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ABSTRACT

As hydropower development expands across lowland
tropical forests, flooding and concomitant insular
fragmentation have become important threats to
biodiversity. Newly created insular landscapes serve as
natural laboratories to investigate biodiversity responses to
fragmentation. One of these most iconic landscapes is the
Balbina Hydroelectric Reservoir in Brazilian Amazonia,
occupying >400 000 ha and comprising >3 500 forest
islands. Here, we synthesise the current knowledge on
responses of a wide range of biological groups to insular
fragmentation at Balbina. Sampling has largely
concentrated on a set of 22 islands and three mainland
sites. In total, 39 studies were conducted over nearly two
decades, covering 17 vertebrate, invertebrate, and plant
taxa. Although species responses varied according to
taxonomic group, island area was consistently included
and played a pivotal role in 66.7% of all studies examining
patterns of species diversity. Species persistence was
further affected by species traits, mostly related to species
capacity to use/traverse the aquatic matrix or tolerate
habitat degradation, as noted for species of vertebrates
and orchid bees. Further research is needed to improve
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our understanding of such effects on wider ecosystem
functioning. Environmental Impact Assessments must
account for changes in both the remaining habitat amount
and configuration, and subsequent long-term species
losses.

Keywords: Habitat loss; Hydropower dams; Land-
bridge; Local extinctions; Species-area relationships;
Species diversity; Tropical forests

INTRODUCTION

The rising global energy demand, followed by the need to
decarbonize energy production, triggered the intensification of
the hydropower sector, which now accounts for 73% of the
renewable energy produced globally (Bucknall et al., 2014).
Although extolled as “clean” energy, hydroelectricity is
controversial given that the environmental and social impacts
often outweigh any economic benefits (Alho, 2020; Gibson
et al., 2017). This has been particularly noted across lowland
tropical forests where damming, due to the typically gentle
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topography, floods vast areas, creating shallow lakes that are
prone to siltation, with high levels of greenhouse gas
emissions, while often producing little energy (Fearnside &
Pueyo, 2012; Finer & Jenkins, 2012). Moreover, low-elevation
areas are flooded when dams are built, and previous ridgetops
are often converted into forest islands, creating complex
fragmented landscapes within hydroelectric reservoirs (Lees
etal., 2016). As such, although found worldwide, these
human-made insular landscapes are more frequent across the
tropics (e.g., de Amorim et al., 2017; Hazard et al., 2023; Lima
et al., 2015; Terborgh et al., 2001) and subtropics (e.g., Liu
et al., 2019). Today, the construction of hydroelectric dams is
one of the primary means of habitat loss, fragmentation, and
subsequent degradation across tropical forests (Jones et al.,
2016; Jones & Bull, 2020). For instance, in the Amazon basin
alone, a total of 145 dams (in operation or under construction)
have flooded or will flood ~1.5 Mha of pristine hyper-diverse
forests (ECOA—Ecologia em Agdo, 2016). Nevertheless, the
hydropower sector is projected to greatly continue expanding
in the Amazon basin, with 263 additional dams currently
planned for construction in the next few years
(ECOA—Ecologia em Agéo, 2016).

In the aftermath of damming, taxa that become isolated
within reservoir islands typically experience a novel hyper-
disturbance regime, which may result in drastic shifts in
species composition within insular communities through
species extinction and turnover, which reflect biodiversity
losses and ultimately altered carrying capacity of the
remaining habitat (Jones etal., 2016). For instance, in the
Guri Lake, Venezuela, the absence of predators from islands
drove the hyper abundance of herbivores, profoundly
impacting ecosystem functioning (Terborgh etal., 2001). In
the forest islands of the Chiew Larn Reservoir in Thailand, an
initial species assemblage of small mammals with more than
10 species has culminated in only one hyper dominant rat
species after a 33-year period (Moore et al., 2022). Moreover,
in the newly created islands of Serra da Mesa Reservoir, in
the Brazilian Cerrado biome, a gecko species was found to
rapidly modify its morphology and diet: populations on all five
islands studied have proportionally larger heads than those at
five nearby mainland sites, suggesting rapid evolutionary
change (de Amorim et al., 2017).

Although an aquatic matrix setting is not the most common
matrix type across global fragmented landscapes, the study of
such insular landscapes is particularly useful because they
minimise the potentially confounding matrix effects (Ewers &
Didham, 2006). Indeed, these landscapes are characterised
by an equally uniform and inhospitable matrix, in which time
since isolation and history of anthropogenic disturbance are
largely invariant (Diamond, 2001). Therefore, insular
fragmented landscapes provide excellent opportunities for
developing and testing theories of island biogeography and
habitat fragmentation. One of the most iconic of these
landscapes is that created by the construction of the Balbina
Hydroelectric Dam, in central Brazilian Amazonia (Fearnside,
1989). In this landscape, 3 526 forest islands were formed
throughout a shallow-water reservoir larger than 400 000 ha
(Benchimol & Peres, 2015a).

Here, we review nearly two decades of research carried out
to understand biodiversity responses to habitat loss and
insular fragmentation in the Balbina Hydroelectric Reservoir
and adjacent continuous forest areas (Figure 1). To do so, we
compiled and synthesised information from all 39 existing
studies focused on a wide range of biological taxa, and further
discuss the effects of island area, isolation, and habitat quality,
as well as species traits, in determining patterns of species
persistence across a gradient of habitat loss and insular
fragmentation. These studies have largely concentrated on the
same subset of 22 forest islands of different sizes and
degrees of isolation, in addition to three mainland continuous
forest (CF) sites , used as a baseline. We further disclose the
lessons and prospects of future research to continue
improving our understanding of the effects of insularisation on
biodiversity, as well as its consequences for ecosystem
functioning. The information synthetised here is of major use
for proposing effective measures to mitigate the environmental
impacts of habitat loss and insularisation following river
damming across lowland tropical forests.

MATERIALS AND METHODS

Study area
The vast Balbina Hydroelectric Reservoir, created in Central
Brazilian Amazonia (S1°48', W59°29'; Figure 1), resulted from

Figure 1 The Balbina landscape

A: Inset map showing the location of the Balbina Hydroelectric Dam and aerial photograph illustrating the Balbina insular landscape (photo credit: E.
M. Venticinque). B: Photograph depicting the aquatic matrix surrounding forest islands as occupied by long-standing dead trees. Photo by A. F.

Palmeirim.
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a major dam built in 1987 on the Uatuma River, a left-bank
tributary of the Amazon River. Damming resulted in a
443 772-ha reservoir and the creation of 3 546 forest islands.
After 35 years, dead relics of large canopy trees remain
standing in the shallow waters of the reservoir as the
vegetation of the submerged area was never cleared, except
for the area immediately adjacent to the dam. As lower
elevation areas were mostly associated with riparian habitats,
this habitat type has virtually vanished after damming and
consequent flooding of the lowland areas (Palmeirim
etal., 2017).

The Balbina landscape is characterised by an annual mean
temperature of 26.7°C, with low variation between the wet and
dry seasons. Annual precipitation is on average 2 420 mm, but
as low as 80 mm during dry months (Alvares et al., 2013). The
vegetation is broadly characterised by dense submontane rain
forest (Benchimol & Venticinque, 2014). In particular, islands
and the neighbouring continuous forest sites consist of dense
closed- canopy non-flooded terra firme forest (Benchimol &
Peres, 2015a). Forest islands within the reservoir have not
been subject to logging nor hunting, but many islands
experienced understorey fires during the El Nifio drought of
late- 1997 to early- 1998 (Benchimol & Peres, 2015b). In
addition, a vast area within and around the former left bank of
the Uatuma river has been strictly protected since the dam
was built by the 440 358-ha Uatuma Biological Reserve, the
largest protected area in its category in Brazil. The
implementation of this protected area aimed to offset the
environmental impacts generated by the dam and it largely
explains the reasonably low levels of post-damming
anthropogenic disturbance throughout the reservoir (IBA
MA, 1997).

Literature review

W60°0.000° W59048.000"

Information on the research carried out at the Balbina
landscape was compiled between January and July 2023,
based on a comprehensive search of published and
unpublished studies (i.e., reports and dissertations) reporting
the impacts of habitat loss and fragmentation in the study
area. To do so, we used both Web of Science and Google
Scholar with the search queries (habitat fragmentation* AND
Balbina Hydroelectric Reservoir*). These searches were then
repeated using keyword combinations translated into
Portuguese. Any additional studies were further checked by
searching the literature cited in the selected studies. We only
retained studies that targeted the effects of habitat loss and
fragmentation. As such, studies that perceived or approached
the effects of insular forest fragmentation differently were not
further discussed in this review. This included one study on
the responses of giant otters (Palmeirim etal., 2014) and
tapirs (using a genetic approach) to river damming (Pinho
et al., 2014).

Since Benchimol and Peres (2015a ), most studies carried
out in Balbina largely allocated their sampling effort to the
same subset of 22 forest islands from the total of 37 islands
surveyed in that study, in addition to three mainland CF sites
(Figure 2). Focal islands were pre-selected according to their
size, degree of isolation and spatial distribution, so that a wide
spectrum of island configurations could be surveyed within the
reservoir. The 22 most frequently sampled islands were at
least 1-km apart from one another, with island size ranging
from 1.5 to 1 466 ha and isolation distances to the nearest
mainland varying from 44 to 11 872 m (Supplementary Table
S1). Continuous forest sites were also widely distributed
around the reservoir and placed between 200 and 4 000 m
from the nearest reservoir margin (Figure 2). For each
reviewed study, we compiled information on the topic of
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Figure 2 Survey sites within the Balbina Hydroelectric Reservoir of Central Brazilian Amazonia: 22 islands (in darker greenish and
highlighted by a 500-m buffer contour line) and three continuous forest sites (indicated by orange triangles)
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research, biological group, number of sampled sites,
evaluated metrics, year of publication, and main findings. For
studies targeting patterns of species taxonomic a-diversity in
relation to insular fragmentation, we further recorded which
variables affected any of the species diversity metrics
considered.

RESULTS

Nearly two decades of research at Balbina

The onset of research activities examining the effects of
insular forest fragmentation in the Balbina landscape dates
from 20 years post-damming. These studies culminated in 33
peer-reviewed publications, Five MSc unpublished theses,
and one book chapter. About 70% of these 39 studies were
produced between 2017 and 2022, corresponding to a period
of data collection between 2012 and 2018 (Figure 3A). Over
the years, a total of 17 biological groups have been surveyed,
including vertebrates (snakes, primates, lizards, aerial
insectivorous bats, frogs, small mammals, birds, and mid-
sized to large arboreal and terrestrial vertebrates),
invertebrates (termites, spiders, orchid bees, harvestmen,
dung beetles, and leafcutter ants) and plants (lianas, ferns,
trees 210 cm DBH (diameter at breast height), and saplings).
Overall, vertebrates received most of the research attention
(Figure 3B). The topics covered varied from single-taxon
studies examining a-diversity metrics to multi-taxa or multi-
scale studies (Table 1). Additional topics covered include
mutualistic (Emer et al., 2013) and predator-prey interactions
(Pires et al., 2023), species-habitat networks (Palmeirim et al.,
2022), and the diversity of sound in the acoustic space
(Luypaert et al., 2023). The number of sampling sites in each
study varied widely, being highest for studies using passive
acoustic monitoring (74 islands: Bueno et al., 2020) (Table 1).
A total of 33 variables have been considered to assess
biodiversity responses to insular forest fragmentation
(Supplementary Table S2). The core variables considered
most commonly were island area, distance to mainland,
proximity index, island shape, and tree species richness, but
the set of metrics considered varied according to the biological
group surveyed (Table 1).

Landscape, patch and local habitat drivers of species
diversity
The most important driver of species diversity in the Balbina

>

N

Number of studies (n)
N

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year

Biological group

landscape is island size (or insular forest area, excluding any
non-forest part of the island). This variable has been
consistently included in all 18 studies examining overall
species diversity patterns, being an important predictor of
species diversity in 67% of these studies (Figure 4). Island
isolation, as measured using either the linear distance to
mainland forest (included in 72% of the studies) or a Proximity
index (that considers not only the area of any landmass
included in any given buffer but also the distance to those
landmasses (McGarigal et al., 2012), included in 72% of the
studies), were important drivers of species diversity in 46%
and 39% of the studies. Habitat quality has been inferred from
21 variables at either forest patch- or plot-scale. Overall, the
most examined habitat variables were fire severity (44%),
density of trees 210 cm DBH (33%) and percentage of closed-
canopy forest (28%), which predicted species diversity in 50%,
33%, and 20% of the studies, respectively (Figure 4). Below
we provide a detailed summary of the main findings for each
of the biological groups considered to date.

Vertebrates: Mid- to large-bodied terrestrial and arboreal
vertebrates at Balbina, as surveyed using a combination of
camera trapping, line-transect censuses, sign surveys, and
armadillo burrow counts, amounted to 35 species. Forest
habitat area explained 91% of their species richness, which
was further affected by edge-mediated surface fire
disturbance, which was most noticeable on islands smaller
than 10 ha (Benchimol & Peres, 2015a). Primates’ species
diversity was additionally affected by tree density and vertical
stratification (Benchimol & Venticinque, 2014). When
accounting for species abundance, most vertebrate
populations were observed to be either locally extirpated or
committed to future extinction events on most islands
(Benchimol & Peres, 2021). For small non-volant mammals,
including a total of 20 species of rodents and marsupials
(Palmeirim et al., 2018a), species richness was best predicted
by both island area and isolation (Borges, 2007). However, the
responses to these variables further depended on the species-
specific ability to cross the matrix (Palmeirim et al., 2018a).
Between-site (B) diversity of both small mammals and midsize
to large mammals was additionally affected by local vegetation
characteristics (Palmeirim et al., 2018b). When considering
taxonomic, functional, and phylogenetic diversity, island area
stood out as the most important predictor. These same

Acoustic species
Lizards

Leafcutter ants
Insectivorous bats

Arboreal/terrestrial vertebrates
Birds

Number of studies (n)

Figure 3 Studies carried out in Balbina focused on the effects of insular forest fragmentation
A, B: Number of studies (A) per year and (B) per biological group in the Balbina insular landscape, Brazilian Amazonia. Studies include published
scientific papers (n=33), MSc theses (if no corresponding paper has been published; n=5), and book chapters (n=1). Only studies published until

the end of August 2023 have been included.
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Table 1 References of studies carried out in Balbina to quantify biodiversity responses to insular forest fragmentation as organised by
topic covered, biological group targeted, number of surveyed sites —islands, continuous forest (CF) sites and open-water matrix
sites—and the variables assessed

Topic Biological group

Reference

No. surveyed sites

Variables assessed

Overall species diversity
Frogs
Midsized-large
vertebrates

Birds

Dung beetles

Ferns

Harvestmen

Insectivorous bats

Lianas

Lizards

Orchid bees

Primates

Small mammals

Snakes

Spiders

Trees (adult)

Trees (saplings)
Species-specific responses

Midsized-large

vertebrates
Beta-diversity

Mammals

Bueno et al., 2020
Benchimol & Peres,

2015a
Aurelio-Silva et al.,
2016

Storck-Tonon et al.,
2020

Zuquim et al., 2022
Tourinho et al.,
2020

Di Ponzio et al.,
2023

Jones et al., 2017
Bittencourt, 2008
Palmeirim et al.,
2017

Storck-Tonon &
Peres, 2017

Benchimol &
Venticinque, 2014
Borges, 2007
Palmeirim et al.,
2018a

Palmeirim et al.,
2021a

Ferreira, 2007
Benchimol & Peres,
2015b

Jones et al., 2019

Benchimol & Peres,
2015¢

Palmeirim et al.,
2018b

Multiple dimensions/scales of diversity

Small mammals and
lizards
Functional diversity

Insectivorous bats
Phylogenetic diversity
Trees
Habitat Amount Hypothesis
Birds
Importance of baseline suitability
Birds

Multi-taxa
Inter-trophic relationships
Leafcutter ants

Species-habitat networks
Multi-taxa

Prey-predator networks
Midsized-large
vertebrates

Palmeirim et al.,
2021c

Colombo et al.,
2023

Santo - Silva et al.,
2021

Bueno & Peres,
2019

Bueno & Peres,
2020
Jones et al., 2021

Nogueira, 2009
Palmeirim et al.,
2021b

Palmeirim et al.,
2022

Pires et al., 2023

74 islands, 4 CF sites
37 islands, 3 CF sites

27 islands, 3 CF sites

30 islands, 3 CF sites

10 islands

20 islands, 1 CF sites

28 islands, 3 CF sites

36 islands, 3 CF sites
20 islands, 4 CF sites

25 islands, 4 CF sites

34 islands, 3 CF sites, 14

matrix sites

20 islands
8 islands, 1 CF site
25 islands, 4 CF sites

25 islands, 4 CF sites
20 islands, 1 CF site

34 islands, 3 CF sites
36 islands, 3 CF sites

37 islands, 3 CF sites

23 islands, 2 CF sites

26 islands, 4 CF sites

28 islands, 3 CF sites

34 islands, 3 CF sites

33 islands

33 islands, 4 CF sites
72 islands, 4 CF sites

25 islands, 25 CF sites
34 islands, 3 CF sites

22 islands, 3 CF sites

37 islands, 3 CF sites

i.area

f.area, dist, prox, shape, burn, %closed-canopy, fruit-area

i.area, dist, prox, dist.river

f.area, i.area, dist, prox, shape, %closed-canopy,
n.islands, burn, S-trees, D-trees, Simpson-trees, %old-
growth, Area-trees

i.area, dist, %cover, burn, %pioneer

i.area, dist, prox, %cover, litter, D-trees, D-palms, fallen
steams

f.area, dist, dist-neighbour, %cover, D-trees, S-trees,
Area-trees, burn, clutterness, edge-area

i.area, dist, %cover, burn, wind-angle, dist-edge, slope

i.area, prox, shape,litter, D-palm, D-trees
i.area, dist, prox, shape

i.area, f.area, dist, dist-neighbour, dist-edge, prox, cover,
%closed-canopy, %open-canopy, S-trees, Simpson-trees,
%old-growth

i.area, prox, n.islands, %cover, openness, height,
v.stratification, D-trees, lianas

i.area, prox

i.area, dist, prox, shape, S-trees, D-trees, %closed-
canopy, burn, %old-growth, fruit-area, lianas

i.area, dist, prox, shape

i.area, prox, shape

i.area, f.area, dist, prox, %cover, edge-dist, burn, slope,
wind-angle

i.area, dist, %cover, burn

i.area, f.area, dist, prox, shape, %cover, burn, %closed-
canopy, fruit-area

i.area, dist, prox, shape, %cover, S-trees , D-trees,
%closed-canopy, burn, %old-growth , fruit-area, lianas

i.area, dist, prox, shape, S-trees

f.area, dist, %cover, burn, S-tree, D-tree, Area-tree,
cluterness, dist-edge

i.area, dist, %cover, brun, wind-angle, slope, dist-edge

f.area, %cover (multiple circular buffers)

f.area

i.area

islands vs CF sites

f.area, burn, Ab-pioneer

f.area, dist, burn, %water

i.area, f.area, closed-canopy.area, dist, prox, shape,
Y%cover, %closed-canopy
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Continued

Topic Biological group Reference No. surveyed sites Variables assessed
Mutualistic networks
Ants and plants Emeretal., 2013 20 islands, 5 CF sites i.area, dist, prox; island interior vs island edge vs CF
Acoustic space
Soundscape Iégyz/gaert etal, 49 islands f.area, %water
Acoustic signal
Birds Bicudo et al., 2016 13 islands, 2 CF sites i.area, prox, D-trees, Area-trees

Activity patterns

Frogs
Physiological mechanisms
Birds
Check list
Thermites

Methodological insights
Midsized-large

Masseli, 2021 74 islands, 4 CF sites

Bicudo et al., 2020 13 islands, 2 CF sites

de Sales Dambros . .
etal, 2012 5 CF sites, 5 matrix sites

Benchimol & Peres, 5, 1 jands, 3 CF sites

i.area

i.area

matrix vs CF

i.area, dist, prox, %cover, %closed-canopy, brun, fruit-

vertebrates 2020 area
;g:n;emm Gl 23 islands, 2 CF sites -
Bual el Palmeirim et al
2020 v 14 islands, 2 CF sites i.area

The description of each metric can be found in Supplementary Table S2. As further indicated in the table, some studies have compared biodiversity
metrics between islands, mainland CF sites and matrix sites. The assessed variables included: total island area (i.area), forest island area (f.area),
island distances to the nearest mainland forest site (dist), nearest island (dist-neighbour), and nearest portion of the once river channel (dist-river),
the Proximity index, or an adaptation of that (prox), island shape (shape), proportion of forest cover (%cover), proportion of open-water cover
(%water), degree of fire severity (burn), percentage of closed-canopy forest (%closed-canopy), percentage of open-canopy forest (%open-canopy),
basal area of trees bearing fleshy fruits (fruit-area), number of tree species (S-trees), density of trees (D-trees), Simpson diversity index of tree
species (Simpson-trees), aggregated tree basal area (Area-trees), percentage of pioneer tree stems (%pioneer), abundance of pioneer trees (Ab-
pioneer), percentage of old-growth trees (%old-growth), density of palms (D-palms), number of fallen woody stems (fallen-stems), degree of
vegetation clutter (cluterness), mean number of lianas (lianas), litter depth (litter), windstorm angle (wind-angle), terrain slope (slope) and distance
to the nearest edge (dist-edge).

Patch-scale Landscape-scale Habitat quality
—_ 100% )
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» |
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Explanatory variables

Figure 4 Number of studies targeting overall species diversity including each of the explanatory variables

At the patch-scale: Island total areal/island forest area (area), distance from mainland (dist), proximity index (prox), island shape (shape), interaction
between area and dist (area*dist), neighbour island distance (dist.n), river distance (dist.r); at the landscape-scale: forest cover (cover), number of
neighbour islands (n.is), edge area (edge.a); and regarding habitat quality at the patch-level: fire severity (burn), density of trees (d-trees),
percentage of closed-canopy forest (%cc), species richness of trees (s-trees), percentage of old-growth trees (%old), basal area of trees (a-trees),
density of palms (d.palms), basal area of fleshy-fruiting trees (fr-area), number of lianas (lianas), tree diversity (simp-t), percentage of open-canopy
forest (%oc), percentage of pioneer trees (%pion), vegetation clutter (cluter), number of fallen steams (f-steams), canopy height (height), canopy
openness (open), vertical stratification (strat); and, at the plot-level: edge distance (d-edge), terrain slope (slope), windstorm angle (wind-a). Bars
are colour-coded according to the number of studies on which that variable was statistically important/unimportant at explaining species diversity in
the fragmented landscape. The percentage of studies on which each variable has been included is indicated above each bar. A total of 18 studies
regarding 15 biological groups (i.e., considering adult and sapling trees in the same biological group) were included in this plot.

patterns are echoed by those noted for diurnal lizard sites, was also best predicted by island size (Bueno etal.,

assemblages, which consisted of 17 taxa (Bittencourt, 2008;
Palmeirim et al., 2017; Palmeirim et al., 2021a). Likewise, the
persistence of 37 anuran species, recorded via passive
acoustic monitoring at a large number of sites (compared to
other studies), including 74 islands and four mainland CF
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2020). Island size further positively affected the vocal activity
time of these assemblages (Masseli, 2021). Considering 61
forest bird species, diversity was primarily affected by island
size (Aurélio-Silva et al., 2016), but small islands were unlikely
to translate into higher physiological stress for birds, given the
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lack of a relationship between corticosterone levels (measured
from bird feathers) and island area (except for the Guianan
Antwarbler Hypocnemis cantator) (Bicudo etal., 2020).
Furthermore, considering a limited sample of 50 snakes
belonging to 16 species, species richness was also positively
affected by forest area, explaining 48% of the number of
species, and negatively affected by island isolation (Palmeirim
etal.,, 2021b). Notwithstanding, species richness of aerial
insectivorous bats (including 23 sonotypes, each of which
corresponds to one or more species that emit calls of similar
shape and peak frequency), was unaffected by island size or
isolation. Yet, bat species composition was affected by the
island area (Di Ponzio et al., 2023).

Invertebrates: Considering the eight invertebrate taxa
examined at Balbina, dung beetles were thought to be the
most affected by insular forest fragmentation (Palmeirim et al.,
2022). Only two out of 34 dung-beetle species in the regional
species pool were found on islands smaller than 10 ha. Given
that most Balbina islands are small, Storck-Tonon et al. (2020)
estimated that one third of all islands are highly defaunated in
terms of their dung-beetle assemblages. For scarabeine
beetles, species richness was instead best predicted by island
isolation, followed by an interaction between isolation and
island size, with both variables determining species
composition (Storck-Tonon et al., 2020). Conversely, orchid
bees (Euglossinae), which were represented by 25 species,
were seemingly most resilient group to insular fragmentation,
showing the least steep species-area relationship (Jones
etal., 2021), and the most robust species-habitat networks
(Palmeirim et al., 2022). Orchid bee species richness was
predicted by both island area, isolation, and distance to forest
edges. This has been the only group to date that was
surveyed throughout the aquatic matrix, ensuring a better
understanding of the variation in matrix dispersal as a key
determinant of the community structure (Storck-Tonon &
Peres, 2017).

Similarly to insectivorous bats, species richness of
harvestmen (31 species recorded) was unaffected by any
local patch or landscape variables. Yet, species composition
was affected by landscape-scale forest cover and fallen
woody stems, while species abundance was affected by
vegetation density, forest cover, island area, abundance of
arborescent palms, and fallen woody stems (Tourinho et al.,
2020). From a total of 34 species, spider species richness was
affected by isolation, and species composition was more
similar between continuous forest sites than between islands
(Ferreira, 2007). Likewise, termite assemblages (26 species
recorded) were also more similar in composition between
mainland continuous forest than between the dead tree snags
surveyed in the aquatic matrix (de Sales Dambros etal.,
2012).

Plants: Based on a floristic inventory including 368 species of
trees 210 cm DBH, adult tree species richness at Balbina was
mostly predicted by forest area. However, forest edge effects
were responsible for non-random floristic transitions across
islands via a process of rapid pioneer proliferation (Benchimol
& Peres, 2015b). Santo-Silva et al. (2021) further showed a
reduction in phylogenetic diversity on small (<10 ha), isolated
islands, particularly in more fire-prone areas near forest edges
surrounded by low amounts of forest cover. Considering tree
saplings, islands harboured lower stem densities than nearby
CF sites. Altogether, these findings highlight the instability of
insular tree communities at Balbina, with rare species

becoming extinction-prone due to reduced tree recruitment
and density on islands (Jones et al., 2019).

Woody lianas comprise a group that was hypothesised to
generally benefit from insular forest fragmentation (Wright
etal., 2015). As such, Jones etal. (2017) noted that
community composition remained similar between islands and
CF sites. Lianas further increased in dominance relative to
trees in the sapling layer in the most degraded islands, with
both the amount of forest cover surrounding islands and
history of fire disturbance predicting liana dominance.
Considering ferns or lycophytes, here sampled through a
citizen science approach using photographs systematically
recorded by a non-expert, species richness across a pool of
23 species was positively related to island size and negatively
related to isolation and fire severity (Zuquim et al., 2022).

Patterns of trait-based persistence

Species persisting on the forest islands were further prone to
being affected by insularisation due to their intrinsic eco-
morphological traits. Patterns of remaining species diversity
on islands were thus deterministically induced by nonrandom
local extinctions. In addition to dispersal capacity, traits
associated with success in disturbed habitat remnants play
important roles in structuring biological communities isolated
within forest islands (Palmeirim etal., 2022). Below, we
provide a general overview of the trait-related responses
reported for each of the biological groups surveyed at Balbina.

In the case of mid- to large-bodied terrestrial and arboreal
vertebrates, higher extinction rates were noted for wide-
ranging species with large spatial requirements (Benchimol &
Peres, 2015c). Considering small mammals, forest-dependent
species experienced higher local extinction rates and were
often either absent or persisted at low abundances on small
islands, where non-forest-dependent species became
particularly abundant (Palmeirim et al., 2018a). In addition,
small-bodied rodents and marsupials were less extinction-
prone (Palmeirim etal, 2021a). Lizard assemblages
inhabiting small, isolated islands consisted almost exclusively
of an oversimplified set of widely distributed, large-bodied,
habitat generalist, heliophile species that are energetically
subsidised by sun flecks in open areas and forest edges, and
that feed on a wide spectrum of prey sizes. In one of the
surveyed CF sites, additional lizard trapping transects were
deployed along stream banks, in which two lizard species
have been exclusively recorded. Those riparian species are
likely to be virtually absent from the whole insular landscape
as lowland areas along perennial streams have been flooded
(Palmeirim et al., 2017).

The most dam-affected bird guilds included terrestrial
omnivores and insectivores, small understorey frugivores and
large-bodied frugivores and faunivores (Aurélio-Silva et al.,
2016). Colombo et al. (2023) found that understorey foraging
large insectivorous bats exhibiting greater dispersal capacity,
constant frequency—modulated calls, and higher frequency of
maximum energy were associated with small, isolated islands.
A recent study including eight biological groups further added
that large-bodied orchid bees and smaller-bodied anurans
were more widely distributed across the landscape (Palmeirim
et al., 2022). At the extreme end of the fragmentation gradient
characterised by the smaller islands, tree species were mostly
light-wooded, fast-growing pioneers, which have largely
replaced the heavy-wooded species of the former old-growth
flora (Benchimol & Peres, 2015b; Jones et al., 2019).
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Additional studies

Studies carried out in the Balbina landscape to examine
species interactions included: ant-plant mutualistic interactions
(Emer etal,, 2013), vertebrate predator-prey interactions
(Pires et al., 2023), and two studies focused on leafcutter ants
and their inter-trophic relationships (Nogueira, 2009;
Palmeirim et al., 2021c). In mutualistic ant-plant interactions,
the myrmecophyte plants provide domatia nesting space to
their symbiotic ants. In 31 ant-myrmecophyte networks in
undisturbed and disturbed sites surrounding Balbina, networks
were found to be highly compartmentalised in undisturbed
forests, and the compartments had few strongly connected
mutualistic partners. In contrast, networks at lake edges and
on islands were poorly compartmentalised and negatively
affected by island area and isolation in terms of species
richness, density, and composition (Emer et al., 2013). Using
data from forest vertebrate surveys, combined modelling and
network analysis, Pires etal. (2023) investigated how the
structure of predator-prey networks was affected by habitat
insularisation. Network complexity, here measured by
interaction diversity, decayed non-linearly with decreasing
forest area (Pires et al., 2023). The leafcutting ants (Atta spp.)
are dominant herbivores in Neotropical forests, and their
colony density typically increases in the aftermath of habitat
disturbance (Leal etal., 2014). At Balbina, leafcutter ant
colony density, wherever they were present, was a negative
function of island size (Palmeirim et al., 2021c), being lower
than that in adjacent CF sites around the lake (Nog
ueira, 2009).

To understand how the effects of insular fragmentation
scale up to entire landscapes, Palmeirim et al. (2022) applied
species-habitat networks on multiple taxa surveyed across a
common set of 22 forest islands and three CF sites. Here, a
species-habitat network represented a landscape in which
each species is a node that is linked to another set of nodes
matching the forest islands where that species occurs.
Interaction links within the network are established by the
occurrence of a given species at a given island. Emerging
properties of entire species-habitat networks were then
quantified using traditional metrics largely used in network
studies. Overall, this study revealed that widespread, non-
random local species extinctions were translated into highly
nested networks of low connectance and modularity. Network
robustness considering the sequential removal of large-to-
small sites was further noted to be generally low, with between
5% (dung beetles) and 50% (orchid bees) of species
persisting when the landscape retained only islands smaller
than 10 ha.

Bueno & Peres (2019) tested the Habitat Amount
Hypothesis (Fahrig, 2013), and found that the relative
importance of island size in determining the species richness
of understorey insectivorous birds on forest islands was higher
than that of the surrounding habitat amount. As such, their
findings provided stronger support for the island biogeography
paradigm (MacArthur & Wilson, 1967). Other studies have
examined species responses to insular fragmentation at
Balbina by excluding species that were not present in CF sites
(e.g., birds: Bueno & Peres, 2020; eight biological groups:
Jones et al., 2021). Both studies highlight the importance of
the intactness of reference sites to accurately assess the
impacts of land-use change on biodiversity and establish
conservation strategies. The multi-taxa study further found
that adult trees comprise the biological group showing the
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species-area relationship that best represents the remaining
groups (Jones et al., 2021). In addition, scaling of biodiversity
has been recently extended to the realm of ecoacoustics.
Here, Luypaert etal. (2023) used eco-acoustic metrics to
investigate ecological patterns without requiring biodiversity
assessments at the species-level. Instead, environmental
sounds were grouped into bins with shared acoustic traits in
the time-frequency domain of the acoustic space in which
sound is produced. These soundscape metrics were shown to
be sensitive to ecological patterns that were largely predicted
by island area.

Three studies have provided methodological insights.
Palmeirim et al. (2020), using small mammal data, observed
that potential sampling biases are more likely at larger forest
sites, which should be more intensively sampled to reduce any
such bias. Although not testing the effects of insular forest
fragmentation, co-sampling of multiple taxa at the same sites
further allowed testing the efficiency of alternative methods for
surveying small mammals (Palmeirim et al., 2019). Likewise,
by identifying the most reliable survey method for any given
species (diurnal censuses vs. camera-trapping), Benchimol &
Peres (2021) were able to integrate measures of species
abundance based on different methods to quantify
abundance-area relationships (AARs) and assess how
extinction proneness is governed by local population sizes.

DISCUSSION

To date, the economic benefits of hydropower development in
lowland tropical forests have been overestimated, whereas the
environmental costs have been broadly neglected (Moran
etal.,, 2018). Nevertheless, large hydroelectric projects will
continue to be justified by an ever-larger world population and
growing per capita rates of energy consumption (Chen et al.,
2016). The Balbina Hydroelectric Reservoir is an emblematic
case study for its socio-environmental “disaster” (Fearnside,
1989). Here, we focused on the archipelagic Balbina
landscape upstream of the dam and synthesised the current
knowledge of the detrimental effects of insular forest
fragmentation on terrestrial biodiversity, as gathered from the
39 studies covering 17 biological groups.

Drivers of dam-induced biodiversity loss
Overall, island area was the most important driver of species
diversity, consistently affecting species persistence in all
biological groups. Indeed, habitat area affects local extinction
probability (MacArthur & Wilson, 1967), which directly reflects
the number of species able to persist on each island.
Conversely, island isolation effects were relatively weak, yet
still noticeable for some groups (e.g., dung-beetles and orchid
bees). Habitat quality, as considered by a different set of
variables according to the study (Supplementary Table S2),
often affected the assemblage-wide metrics of diversity. For
instance, fire perturbation underpinned the turnover of tree
assemblages, favouring fast-growing pioneers at the expense
of old-growth tree species (Benchimol & Peres, 2015b). As
such, this type of disturbance contributed to the decline of
several vertebrate species (Barlow & Peres, 2004). Edge
effects drastically affect the integrity of plant assemblages,
and consequently that of other species that depend on them,
as noticed for orchid bees (Storck-Tonon and Peres, 2017).
Furthermore, species persistence was highly variable
across taxa, with orchid bees and dung beetles likely the least
and the most affected taxa, respectively. This differential
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vulnerability shown by different biological groups is possibly
related to their ability to use the aquatic matrix or to tolerate
habitat degradation (Newbold etal., 2014). This is further
supported by the studies considering species-specific traits
(e.g., mid-sized to large vertebrates, small mammals, lizards,
orchid bees, and lianas). For instance, swimming capacity in
vertebrates >1 kg traversing a large body of open-water,
which was measured over 25 years of empirical observation,
partly explained which species persisted on islands
(Benchimol & Peres, 2015a), presumably because this proxy
of dispersal ability affected species-specific recolonization
rates. These findings further suggest that non-random species
extirpations in Balbina are likely to affect the ecological
processes underpinning ecosystem functioning, so that future
studies should further cover that topic.

Patterns of remaining species diversity tend to contrast with
those observed in other tropical and sub-tropical reservoirs. In
the Guri Lake, top-down forces have been weakened with the
local extinction of predators, causing a marked increase in
herbivore abundance and herbivory (Terborgh et al., 2001). In
contrast, mechanisms controlling species diversity at Balbina
are more likely to be bottom-up-mediated, being most likely
related the overall low foliage palatability typical of wet
evergreen forests (Palmeirim et al., 2021c). As such, lower
trophic guilds would not be “released” and considerably
increase their abundance even in the absence of predators, as
observed at the Guri Lake (Rao, 2000; Terborgh et al., 2001).
In the Chiew Larn Reservoir, where small mammals have
been extensively surveyed, Gibson et al. (2017) reported the
collapse of these species, which was attributed to habitat loss
and fragmentation, was further boosted by the hyper-
dominance of a rat species (Rattus tiomanicus) which
gradually displaced all other small mammal species over time
(Moore et al., 2022). In Balbina, we have failed to observe
clear evidence of hyper abundance in any animal taxa. In the
Kenyir Lake, Malaysia, non-random species extinctions were
observed for insectivorous bats (Hazard etal.,, 2023) and
dung-beetles (Qie etal.,, 2011), resembling the scenario
observed for Balbina (Palmeirim et al., 2022). Furthermore,
while island area is commonly the best predictor of species
diversity at Balbina (Palmeirim et al., 2022), species diversity
in the Thousand Island Lake in China is more often suggesting
a “small island effect”, i.e., when species richness varies
independently of island area (e.g., Chen etal., 2019; Lopez-
Bosch et al., 2022; Wang et al., 2015, 2018).

Lessons from the Balbina landscape

The information synthetised here illustrates the detrimental
ecological effects of insular fragmentation as induced by
damming across lowland tropical forests. Indeed, as in other
dam-induced archipelagos, most Balbina islands are relatively
small (e.g., 90% of all islands are smaller than 100 ha), and
thus sustain impoverished species assemblages. Forest
islands in Balbina contribute low conservation values
compared to forest fragments left in terrestrial matrix settings
(Jones et al., 2021). Indeed, extinction rates are reported to be
higher in insular than in terrestrial forest fragments for both
birds (Wolfe et al., 2015) and lizards (Palmeirim et al., 2017).
Moreover, overall habitat quality of insular forest fragments will
only get worse over the time, a process that will be faster on
smaller islands which are more edge-affected (Benchimol &
Peres, 2015a). This will contribute to the overall decline in
species diversity and payment of any extinction debt (Jones
et al., 2016). In comparison, even small forest remnants <10
ha in a southern Amazonian landscape dominated by cattle

pastures contribute significantly to the overall regional scale
diversity in both dung beetles (Noble et al., 2023) and leaflitter
ants (Dambros et al., 2024).

Immediately after the Balbina dam construction, a strictly
protected area was created as a mitigation measure for the
negative effects of insular fragmentation on biodiversity
(Fearnside, 1989). This protection likely contributes to
maintaining part of the biodiversity (Benchimol & Peres,
2015c). Indeed, hunting and logging are not pervasive
anthropogenic stressors in Balbina. This makes Balbina a
“best-case” scenario in terms of additional anthropogenic
threats. This highly contrasts with the eastern Amazonian
Tucurui Hydroelectric Reservoir, where a considerable part of
the islands and margins of the lake were occupied by small
farmers and are now deforested (Velastegui-Montoya et al.,
2020), contributing to wholesale regional scale extinctions in
at least birds (Henriques et al., 2021). Both types of additional
human disturbances are widely known to interact
synergistically with habitat fragmentation and lead to
increased depletion rates of species persistence (Peres,
2001). In the case of large-bodied vertebrates, overall species
island occupancy rates were higher in Balbina compared to
other Neotropical fragmented forest landscapes (Benchimol &
Peres, 2015¢, but see Michalski & Peres, 2005). It is therefore
likely that forest loss, fragmentation and subsequent
degradation after impoundment has been far worse in other
major Amazonian dams.

Based on our findings throughout the Balbina landscape,
our main recommendation to maximise the persistence of
biodiversity in tropical forest contexts, is preventive rather than
remedial: future hydropower projects need to avoid flooding
large expanses of forest and creating myriad small islands.
This can be achieved through the appropriate dam site
selection. Guidelines to improve site selection exist and are
known to those who fund large hydropower infrastructure
(e.g., Ledec & AQuintero, 2003). Making compliance in
following such guidelines mandatory would contribute towards
more ecologically sustainable hydropower development, if
they cannot be avoided, across lowland tropical forests. Also,
given differences in species responses to insular habitat
fragmentation across the tropics, assessing ecological impacts
from damming should be site-specific. Finally, the robust
amount of evidence provided here indicates that key reforms
in Environmental Impact Assessments are needed, including
the incorporation of accurate estimates of both habitat loss
and biodiversity erosion through space and time. This would
allow us to truly account for the long-term ecological impacts
on natural environments within insular landscapes created by
river impoundment.
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