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Abstract

Mega hydropower projects in tropical forests pose a major emergent threat to terrestrial and
freshwater biodiversity worldwide. Despite the unprecedented number of existing, under-
construction and planned hydroelectric dams in lowland tropical forests, long-term effects
on biodiversity have yet to be evaluated. We examine how medium and large-bodied as-
semblages of terrestrial and arboreal vertebrates (including 35 mammal, bird and tortoise
species) responded to the drastic 26-year post-isolation history of archipelagic alteration in
landscape structure and habitat quality in a major hydroelectric reservoir of Central Amazo-
nia. The Balbina Hydroelectric Dam inundated 3,129 km? of primary forests, simultaneously
isolating 3,546 land-bridge islands. We conducted intensive biodiversity surveys at 37 of
those islands and three adjacent continuous forests using a combination of four survey
techniques, and detected strong forest habitat area effects in explaining patterns of verte-
brate extinction. Beyond clear area effects, edge-mediated surface fire disturbance was the
most important additional driver of species loss, particularly in islands smaller than 10 ha.
Based on species-area models, we predict that only 0.7% of all islands now harbor a spe-
cies-rich vertebrate assemblage consisting of >80% of all species. We highlight the colos-
sal erosion in vertebrate diversity driven by a man-made dam and show that the biodiversity
impacts of mega dams in lowland tropical forest regions have been severely overlooked.
The geopolitical strategy to deploy many more large hydropower infrastructure projects in
regions like lowland Amazonia should be urgently reassessed, and we strongly advise that
long-term biodiversity impacts should be explicitly included in pre-approval environmental
impact assessments.
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Introduction

Hydroelectric dams are rapidly emerging as the new villain in the myriad of anthropogenic
threats to tropical forest biotas. Dams displace indigenous communities [1], disrupt the natural
flow of rivers [2], critically affect fish populations [3], release vast amounts of greenhouse gases
[4], and promote wholesale deforestation and fragmentation of pristine forests [5]. From
China to Brazil, hydroelectric dams have been built at an unprecedented scale to supply bur-
geoning energy demands [6]. More than 945,000 dams higher than 15 m have been built world-
wide, altering >50% of all major rivers [7]. In South America alone, some 2,215 new
hydroelectric dams are expected to be erected within the next few years [8]. Assessing the true
impacts of hydropower infrastructure on natural ecosystems has therefore become an urgent
priority for the environmental policy agenda of emergent economies.

In Brazilian Amazonia, over 10 million ha of forests are expected to become permanently
inundated following the planned construction of new dams [9], potentially leading to a colossal
impact on both terrestrial and aquatic biotas at regional scales. Hydroelectric dams in lowland
forests typically resort to low-declivity river basins, submerging vast upstream areas per unit of
megawatt output generated, thereby often creating vast archipelagos of forest isolates. Land-
bridge islands formed by these artificial lakes may experience stronger isolation effects than
forest remnants embedded within a terrestrial landscape, largely because the open-water ma-
trix is invariably less permeable to terrestrial organisms than pastures and second-growth vege-
tation (e.g. [10-12]). However, despite an embryonic set of studies investigating the long-term
impacts of major dams on biodiversity worldwide [13-15], the extinction dynamics of archipe-
lagic landscapes created by hydroelectric reservoirs remains poorly understood in tropical for-
est regions, specially for Amazonian reservoirs (but see [16-17]).

Terrestrial vertebrates are pivotal components of tropical forest dynamics through their eco-
logical roles as hyper-consumers, large predators, frugivores, seed dispersers, and structural
habitat modification [18-19]. They are also widely hailed as pinnacle conservation icons, con-
tributing much public charisma for tropical forest conservation. In Amazonia, hunting pres-
sure is the strongest driver of local extinctions of medium and large mammals stranded in
fragmented landscapes [20-21]. With the exception of primates [16], no study has assessed the
long-term impacts of a hydroelectric reservoir on medium and large-bodied vertebrates at the
community level in Amazonian land-bridge islands. Yet this is required to both elucidate the
positive or negative effects of existing dams on biodiversity, and refine environmental impact
assessments of future dams.

Here, we provide the first quantitative assessment of how medium- and large-bodied arbo-
real and terrestrial vertebrate assemblages (including 35 mammal, bird and testudine reptile
species) responded to the drastic 26-year post-isolation history of alteration in landscape and
habitat quality by a mega hydroelectric dam in Central Brazilian Amazonia. The notorious Bal-
bina Hydroelectric Reservoir (BHR) inundated 312,900 ha of primary forests, subsequently
converting all emerged areas into an archipelago of 3,546 islands. Using a combination of four
complementary sampling techniques, we conducted quantitative faunal surveys at 37 pre-se-
lected islands (size range = 0.83 — 1690 ha) and three mainland continuous forest sites to ex-
amine how patterns of species persistence are related to seven habitat quality, forest patch and
landscape metrics. We document the extent of local vertebrate extinctions within islands, build
a model to predict extinction rates across all unsurveyed islands, and identify priority areas for
vertebrate conservation within the reservoir. This study serves a critical policy role at a time of
greatly augmented investments in hydropower development in Amazonia in informing the sci-
entific community and the wider public about the detrimental impacts of major dams on
forest biodiversity.
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Materials and Methods
Study sites

Following the completion of the Balbina Hydroelectric Dam in October 1986, a reservoir area
of 443,700 ha was formed, comprising 3,546 variable-sized land-bridge islands ranging from
0.194 to 4878.1 ha. To offset the forest habitat loss, the reservoir and adjacent mainland contin-
uous forests were protected from 1990 with the creation of the Reserva Bioldgica (REBIO) do
Uatuma, the largest Biological Reserve in Brazil. With nearly 940,000 ha, the REBIO protects a
vast continuous forest area and all islands on the left bank of the Uatuma river. Islands on the
right bank are under permanent preservation but are not strictly protected, allowing recrea-
tional fishing. Due to the homogeneous habitat matrix and isolation time, major hydroelectric
lakes are excellent island biogeography experimental landscapes with many land masses isolat-
ed simultaneously [15, 22-23]. The Balbina Hydroeletric Reservoir (BHR) has several advan-
tages compared to other archipelagic and terrestrial fragmented landscapes, including a long-
term relaxation time, a large number of habitat patch replicates containing a wide range of
patch sizes (< 1 ha to 4,000 ha), and effective protection from anthropogenic disturbance, in-
cluding logging and hunting [16]. None of the surveyed islands had experienced a recent histo-
ry of hunting pressure. This is based on information provided by the reserve surveillance team
and the conspicuous lack of evidence of hunting in these islands over the last 8 years (the peri-
od of time our field team has been working at the BHR). However, ephemeral understorey fires
accidentally affected much of the BHR landscape during the severe El Nifio drought of Decem-
ber 1997 to January 1998. A single source of ignition, attributed to a local fisherman, rapidly
propagated into previously unburnt primary forests and islands across parts of the reservoir.
We used two cloudless georeferenced 30-m resolution Landsat ETM+ images (230/061
and 231/061; year 2009) to carefully pre-select 37 forest islands, ranging in size from 0.83 to
1690 ha, to be surveyed on the basis of their size, degree of isolation and spatial distribution
within the reservoir, representing a wide range of BHR island configurations [24]. We also se-
lected three widely distributed ‘pseudo-control’ continuous forest sites (CFs) in the adjacent
mainland area (S1 Fig). Surveyed islands and mainland sites, which spanned a study area of
~396,400 ha, were spaced by at least 1 km from one another to maximize spatial independence.
Sampling was carried out under permit No. 123441 issued by the Instituto Chico Mendes
de Conservagio da Biodiversidade (ICMBio/MMA).

Vertebrate surveys

Between June 2011 and December 2012, we surveyed the entire midsized to large diurnal and
nocturnal vertebrate fauna that is amenable to at least one of four field sampling techniques
(line-transect censuses, indirect sign surveys, armadillo surveys and camera trapping). We first
listed all terrestrial and arboreal vertebrate species >100g expected to occur in the entire study
landscape, based on field guides (e.g. [25-26]), IUCN range polygons [27] and our own exten-
sive personal knowledge, including previous studies at Balbina. These included primate, carni-
vore, xenarthran, ungulate and rodent mammal species, plus four large terrestrial bird and two
tortoise species (S1 Table). One to five variable-length transects were cut within each island, ac-
cording to their size and shape so that a representative island area could be covered [24]. On
each continuous forest (CF), we established three parallel 4-km linear transects, separated from
each other by 1 km (S1 Fig).

Line-transect surveys consisted of quiet walks conducted by two previously trained observ-
ers at a constant speed (~1.0 km/h) following a standardized protocol [28]. Surveys were car-
ried out in the morning (06:15-10:30) and afternoon (14:00-17:30), and were discontinued
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during rainy periods. We conducted four line-transect surveys on each sampling site during
each year of study (2011 and 2012), separated by intervals of at least 30 days, minimizing possi-
ble effects of time of day and seasonality. On return walks, we also conducted surveys of all
signs of vertebrate activity (tracks, digging, feces, hair, burrows and partly consumed fruits).
These were searched along the transect, and the species identification recorded. Whenever
signs of the same species were encountered, we considered a minimum distance of 500m for
signs to be defined as spatially independent. Armadillo burrows deeper than 50cm encountered
within a distance of 5m either side of each transect were searched and recorded only once per
year, and measured following [29]. We used Reconyx HC 500 Hyperfire digital camera traps
(CTs) to complement our vertebrate surveys. All CT stations at each forest site were sampled
over a 30-day period during each year of study (2011 and 2012). We deployed two to ten CT's
at each island (mean [SD] = 4.38 [3.21], according to island size, and 15 CTs at each CF site,
with five on each transect [24]. CT's were unbaited, spaced by at least 500 m (except for small
islands), and placed 30-40 cm above ground. We configured all CT's to obtain a sequence of
five photos for each animal recorded, using 15-sec intervals between records. However, we
only considered records of the same species as independent if intervals between photos ex-
ceeded 30 min, or if different individuals could be recognised on the basis of natural marks.
Observational sampling was never conducted at any forest site during periods of camera-trap-
ping to minimise site disturbance.

In total, 81 transects of lengths ranging from 0.5 to 4.0 km (mean [SD] = 2.71 km [3.32],
total = 108.5 km) were implemented. These were each surveyed twice (2011 and 2012) over a
total effort of 1,168 km walked during line-transect censuses; 1,168 km of sign surveys; and
217 km of armadillo-burrow counts. We obtained a total of 12,420 CT-days (mean [SD] =
310.5 [251.83], range = 120-900 CT days/site) from 207 camera-trapping stations [24].

Forest metrics

We adopted a patch-landscape approach [30], surveying focal patches but including variables
at both patch and landscape scales in the analysis. We used high-resolution multi-spectral
RapidEye imagery (5-m resolution with 5-band colour imagery) to extract patch and landscape
variables. RapidEye consists of a constellation of five identical satellites producing 5-m resolu-
tion with 5-band colour imagery. We selected tile images on the basis of low cloud cover
(<10%) and months matching our field sampling. A total of 28 different tiles from March 2011
to September 2012 were used, covering an area of 698,000 ha. Using ArcMap (version 10.1), we
conducted a semi-supervised classification to obtain four land cover classes (closed-canopy for-
est, open-canopy forest, bare ground, and water). At the patch scale, we calculated island area,
total forest area (excluding bare ground), closed-canopy forest area, nearest distance to a con-
tinuous forest site, and island shape (perimeter: area ratio; [24]). These patch metrics were ob-
tained for all 3,546 BHR islands, including both surveyed and unsurveyed islands. At the
landscape scale, we considered multiple buffers (250m, 500m and 1000m) outside the perime-
ter of each island and mainland forest sites, and quantified the percentage of both total forest
cover and closed-canopy forest within the buffer, and modified the McGarigal et al. [31] prox-
imity index by considering the total size of any land mass within the buffer, rather than exclud-
ing land areas outside the buffer within patches encompassed by the buffer. Within each forest
site, we calculated the percentage of closed-canopy forest, a measure of burn severity (defined
as a composite ordinal score based on the extent to which each forest site was affected by sur-
face fires, and the number of charred trees and char height marks on each tree), and the aggre-
gate basal area of all trees >10 cm dbh [diameter at breast height] bearing fleshy fruits based
on 87 quarter-hectare permanent forest plots inventoried at all forest sites [17, 24].

PLOS ONE | DOI:10.1371/journal.pone.0129818 July 1,2015 4/15



@’PLOS ‘ ONE

Post-Damming Extinctions in Terrestrial Vertebrates

Data analysis

We analysed all occupancy data in terms of species presence/absence (P/A). Combining all
four sampling techniques at the 40 surveyed sites, we recorded a total of 35 midsized and large
vertebrate species (S1 Table) on the basis of 5,765 visual and acoustic records during line-tran-
sect censuses (mean [SD] = 155.8 [219.8], range = 0—1051); 1,850 sign records (mean [SD] =
50.0 [61.9], range = 0—251); 427 armadillo burrows (mean [SD] = 14.72 [15.23],

range = 0—47); and 10,110 independent camera trapping photos (mean [SD] = 273.24 [264.6],
range = 0—857). Combining all four sampling methods, we then constructed three P/A matri-
ces including all 35 species recorded, initially considering all 40 forest sites, and then disaggre-
gating the data at the scales of either 217 transect segments of 500m (in the case of line-transect
censuses, sign surveys, and armadillo surveys) or the 207 camera trapping stations sampled.

We defined a species as ‘present’—at the scales of site, transect segment, or CT station—if it
appeared at least once during any of eight census repeats for both line-transect and sign sur-
veys, or during either one of the two annual 30-day CT sessions per CT station. We first esti-
mated the total number of species (species richness) from the sum of all species recorded at
each site regardless of sampling technique. To account for potential sampling biases due to un-
avoidable between-site differences in sampling effort as a function of forest patch size, we also
calculated the summed mean (+SD) number of species per sampling technique, defined as the
sum of the mean number of species, each of which assigned exclusively to its ‘best’ technique.
For this, we first compared the species-specific proportions of occupied sites per technique. We
then summed all means and standard deviations (SD) provided by each technique per forest
site to obtain an aggregate mean (+ SD) species richness per forest site considering all four
sampling techniques. We then used a random resampling approach to examine patterns of spe-
cies richness on the basis of a standardized survey effort across all sites per 500-m transect seg-
ment or individual CT station. This was based on a jacknife procedure that resampled either
census walk segments or CT stations at each of the 40 forest sites based on 1000 iterations. Fi-
nally, we examined species-area relationships (SARs) using both the total number of species
and the resampled mean (+SD) species richness against (log;, x) forest patch area using both
semi-log models and power models, as they perform well in explaining species-area relation-
ships [32-33].

Additionally, we performed nonmetric multidimensional scaling (NMDS) ordinations
based on the Bray-Curtis similarity matrix of species composition using the combined occu-
pancy data based on all four sampling techniques. We also obtained a measure of aggregate
biomass for each forest site, by summing the estimated body mass of all species occurring at
each site based on compiled data [34] and an indigenous hunting study conducted ~80 km
from the BHR where most game carcasses were weighed [35]. We also used four species-specif-
ic attributes (body mass, trophic status, locomotion mode and group size) to quantify the verte-
brate functional diversity (FD) of each forest site based on a dendrogram approach [36]. This
method encompasses four steps: (1) a design of the trait matrix; (2) a conversion of this matrix
into a distance matrix; (3) a hierarchical clustering of the distance matrix to produce a func-
tional dendrogram; and (4) a calculation of the total branch length of the dendrogram, provid-
ing a continuous FD metric. We used the Euclidean distance and the unweighted paired-group
clustering method using arithmetic averages, and performed the analysis using Petchey’s [37]
R code. We then investigated patterns of species composition, biomass and FD in relation to
forest patch area through semi-log regression models, considering the NMDS measure of spe-
cies composition, aggregate biomass, and FD as response variables.

We further performed Generalized Linear Models (GLMs) to examine the vertebrate species
richness to the explanatory variables. We first performed a Pearson’s correlation analysis
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between patch, landscape, and habitat quality variables across all 37 islands and three mainland
sites, and then excluding the latter, retaining weakly correlated variables (r < 0.70). Because
some variables were highly related, we performed stepwise linear regression models to select
the best patch- and landscape-scale predictors to be included in further analyses —log;, forest
area (hereafter, ‘AREA’), patch sHAPE, distance to continuous forest site (‘ISOLATION’), proximity
index within 500-m buffers (‘ProxiMITY’); percentage of closed-canopy forest within the patch
(cc%), burn severity (‘BURN’), and basal area of trees bearing fleshy fruits (‘say). We then tested
for multicollinearity among these variables by deleting the least moderately redundant or col-
linear Variation Inflation Factors (VIF > 5; [38]) We performed species richness GLMs con-
sidering: (1) all 40 forest sites, including fixed effects available for CFs (AREA, BURN, cC% and
BAg); (2) the 37 islands only, with all fixed effects retained (AREA, ISOLATION, SHAPE, PROXIMITY,
BURN, CC% and BAg); and (3) only 15 islands smaller than 10 ha, retaining all fixed effects but ex-
cluding forest AREa. We ran all predictor subsets using the ‘MuMIn’ package [39] and obtained
model-averaged estimates. We further determined both the relative importance of each vari-
able using hierarchical partitioning (HP) and unique fractions of variation explained for each
significant variable using variance partitioning (VP).

Finally, we used empirical models based on key patch and landscape variables that best ex-
plained patterns of species richness at surveyed islands to predict local extinction rates for all
forest vertebrate species across the entire BHR landscape.

Results
Determinants of species richness and diversity

Balbina forest islands contained between 0 and 33 of all 35 vertebrate species recorded at least
once (mean [SD] = 14.81 [11.18] species), whereas all three CFs contained 34 species. All spe-
cies detected in CFs were also found in at least one island. Forest area alone explained 91% of
the overall patch-scale variation in species richness considering a semi-log model and the com-
bined occupancy data from all four sampling techniques (Fig 1A), and showed a steep SAR
slope in the power model (z-value = 0.286; R* = 0.886). Likewise, forest area explained 82.7% of
the variation in survey-effort-standardized resampled species richness (semi-log model; Fig
1B). NMDS ordinations showed that vertebrate assemblage structure in large islands and CFs
were more similar to one another than that in smaller islands, with islands <10 ha showing
high levels of idiosyncratic dissimilarity depending on which small subset of species had been
retained (Fig 2A). Overall, forest patch area was also an excellent predictor of species composi-
tion (Rzadj =0.654, p <0.001), with islands >100 ha beginning to stabilize multivariate patterns
of species similarity (Fig 2B). Forest area was also a powerful predictor of measures of aggregate
vertebrate assemblage biomass (R?,q; = 0.769, p <0.001; S2A Fig) and functional diversity
(R?,qj = 0.824, p <0.001; S2B Fig).

Incorporating all seven explanatory variables, GLMs showed that forest patch area, ground
fire severity and within-patch percentage of closed-forest canopy were significant predictors of
species richness considering all 40 forest sites. However, patch area was the only significant
predictor of species richness when we excluded CFs from the model (Table 1). In both cases,
forest area captured a higher power of hierarchical partitioning, accounting for 64.8% of the
relative importance among all significant variables considering all 40 forest sites. Excluding for-
est area from the analysis and considering only the 15 islands <10 ha, only fire severity was a
significant predictor of species richness (Table 1). Levels of burn severity did not have a signifi-
cant effect on the slopes of overall SARs for all sites (Fig 3A). However, the history of fire dis-
turbance clearly modulated SARs in islands <10 ha driving many species to local extinction,
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Fig 1. Relationships between forest patch area and species richness at 40 surveyed sites at Balbina
considering (a) the total number of vertebrate species; and (b) the resampled mean (+ SD) number of
species per 500-m transect segment or individual camera trap (CT) station based on a standardized
survey effort.

doi:10.1371/journal.pone.0129818.g001

whereby the seven severely burnt and eight unburnt small islands retained an average of 1.6
(range = 0-5) and 6.4 (3-9) species, respectively (Fig 3B).

Predicting local extinctions across the entire landscape

We modelled patterns of vertebrate species richness and extinction across all 3,509 unsurveyed
BHR islands using the observed semi-log linearized SAR model based on all 37 surveyed is-
lands [S = ¢, + z log(A)], where ¢, = the intercept of the curve in arithmetic space and z, = a di-
rect measure of the initial and overall slope. Because forest area alone was a powerful predictor
of species richness retained within islands (R* = 91.0%), we used this SAR equation to predict
the completeness of vertebrate assemblages for all 3,546 islands across the BHR. Our estimates

°ce - @ . ®
Qe o R’= 0.654

° -1.01

©

s ' y ' ' ' 0 1 2 3
02 O-R,MB-§1 10 0 20 logo forest area (ha)
Fig 2. Nonmetric multidimensional scaling (NMDS) ordination plots based on the (a) Bray-Curtis
similarity matrix of vertebrate species composition and (b) the relationship between the first NMDS
axis and forest patch area. Circles are sized proportionally to (log+o) forest patch area. Islands and
continuous forest sites are shown in light and dark grey, respectively. Shaded area represents the 95%
confidence region.

doi:10.1371/journal.pone.0129818.9002
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Table 1. Summary of Generalized Linear Models (GLMs) of vertebrate species richness at (1) all 37 forest islands and three continuous forest
sites; (2) the 37 islands only; and (3) 15 islands smaller than 10 ha across the BHR landscape.

Parameter
N =40
Intercept
AREA (10g1g X)
BURN

cc%

BAf

N =37
Intercept
AREA (10g1g X)
ISOLATION
SHAPE
PROXIMITY
BURN

cCc%

BAs

N=15
Intercept
ISOLATION
SHAPE
PROXIMITY
BURN

cc%

BAs#

B Unconditional SE HP (%); IP
0.100 0.452

0.656 0.049 74.90; 0.648
0.307 0.065 14.11; 0.003
0.010 0.003 8.39; 0.001
-0.001 0.011 2.60

1.211 0.286

0.752 0.067 48.56
0.051 0.071 2.67
-1.451 5.846 22.42
0.039 0.034 17.77
0.000 0.074 3.04

0.001 0.003 3.44
-0.003 0.014 2.10
2.308 1.288

0.037 0.225 1.45

0.298 5.430 1.29

0.128 0.132 22.61
-0.684 0.247 43.00
0.012 0.010 27.94
-0.000 0.024 3.71

Coefficient estimates (B), their standard errors (SE), hierarchical partitioning (HP) of each variable, and independent power (IP) of each significant variable
based on variance partition are shown. Significant variables are denoted in bold. See text for details on each variable.

doi:10.1371/journal.pone.0129818.1001

predict that 95% of all islands retained fewer than 60% of the 35 vertebrate species considered
here (Fig 4). All species surveyed are forest habitat generalists that occupy the wider habitat
matrix of Amazonian terra firme forest landscapes [40]. Assuming that all landscape-wide

N = 40 forest sites

N =15 islands <10 ha ,
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Fig 3. Relationships between forest patch area subjected to varying levels of burn severity and the
total number of species persisting in (a) all 40 forest sites; and (b) only islands smaller than 10 ha.
Symbols are coded according to burn severity (squares = unburnt; solid triangles = low burn severity;
crosses = intermediate burn severity; solid circles = severely burnt).

doi:10.1371/journal.pone.0129818.9003
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