Anthropogenic
A | upstream passability — L. Full set of barriers
uo=0.1 -
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FIGURE1 | Schematic representation of the modeling workflow consisting of Species Distribution Models (top), Connectivity analysis (bottom
left), and Barrier prioritization (bottom right) for current and future barriers, considering climatic-environmental suitable habitats of 52 fish species
of the Amazon basin. CCI, Catchment Connectivity Index; RCI, Reach Connectivity Index; RCIsuit, Reach Connectivity Index weighted by suitabil-
ity; SSP, Shared Socioeconomic Pathway; dCCI, gain in connectivity by barrier removal.

where n is the number of reaches in the network, w;is the weight  index can describe structural connectivity only if accounting for
of the reach j, and Wis the sum of the weights over the n reaches. the number and spatial arrangement of barriers within the net-
In our study, we used the river length as reach weights. This  work (¢;) as follows:
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FIGURE 2 | Amazon basin with the location of anthropogenic and natural barriers to fish dispersal. Barriers data were collected from multiple

sources, as detailed in Table S2. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

I'=cy, ()

where

k
;= l_lm=1 il 3

where p! is the estimated passability of a barrier m, depending
on the direction (upstream or downstream) in which it is en-
countered, combined with all k barriers in the path. Asymmetric
directionality was set to “outgoing” mode to represent the poten-
tial for fish to disperse from a given reach to other regions in the
river network.

To calculate RCI values, a numerical value for the passability,
either up- or downstream, of each barrier is needed. Passability
can range from 0 to 1, where 0 represents an impassable bar-
rier while 1 indicates full passability. We estimated up- and
downstream passability values based on expert judgment re-
garding the overall capability of the Amazonian fish species
to overcome barriers and assuming a conservative estimate
based on the low efficiencies of fish passage for dams and
species from South American rivers (Makrakis et al. 2007;
Pelicice and Agostinho 2008; Hahn et al. 2020). Therefore,
we set up- and downstream passabilities of anthropogenic
barriers to 0.1 and 0.4, respectively. We set a low downstream

passability for anthropogenic barriers, as downstream disper-
sal can also be disrupted. Fish that disperse upstream from
a barrier hardly return, except for those that return through
turbines and spillways, but the mortality rate is usually high.
Eggs and larvae can drift downstream barriers, but particu-
larly for reservoirs, water residence time can affect survival
rates for this life stage (eggs can sediment, and mortality is
high) (Pelicice et al. 2015). For natural barriers (waterfalls),
we set the upstream passability to 0.1 and the downstream
dispersal to 0.7.

In order to evaluate robustness to uncertainty in expert-elicited
passability values, we recomputed RCI for all river reaches and fish
groups under alternative combinations of upstream-downstream
passability by 10%-25% around baseline values. Climatic-
environmental suitability was kept fixed at current time so that
only the passability parameter varied. For each scenario we com-
pared RCI values with the reference using Pearson correlation and
paired Wilcoxon signed-rank tests. These showed that RCI values
remained congruent across moderate perturbations (r>0.97).
Only the restrictive scenario, with fully blocked upstream pass-
ability, showed significant differences (Table S3).

Then, to integrate structural connectivity with -climatic-
environmental suitability we multiplied the RCI values by
the mean suitability predicted for each fish group. For that,
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we calculated the mean suitability across all modeled species
within each group (combined, migratory, and sedentary). This
generated a group-level suitability layer in which each grid cell
represents the average climatic-environmental suitability of the
species group. This integration provides a composite measure
that reflects both the accessibility of habitats (RCI) and their
climatic-environmental suitability, ensuring that regions favor-
able for fish dispersal were identified based on both criteria. This
integrated index (RCIsuit) ranges from 0 to 1, where higher val-
ues indicate higher levels of longitudinal connectivity and suit-
able areas, and lower values represent lower connectivity of river
reaches and climatic and environmentally unsuitable areas.

To assess the relative importance of barriers (waterfalls and
anthropogenic) for basin-level connectivity, we used a barrier
prioritization simulation, which prioritizes infrastructures
whose removal (or prevention of construction, for future barri-
ers) improves connectivity at the Amazon basin scale (Baldan
et al. 2022). For this, we used the “leave-one-out” approach,
where the value of a Catchment Connectivity Index (CCI) is cal-
culated first based on the full setup with all barriers (CCI, )
then recalculated after removing barrier m (CCIstamm), and fi-
nally the difference between the two values expressed as a pro-
portion of the CCI before barrier m removal:

CCIstart,m - CCIstart

dccl,, = oo

100 @

start

CClI is calculated as the weighted sum of the RCI index at the
catchment level, using mean suitability (current and future) as
the weighting factor. dCCI ranges from 0, when the barrier m
has no effect over landscape fragmentation, and infinite, when
the catchment is totally fragmented. Values of dCCI can there-
fore be ranked and used to prioritize barriers based on their con-
tribution to overall fragmentation.

Finally, to gain insight on the effects of climate change and
the future expansion of anthropogenic barriers proposed for
the basin, we ran the simulations using two distinct setups: the
“current barrier,” where only existing barriers and waterfalls
were included (i.e., infrastructure constructed up to 2024) and
changes on connectivity were analyzed by altering habitat suit-
ability values across different years and SSPs (moderate and
pessimistic); and the “future barrier” setup, where we added
the proposed future barriers to the current set along with the
existing waterfalls, and assessed the combined impact of these
new barriers and changing habitat suitability over time. These
simulations contribute to a comprehensive assessment of fu-
ture conditions, highlighting the potential connectivity chal-
lenges under the pressure of shifting bioclimatic conditions.

3 | Results

3.1 | Spatial Patterns From Species Distribution
Modeling

Currently, the mean climatic-environmental suitability for the
occurrence of 52 species (combined group) is highest along the
Amazonas-Solimées mainstem, the middle and lower Madeira
and Tapajos, but also on Purus, Trombetas/Uatuma, Branco

and Negro subbasins (Figure S1). For some migratory spe-
cies, some tributaries of Beni, Mamoré¢, Ucayali, and Marafién
were also predicted to be highly suitable for the current time
(Figure S1). Towards the end of the century, projections indi-
cate that the central region of the basin will continue to har-
bor the majority of highly suitable areas. However, substantial
contraction of highly suitable areas from the central region is
projected, especially under the pessimistic scenario, with high
suitable areas becoming increasingly restricted to some trib-
utaries of the lower Madeira, Tapajos, and Negro subbasins
(Figures S2-S4).

3.2 | Effects of Barriers and Climate Change on
River Connectivity

Our analysis revealed varying degrees of habitat fragmentation
across barriers (current and future) and climatic (moderate and
pessimistic) scenarios with a marked asymmetry in the distri-
bution of RCIsuit values (Figure 3; Table S6). Under baseline
conditions (i.e., natural fragmentation only by waterfalls and
current climate), RCIsuit values tend to be higher, as indicated
by higher maximum and mean values (mean=0.23 and max
0.66 for the combined fish group, mean =0.22 and max=0.65 for
the sedentary and mean =0.23 and max=0.67 for migratory fish
groups; Table S6). Under the current barrier setup, we observed
an increase in the median of RCIsuit over the century, while the
mean and maximum RCIsuit decreased (Table S6). This results
from an increase over time in the frequency of RCIsuit values
due to shifts in species potential distribution. However, values
close to the maximum (i.e., those indicating environmentally
suitable and connected areas) become less frequent, indicating
an overall loss of connectivity in the most favorable areas.

This loss becomes more pronounced under the future barrier
setup, especially under the pessimistic scenario, which in-
corporates both projected barrier construction and climate-
induced shifts in habitat suitability (Table S6; Figures S5
and S6). For example, for the combined fish group, median
RCIsuit decreased from 0.13 (2024) to 0.039 (2090) under the
moderate scenario and to 0.035 in the pessimistic scenario.
Mean RCIsuit also decreased, ranging from 0.22 (2024) to
0.16 (2090) in the moderate scenario and from 0.22 (2024) to
0.14 (2090) in the pessimistic scenario (Table S6). Notably, in
the pessimistic scenario, the maximum RCIsuit value, which
initially reached nearly 0.51 in some areas, decreases to 0.41
by 2090. Additionally, these higher values become even less
frequent, as indicated by the decreasing density of maximum
values in the density plots (Figure 3a-d).

Our results show that the Central Amazon region currently ex-
hibits relatively high RCIsuit rankings, which indicates that this
area hosts environmentally suitable river habitats that remain
highly connected under baseline conditions (Figure 4a). When
present-day barriers are considered (Figure 4b), connectivity
decreases noticeably in parts of the Madeira and Xingu basins
(Figure 4d), directly reflecting the fragmentation imposed by
existing dams. Rivers located in the far west (Ecuador and Peru),
such as in Ucayali and Marafon, are fragmented, as shown by
RCIsuit values close to zero, and are currently climatic and
environmentally unsuitable across all fish groups (Figure S1;
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FIGURE 3 | Distribution of RCIsuit values for the combined fish group under four simulations: Baseline (represents natural fragmentation only
by waterfalls combined with current climatic-environmental suitability), 2024 RCIsuit (corresponds to the combination of existing dams and wa-
terfalls under current climatic-environmental suitability), and 2090—moderate and pessimistic (represents the addition of proposed barriers to the
current set under changing climatic-environmental suitability of the end of the century). RCIsuit values integrate the accessibility of habitats and
their climatic-environmental suitability, ensuring that regions favorable for fish dispersal were identified based on both criteria. Each density plot
represents the distribution of values with summary statistics: Dashed black line marks the median, and the dashed purple line indicates the mean
value for each distribution.
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FIGURE 4 | Example of spatial patterns of RCIsuit across the Amazon basin for the (a) baseline (current climate and natural fragmentation by
waterfalls), (b) current, and (c) future barrier sets under the pessimistic climate scenario for 2090, shown for the combined fish group. The color scale
for RCIsuit ranges from red (high connectivity and suitable habitats) to dark blue (low connectivity and unsuitable habitats). Map lines delineate
study areas and do not necessarily depict accepted national boundaries.

Figure 4b). Further south, the mid and upper reaches of Madeira, suitable habitats, especially for migratory fish (Figure S2). For

Tapajos, and Xingu subbasins in Brazil are also essentially dis- sedentary species, present-day connectivity is more favorable
connected from the central Amazon, as shown by low RCIsuit in the central-eastern Amazon, which exhibits higher RCIsuit
(Figure 4b). This fragmentation highlights critical disconnec-  values and is predicted to have better climatic-environmental

tions in areas that otherwise present climatic-environmental suitable conditions (Figure S3). Building all proposed barriers
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FIGURE 5 | Mean ranking of reservoir impact considering their potential for hydrological fragmentation and blocking access to climate refuge

areas for fish species in Amazon for (a) current and (b) future barriers across climate scenarios (moderate and pessimistic) and fish groups (migratory,
sedentary, and combined). The top 10 most impactful barriers are highlighted in the figure, indicating the highest-ranked barriers which decrease
overall basin connectivity. Rank 1 corresponds to the most impactful hydroelectric plant, rank 2 corresponds to the second hydroelectric plant with

the greatest impact, and so on. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

combined with projected changes of suitable habitats under fu-
ture climate scenarios reveals further declines in connectivity,
with alarming trends observed in the Napo subbasin, as indi-
cated by RCIsuit close to zero (Figure 4c; Figure S5). Overall,
under the pessimistic climate scenario, suitability for all fish
groups tends to decline over the century (Figures S2-S4), am-
plifying the general downward trend in RCIsuit, with climatic-
environmental favorable areas increasingly being cut off by
planned barriers (Figure 4b-e; Figure S6).

3.3 | Barrier Prioritization for Increasing River
Connectivity

Currently, nearly 300 dispersal barriers have been validated
across the Amazon basin, including both natural waterfalls and
anthropogenic infrastructures. Some subbasins concentrate
most of the existing barriers, such as the Madeira (12), Tapajos
(31), Ucayali (14), and Marafion (10). For the future, the number
of anthropogenic barriers will be up to three times higher than
it is today, with an additional 254 barriers proposed or in differ-
ent planning stages, especially in the western and southeast of
the basin. Tapajos, Marafién, Ucayali, and Madeira will be the
most affected subbasins with, respectively, 129, 55, 38, and 35
new dams.

Barriers with the greatest impact on river connectivity are at
key nodes of the river network, particularly where they block

access to extensive upstream habitats (the rank of impact pro-
vided by the current and future hydroelectric plants is avail-
able in the Data S1). Dams located on large tributaries, such
as Belo Monte in the Xingu, Curua-Una in Curuéd-Una, and
Balbina and Pitinga in the Uatuma, disrupt dispersal from
nearly the entire subbasins (Figure 5a). In the Madeira basin,
which concentrates half of the 10 most impactful barriers
in the Amazon region, Jirau and Santo Antonio are situated
along the mainstem, while Samuel, on the Jamari River, a
tributary, further fragments connectivity by isolating a highly
connected upstream network (Figure 5a). Future scenario
analyses indicate that some of the existing dams will continue
to be among the 10 most impactful barriers (e.g., Belo Monte,
Balbina, Curud Una, Samuel, Santo Antdnio). Considering the
climatic-environmental suitability shifts, some barriers will
change their relative rank position through time (Data SI).
The proposed Mazan dam, the only planned project of Napo
in Peru, poses a risk of disconnecting the entire watershed by
damming the mainstem above its confluence with the Amazon
River, becoming the top 1 most impactful barrier in all scenar-
ios and fish groups (Figure 5b). Belo Monte also consistently
appears as the second most impactful dam. Pongo de Aguirre,
initially ranked fourth, rises to third position by the end of the
century, while Prainha shifts from third to fourth. The Tambo
60, particularly under the pessimistic scenario, rises in the
ranking, becoming increasingly fragmenting and entering the
top 10. In the Branco subbasin, the planned Bem Querer dam
(ranked sixth) threatens to disconnect large northern reaches
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that are suitable for fish (Figure 5b). Barriers in the highest
positions in the rank tend to remain relatively stable across
scenarios, whereas those in lower positions show greater
viability, reflecting fluctuations in climatic suitability and
changes in their influence on basin connectivity (Data SI).

Fragmentation is most severe in the Brazilian lowlands, partic-
ularly in the Madeira and Tapajos, where habitat is currently
climatic-environmental suitable for fish. Proposed dams like
Prainha (4th), Cachoeira Galinha, Tabajara, and Sumauma
in the Madeira subbasin are expected to fragment vast areas
of climatically suitable habitat. Tapajos, already highly frag-
mented, is the subbasin where the largest number of new dams
is planned, posing additional risks to connectivity across the al-
ready affected mainstem and major tributaries.

4 | Discussion

Our results offer a basin-scale perspective of important un-
dammed reaches supporting current and future suitable con-
ditions for the occurrence of 52 fish species ecologically and
socioeconomically important in the Amazon. They align with
broader evidence that the disordered hydropower expansion
threatens basin-wide connectivity, placing both fish populations
and the human communities that depend on them in a grievous
vulnerability condition. Despite the expansion of hydropower
infrastructure and expected changes in habitat suitability driven
by climate change, there are still extensive areas that remain
both hydrologically connected and climatic-environmentally
suitable, particularly along the Amazon-Solimdes rivers. These
regions act as core areas for fish dispersal and tracking suit-
able habitats, even under pessimistic climate change scenarios.
Preserving these areas is therefore pivotal to maintain ecologi-
cal processes and the provision of resources for traditional and
indigenous communities.

Many subbasins in the Amazon already exhibit signs of hy-
drological disconnection. The Madeira, Tapajés, and Xingu
subbasins, as well as tributaries in the west (e.g., Ucayali and
Marafién subbasins), show very low RCIsuit values, indicating
that even climatically suitable areas are no longer functional due
to impaired connectivity. This is especially concerning for long-
distance migratory species, which migrate from the main chan-
nel and tributaries to complete their life cycles (Duponchelle
et al. 2016; Herrera-R et al. 2023). For resident fish or species
with reduced dispersal capacity, barriers can often be impass-
able, and fish end up confined within short reaches, experienc-
ing increased population densities, competition for resources,
and a higher probability of local extirpation (Hurd et al. 2016;
Zarri et al. 2022). Moreover, barriers often break the lateral con-
nectivity between river channels and floodplains, which are
seasonally flooded habitats essential for frugivorous fish during
the high-water season, when they enter the flooded forests or
igapos to forage on fruits and seek refuge (Costa-Pereira and
Galetti 2015; Correa et al. 2016; Costa-Pereira et al. 2017).

Our projections indicate that the planned expansion of hydro-
power infrastructure will markedly worsen this scenario. Under
future climate scenarios, particularly the most pessimistic, we
observed an expressive decline in maximum and mean RCIsuit

values, indicating that areas that are simultaneously climatic-
environmental suitable and connected will contract. Therefore,
additional barriers in middle and lower Madeira and Tapajos
are strictly discouraged, as they not only fragment the main-
stem and turn contiguous into isolated reaches, but also impact
free-flowing tributaries, which can cause losses of alternative
routes for spawning and nurseries. These tributaries can ensure
drift and development of eggs and juveniles, enabling fish re-
cruitment across vast downstream areas (Casarim et al. 2018;
Vasconcelos et al. 2020). Conversely, barriers placed farthest
away to the west of Marafién and Ucayali might be less impact-
ful when considering river connectivity alone. However, beyond
river fragmentation, placing new barriers in these locations can
potentially affect species by altering sediment and nutrient sup-
plies from reaching downstream lowlands and their floodplains,
causing drastic changes in sediment-rich flows that sustain pro-
ductivity in the basin (McClain and Naiman 2008; Finer and
Jenkins 2012).

To safeguard freshwater biodiversity and sustain ecosystem
services amid global changes, our study advocates halting the
construction of new barriers or strategically removing those
where environmental costs outweigh any potential benefits
(Tickner et al. 2020; Thieme et al. 2023). For instance, Belo
Monte and Balbina, respectively ranked as the first and sec-
ond most impactful anthropogenic barriers currently installed
in the Amazon, and also ranked among the most fragmenting
barriers in the future, demonstrate the scale of socio-economic
and socio-environmental impacts by suppressing river connec-
tivity and processes dependent on periodic flooding. Although
the decommissioning of such large dams is unlikely in the near
term, enhancing basin-wide connectivity may still be achievable
through more feasible alternatives. By identifying and ranking
smaller barriers that contribute the most to fragmentation, our
analysis can support which existing barriers can be targeted for
removal, and which planned infrastructure should be avoided,
as smaller barriers often have disproportionately large cumula-
tive impacts (Couto et al. 2021; Nickerson et al. 2022). However,
such actions must be informed by comprehensive environmental
assessments that account for sediment release, invasive species
proliferation, and socioeconomic impacts (Bellmore et al. 2019;
Habel et al. 2020).

Considering the future scenario of reservoir construction in the
Amazon, our study reveals important threats to the access of
fish to large and crucial suitable habitats. The construction of
the Mazdn dam on the Napo subbasin in Peru, ranked as the
most impactful anthropogenic barrier in the future, will dis-
connect the entire watershed, affecting indigenous subsistence
fisheries. Similarly, the Manseriche dam will further isolate fish
populations between the Andes and the Amazon mainstem. In
the Branco subbasin, north of Brazil, the planned Bem-Querer
dam will disconnect upper regions between the confluence
with Rio Negro, which is composed of many conservation units,
including sustainable use (Goulding and Barthem 2003). As
for Madeira, the construction of proposed dams like Prainha,
Cachoeira Galinha, Tabajara, and Sumatma will confine fish
populations between barriers, preventing fish from reaching
upper stretches, with negative spillover effects on fisheries
in Bolivia and Peru. These examples highlight how barriers
on the mainstem or major tributaries can collapse ecological
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connectivity across entire subbasins, a situation that is even
more worrying when climatic conditions in such areas remain
suitable for fish persistence in the face of climate change. These
results emphasize the relevance of our study in providing inno-
vative and essential information for the sustainable planning of
the expansion of the energy matrix in the Amazon. In this sense,
we advocate that the effective construction of those highly im-
pactful projects must be seriously weighed, balancing their eco-
nomic benefits from energy production against the intensive
environmental and ecological impacts that trigger negative con-
sequences on traditional human populations.

Increasing energy production based on hydropower is particu-
larly concerning and paradoxical. Once intended to mitigate cli-
mate change and adapt to its impacts, dams can become sources
of significant greenhouse gas emissions and are themselves
vulnerable to climate-driven impacts (Bertassoli et al. 2021;
Almeida et al. 2021). Hydropower facilities, especially run-of-
river plants, are highly susceptible to climate-induced changes
in river flow regimes (Arias et al. 2020; Almeida et al. 2021;
Caceres et al. 2021). For instance, drier conditions predicted in
the eastern Amazon, driven by shifting precipitation patterns
and frequent events of extreme droughts (Sorribas et al. 2016;
Bottino et al. 2024), will affect power generation with sharp de-
clines under a pessimistic scenario, up to 37% in Madeira and
Tapajos (Almeida et al. 2021). The vulnerabilities of hydropower
generation to climate conditions further highlight the urgency
to reevaluate the projected expansion of dams in favor of alter-
native lower-impact solutions.

5 | Limitations and Perspectives

Despite offering a robust and spatially explicit framework for in-
tegrating climatic suitability and river connectivity, some uncer-
tainties and simplifications must be acknowledged. Frugivorous
fish depend strongly on forest-river interactions and the seasonal
flood pulse (Correa et al. 2016), which ties their persistence to
lowland floodplain habitats. However, life-history strategies and
habitat adaptations vary widely across Amazonian fishes, and
these differences can influence responses to river fragmentation
and reservoir formation. For example, mountain specialists that
inhabit fast-flowing Andean or shield tributaries may be more
directly affected by barriers sitting in upland regions where fru-
givores are largely absent. Conversely, while a few generalist
or lentic tolerant species may show limited local benefits from
reservoir formation, these positive effects are generally transient
compared to broader negative impacts (Agostinho et al. 2008),
as many Amazonian fish evolved in dynamic and free-flowing
systems. Further uncertainties can be associated with the flood-
drought dynamics that were not explicitly represented by our
models. Flood amplitude, duration, or drought severity, for in-
stance, are critical for the life-cycle of many fish species and
are expected to shift under climate change (Sorribas et al. 2016;
Bottino et al. 2024). Future work should include variables that
represent the alteration of natural flow regimes driven by climate
change to better predict the expected distribution of species and
therefore refine RCIsuit estimates and improve barrier ranking.

In addition to longitudinal fragmentation, dams impose mul-
tiple environmental changes that were not incorporated in our

study and may limit our understanding of impacts on these
species. Dams that form reservoirs alter flow timing and mag-
nitude, trap sediments, modify thermal regimes, and reduce
lateral connectivity with riparian forests (Agostinho et al. 2008;
Franklin et al. 2024). Such alterations can reorganize commu-
nity composition and disrupt ecological processes even in areas
that remain structurally connected. By modeling dams solely
as barriers to movement, our approach does not fully capture
these additional impacts and consequently may underestimate
the broader ecological costs of hydropower development, par-
ticularly of those that may appear less critical when evaluated
only in terms of longitudinal connectivity. Looking forward,
incorporating these additional impacts is strongly encouraged.
However, this will require acknowledging clear trade-offs, as
the simultaneous consideration of multiple criteria can substan-
tially alter dam rankings. Integrating these dimensions offers a
more comprehensive evaluation of hydropower expansion while
supporting decision-makers in identifying the least detrimental
options.

6 | Conclusion

Maintaining and improving river connectivity to preserve fish
dispersal and ensure long-term population persistence is the key-
stone of climate adaptive strategies, prioritizing the avoidance
of new barriers, while also tackling the impacts of long-lasting
structures that fragment aquatic ecosystems (Rodeles et al. 2020;
Franklin et al. 2024; Fernandes et al. 2024). Freshwater con-
servation also implies safeguarding and monitoring adequate
habitats that will be stable under climate change (Radinger
et al. 2018; Herrera-R et al. 2020; Thieme et al. 2023; Franklin
et al. 2024). Our results identified locations where fish popula-
tions can persist in the absence of spatial constraints imposed by
physical and climatic barriers, by integrating species distribu-
tion models to accurately identify the areas that will support fish
populations while buffering impacts of climate change (Morelli
et al. 2017; Wegscheider et al. 2024). By considering the potential
distribution of fish simultaneously for a wide range of species,
our results can also be useful to direct future efforts to quan-
tify ecosystem services losses associated with species declines.
Success, however, hinges on basin-wide, transboundary gover-
nance, especially given that poor conservation practices in one
country can undermine efforts in neighboring regions (Azevedo-
Santos et al. 2019; Cid et al. 2022). By identifying core areas that
remain connected and suitable for frugivorous fish and those
at risk of losing connectivity, we can prioritize rivers that are
key to sustaining ecosystem functions and services. Protecting
these aquatic areas generates positive cascading effects by main-
taining terrestrial forests through seed dispersal by fish and by
supporting human communities through the food and income
these species provide. Recognizing the often-overlooked signif-
icance of aquatic ecosystems within protected areas (Frederico
et al. 2016; 2020; Bailly et al. 2021), conservation networks must
be explicitly designed to include both rivers and riparian zones
(Killeen and Solérzano 2008; Piczak et al. 2023) and to support
local communities. Additionally, ranking the most impactful
barriers for river fragmentation, our results provide innovative
and applicable information for sustainable energy planning de-
cisions that can inform policies and conservation actions that
safeguard connectivity, biodiversity, and ecosystem services

10 of 13

Global Change Biology, 2026

85U80]7 SUOWIWIOD BAIEa.D 8|qedl(dde au Aq peusenob ae s9 e YO 8sn JO Sa|n 10} A%eud1T8ulUO 8|1 UO (SUORIPUOO-PUB-SWLBIW0 A8 | 1M ARIq 1 BulUO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/T0/02] Lo A%idiTaulluo A8|1IM ‘eouefeig 8@ JeMjod 15ul-1d AQ §8902'GOB/TTTT'OT/I0p/w00 A8 | AReiq1jeuljuo//sdny Wwouy pepeojumod ‘T ‘9202 ‘9872G9ET



under changing conditions. Ultimately, where policies exist
and decision-makers are committed to maintaining or restoring
freshwater systems, protection can be expanded. Our work pro-
vides a valuable tool to support these decision-making processes
by prioritizing efforts to achieve social and environmental objec-
tives in the context of the ongoing climate crisis.
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