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ARTICLE INFO ABSTRACT

Keywords: Mega hydroelectric dams cause loss of habitat for many species and lead to local or regional extinction. Despite
Arecaceae these dire facts, little is known about the impact of these mega-dams on Amazonia. Using palms as a model, we
Campinarana investigated this question by sampling 26 1-ha plots distributed in the influence areas of the Jirau mega-dam in
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Vdrzea forests
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southwestern Brazilian Amazonia. We examined palm community patterns and species distributions as a func-
tion of environmental variables, as well as the effect of this large dam on plant survival. Palm communities on
the banks of the Madeira River differ among three main habitats sampled (campinarana, terra-firme and vdrzea
forests), and these differences are associated with the gradient of C, pH, N, P, soil texture, slope, and depth to the
water-table. The level of the Madeira River raised after the construction of the Jirau mega-dam, directly affecting
the populations of 61.3% of the palm species, particularly those species associated to areas with silty soils, low
slope, and low depth to the water-table. Vdrzea and terra-firme forests near the river, as well as low-lying plots,
even those distant from the river, were affected by the filling of the reservoir. Vdrzea forests and campinaranas
had a greater proportion of palm species flooded by the reservoir and the reduction of water-table depth. Vdrzea
forests and campinaranas harbor distinct palm communities from the terra-firme forests and require priority in

conservation policies and management to mitigate harmful environmental impacts in the Amazon.

1. Introduction

As a result of its large hydroelectric potential, the nine countries
that encompass the Amazon plan the construction of 243 new hydro-
electric dams (Lees et al., 2016). Damming Andean-Amazonian rivers,
which provide the vast majority of sediments, nutrients, and organic
matter to the Amazon River, can affect aquatic communities and eco-
system processes in marine environments thousands of miles away
(Finer and Jenkins, 2012). Studies carried out in the first hydroelectric
dams built in the region showed direct and indirect negative impacts on
the biota, owing to the fragmentation and degradation of riparian and
terrestrial habitats (Fearnside, 1989; 2009; Lees et al., 2016) and these
hydrological disturbances are rapidly degrading freshwater ecosystems,
both independently and via complex feedbacks and synergistic inter-
actions (Castello and Macedo, 2016; Moser et al., 2019). These impacts
have negatively affected the habitat of more vulnerable taxa, such as
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rare tree species, with loss of significant suitable areas (Silva et al.,
2017). In some impacted areas, such as the Balbina hydroelectric dam
in Central Amazonia, primary forests have been replaced by secondary
forests, resulting in declines of taxonomic and functional diversity
(Benchimol and Peres, 2015) and rare tree species are becoming ex-
tinction-prone due to reduced tree recruitment and density on islands,
potentially leading to future losses in biodiversity and ecosystem
functioning (Jones et al., 2019). Liana community will likely exacerbate
the degradation of remnant tree communities on these islands induced
by the Balbina mega-dam through direct and indirect competition
(Jones et al., 2017). Also in this region, forests flooded by black waters
(igapo forests) downstream of the hydroelectric dam presented high
mortality by the loss of seasonality of flood pulses, indicating that the
natural flood tolerance of this forest typology provides no protection to
changes in these pulses (Resende et al., 2019). Extreme flooding over
the last few decades, most likely associated with global warming, is an
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Fig. 1. Study area with 26 plots along upper Madeira River in southern Brazilian Amazonia. Level 90 (m) indicates the extension of reservoir due to the dam for the

Jirau’s hydroelectric.

additional factor increasing the forest degradation and losses of biodi-
versity caused directly by the presence and operation of large hydro-
electric dams in the Amazon (Castello and Macedo, 2016; Resende
et al., 2019; Moser et al., 2019).

However, controversy continues over the magnitude and extent of
hydroelectric impacts in the Amazon, especially between the power-
producing sector and conservationists (Fearnside, 2009; Latrubesse
et al., 2017). Therefore, it is important to document the environmental
impacts of these new, large hydroelectric dams that have been built in
recent years and to understand their effects on the various components
of Amazon biodiversity.

Between 2008 and 2013, the Jirau and Santo Antonio hydroelectric
dams were built in the Madeira River Basin, southwest of the Brazilian
Amazon, and these make up the main axis of the Madeira River
Hydroelectric Complex. The Santo Antonio hydroelectric has been in
operation since 2012 flooding an area approximately 422 km? at its
maximum level. The Jirau hydroelectric reservoir has been in operation
since 2013, and the water level varies between 82.5 and 90 m during
the year, flooding an area approximately 361.6 km? at its maximum
level. This artificial flooding is approximately 5-10 m above the pre-
vious natural river levels and causes permanent and temporary flooding
in terra-firme, vdrzea and campinarana forests in the area of influence of
the Jirau reservoir (Silva et al., 2017). However, forest formations most
impacted by the Jirau-Santo - Anténio hydroelectric system are the
floodplain forests of the upper Madeira River, with at least 89 km? of
these forests flooded and high tree mortality observed from aerial
photos (Cochrane et al., 2017). The flooded area increased by 72% in
the area of the two hydroelectric dams, going from 884 km? in 2011 to
1528 km? in 2015 (Cochrane et al., 2017). In addition, owing to the
potential of major hydrological and biotic disturbances that will affect
the floodplains of the Amazon River Basin with the construction of 83
dams, the Madeira River sub-basin is considered the most threatened in
the Amazon (Latrubesse et al., 2017).

Among the many plant groups possibly affected by the large

hydroelectric dams in the Amazon, palms (Arecaceae) stand out be-
cause they are strongly associated with humid environments in valleys
and floodplains (Henderson, 1995) where they can constitute a large
proportion of individuals and forest biomass (Peters et al., 1989). The
area of influence of the two most recent mega hydroelectric dams (Jirau
and Santo Antonio) has large areas of forest dominated by palm species
(IBGE, 2012; Perigolo et al., 2017). The loss of habitat from flooding of
the reservoir on the banks and plains of the Madeira River can, there-
fore, significantly reduce local palm diversity and increase the vulner-
ability of species typical of forest formations in these areas (Moser et al.,
2014). Understanding the potential impact of these large human dis-
turbances on a botanical family with high diversity (195 species in the
Amazon, including 62% endemic), numerical dominance and high
biomass in the biome (ter Steege et al., 2013) has, thus, high relevance
for conservation.

The distribution of palm species has been associated with soil
characteristics (Sollins. 1998; Vormisto, 2002; Vormisto et al., 2004;
Costa et al., 2009), hydrology (Skov and Borchsenius, 1997; Wittmann
et al., 2006; Stefan et al., 2007; Eiserhardt et al., 2011) and topography
(Kahn, 1987; Normand et al., 2006; Svenning et al., 2009; Eiserhardt
et al., 2011), and the effects of these factors depend on spatial scale.
Hydrological conditions and, consequently, edaphic conditions, are the
first to be modified by the building of hydroelectric reservoirs. There-
fore, this study asked (1) how the distribution of palm species is asso-
ciated with environmental gradients in the area of influence of the Jirau
hydroelectric dam, and (2) what is the impact of this reservoir on
southwestern Amazonian palm communities. We believe that environ-
mental heterogeneity in the study area is the cause of floristic and
structural variations in palm communities and thus reservoir flooding
would differentially impact communities and species according to their
association to riparian or low-water table environments.
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Fig. 2. Principal Coordinate Analysis (PCoA) summarizing palm community composition based on (A) relative abundance and (B) species occurrence in southern
Brazilian Amazonia. TF = Terra-firme forest, VF = Vidrzea forest, C = Campinarana. Plots flooded by the Jirau reservoir are indicated with (x).
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Fig. 3. Principal Components Analysis (PCA) of the environmental variables of
plots along the Madeira River in southern Brazilian Amazonia. TF = Terra-firme
forest, VF = Vidrzea forest, C = Campinarana. Plots flooded by the Jirau re-
servoir are indicated with a red X over the plot symbol.

2. Methods
2.1. Study area

The study was carried out in an area under the influence of the Jirau
hydroelectric dam reservoir on the Madeira River, which is located
136 km upstream of the city of Porto Velho, Rond6nia (coordinates
9°9’35”S and 9°50’25”S and 65°28’8”W and 64°35’21”W) (Fig. 1). The
Madeira River basin begins in the Andes, draining an area of
1,420,000 km?, and its highest flow is recorded in March and the lowest
in September (Molina, 2007). The climate of the region is classified as
tropical humid hyperthermic (Cochrane and Cochrane, 2010) with
minimum annual average temperature varying between 20 and 22 °C

Table 1

Generalized least squares regressions (GLS), associating variation in the com-
position of palm species (summarized by Principal Coordinate Analysis - PCoA)
and the environmental gradients summarized by the first two axes of the
Principal Component Analysis - PCA (PCA aixs 1 was mainly correlated to the
sum of bases and average depth to the water-table; PCA axis 2 to silt and al-
titude). The candidate models included different spatial correlation structures
associated with geographic coordinates and heterogeneity of variance between
predictors, modules, or sampling transect. Ime = Linear Mixed Effects models;
gls = Generalized Least Squares models.

Fixed effects B P Random effects

Palm community Composition

Relative abundance

PCoA-1 PCA1 0,1228 0,0020 Ime(random intercept = module)
PCA2 -0,1048 0,1231
PCoA-2 PCA1 —0,0231 0,0996 gls(varExp(PCA1|module))
PCA2 -0,0028 0,8299
Presence-
absence
PCoA-1 PCA1 -0,0298 0,1282  gls(corGaus(Lat + Lon),
weights = varldent(module))
PCA2 0,0403 0,2417
PCoA-2 PCA1 0,0318 0,3581 Ime(random = transect,
weigths = varExp(PCA2))
PCA2  0,0680 0,2901

and maximum between 31 and 33 °C. The relative air humidity varies
between 85 and 90 percent, and the average precipitation is between
1700 and 2000 mm (Sombroek, 2001).

The right bank of the river (when facing downstream) is of recent
geological formation (Cenozoic period) with past alluvial deposits
corresponding to Gleysol areas on flatter terrain. On the left bank, older
geological formations of the Proterozoic predominate with post-oro-
genic granitoids and a more hilly landscape. The predominant soils in
the study area are Acrisols and Ferralsols (latosols), mainly in the open
rainforest on the left bank of the Madeira River. Hydromorphic Gleysols
also occur, but are more common in transition areas of the woody
campinarana located on the right bank of the Madeira River. Fluvisols
formed by alluvial sediment deposition occur at the margins of the
Madeira River (Cochrane and Cochrane, 2010; Embrapa, 2011;
Quesada et al., 2011). The predominant vegetation type of the region is
lowland open rainforest (IBGE, 2012) which is characterized in most of
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Fig. 4. Multivariate regression trees (MRT) of palm community composition based on species occurrence and relative abundance of species, in southern Brazilian
Amazonia. Each split in the MV tree is indicated by the relevant independent variable and its value at the splitting point. Each leaf on the tree has an associated
barplot, and each bar is a PCoA axis used as response variable. Because the data is normalized, all of the bars above the line are the ones driving the split. The number
of observations represented by each leaf is also shown. At the bottom of the tree is the residual error for the overall tree, or how much variation is not explained by
the tree, the cross-validation error and standard error for this size of tree. C = Carbon.

the area as an open canopy terra firme forest by the lack of flooding
during the rainy period.

The open canopy terra firme forest occurs in well-drained soils and is
strongly related to the presence of elements such as palms, sororoca
(Phenakospermum guyannense), bamboo and lianas. Openness of canopy
allows more light penetration in the understory, resulting in a denser
layer of shrubs and lianas (Pires and Prance, 1985). The term campi-
narana in normally used to define a type of stunted vegetation, with
thin and small trees usually growing on white-sands or less often on
hydromorphic soil (podzol) in Amazon floodplains (Daly and Mitchell,
2000). Patches of campinaranas occur on the right bank of the Madeira
River in silty, hydromorphic soil subject to seasonal waterlogging
caused by the elevation of the water-table, as well as vdrzea forests
(areas that are seasonally inundated by the rise of the Madeira River
and its tributaries) (Perigolo et al., 2017).

2.2. Data collection: Environmental and floristic data

We systematically distributed RAPELD sampling modules
(Magnusson et al.,, 2005) perpendicular to the Madeira River, two
modules next to the hydroelectric dam (Caicara), two modules in the
intermediate portion (Mutum) and two in the final portion (Abuna) of
the future UHE Jirau reservoir. Each module is made of two 5 km
transects, and the longest distance between modules was 80 km.
(Fig. 1). The allocation of plots followed the contour of the terrain in
order to minimize internal variation in topography and soil and to allow
the use of these variables as predictors of species distribution
(Magnusson et al., 2005; MCT, 2005).

Twenty-six plots (250 X 40 m) were sampled before the reservoir
flooding (2011), nine in the Caicara, eight in the Mutum and nine in the
Abuna modules (Fig. 1). Of the total sampled plots, 13 were in terra-
firme forest, seven in campinarana, and six in vdrzea forests.

The data was collected in three sub-plots per plot, according to
breast height (DAP) of the individuals and the inclusion criterion
adopted for this study (individuals with height greater than, or equal to
five centimeters). In a 250 X 2 m (0.05 ha) sub-plot, all individuals
with height = 5 cm were sampled; in a 250 x 10 m (0.25 ha) sub-plot,
only individuals with DBH = 10 cm were sampled; and in a

250 X 20 m sub-plot, only individuals with DBH = 30 cm (0.5 ha)
were sampled (Magnusson et al., 2005).

Identifications were performed in the field by taxonomists and
parataxonomists with the aid of identification guides (Henderson,
1995; Lorenzi et al., 2010), following the nomenclature of Henderson
(1995). We collected voucher specimens of at least one individual of
each species surveyed for further identification in the Embrapa Genetic
Resources and Biotechnology (CEN) herbarium, and duplicates were
sent to the following herbaria: Federal University of Acre (UFACPZ) and
National Institute for Amazonian Research (INPA).

We collected soil samples at six locations within each plot (0, 50,
100, 150, 200 and 250 m) and at four depths (0-5, 5-10, 10-20, and
20-30 cm), totaling 24 single samples per plot. Samples were stored at
room temperature until complete drying, then aggregated by depth and
analyzed following the protocol of EMBRAPA (1997) for texture (sand,
clay, silt) and chemical properties (pH, Ca* 2 K*, Mg*% Na™, Al*+, C,
N, and P). Averages from across the four depths within each plot were
used to represent texture and chemical variables in the analyses. The
terrain slope was measured using a PM-5/360 Suunto clinometer
(Suunto, Finland) at every 50 m of each plot, perpendicular to its
central axis.

Water-table measurements were carried out on a piezometer per
plot (in 25 plots), and measurements were taken from June 2012 (be-
fore the reservoir flooding) to June 2013 (after the reservoir flooding)
every 30 min and stored in data loggers. Each piezometer had two
Solinst® data loggers for water level measurements (Levelogger Junior
Model 3001) and atmospheric pressure (Barologger Gold Model 3001).
The data was analyzed using Levelogger 4.0.2 software (Solinst, 2014).

2.3. Data analysis

We used Principal Coordinate Analysis (PCoA) to summarize the
variation in floristic composition (presence/absence) and structure
(relative abundance) of the communities using, respectively, Sgrensen's
distance and Bray-Curtis index (Legendre and Legendre, 2012). The
environmental variables were standardized (mean zero and one unit of
variance) and were included in the Principal Component Analysis (PCA)
to summarize the environmental gradient. PCoA community
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Fig. 5. Palm species partially affected by the Jirau reservoir in the southwestern Brazilian Amazon. TF = Terra-firme forest, VF = Vdrzea forest, C = Campinarana.

eigenvectors were used as response variables, and the axes of the en-
vironmental PCA were tested as predictors in GLS (Generalized Least
Squares). The main purpose of the modelling approach employed here
was to evaluate the responses of variation in community composition to
the effects of environmental variation.

We are aware that our sampling design and the scale of the study
area could lead to spatial autocorrelation between observations, re-
sulting in lack of independence between samples, which is an important
premise of linear regressions. It is known that spatial autocorrelation
may inflate type-I error and bias estimates of p values (Legendre et al.,
2002). Our plots are nested within modules, thus, within a module plots
are relatively close to each other (1 km apart), and can be more similar
to each other than plots in different modules (~25 km apart). Thus it is
necessary to control this potential spatial autocorrelation between the
samples. Moreover, the variation of biotic and abiotic components be-
tween modules may not be homogeneous, leading to heteroscedasticity
in the distribution of model residues, another serious violation of the
assumption of linear models. In order to prevent these issues, we con-
trasted traditional linear models with Generalized Least Squares
models, allowing for the test of spatial correlation structures between
sampled plots and also allowing the use of weights to control residual
bias due to the variance heterogeneity between sample modules or
plots. We modelled the auto-correlation based on the plot geographic
coordinates (UTM coordinate system) as any of the main potential
spatial structures (eg. Gaussian, linear, power, exponential, spherical),
as there was no a priori hypothesis about the shape of the spatial
component. Weights are also additional variation structures that can be
added to decrease bias, accommodating heteroscedasticity between
groups, in the case of the present study related to sampling modules and
plots. Weights may correspond to different structures of variation, with
no prior hypothesis, so we tested fixed variance weights (‘varFixed’
parameter on ‘gls’ function), a constant variance function structure
(‘varIdent’) that allows different variances, one for each level of a
grouping factor as the sample modules or plots, and an exponential
variance, according to the group and or according to the predictor
variables in each group. Candidate models were compared with models
without correlation structures and the selection of the best correlation
structure was done from the saturated model with all predictive vari-
ables adjusted with maximum likelihood (maximizing the restricted
log-likelihood). The Akaike information criterion (AIC) (Burnham and
Anderson, 2002) was used to perform model selection of correlation
structures. Following this, we perform selection of the fixed predictors
with a maximized log-likelihood test. The analysis protocol and the
validation of the models proceeded according to recommendations of
Zuur et al. (2009) and Zuur et al. (2010).

We also evaluated the hierarchical importance of the effect of each
environmental predictor on the patterns of community structure
through Multivariate Regression Trees (MRT; De'ath, 2002). We used
PCoA axes with at least 80% of cumulative percentage of variance ac-
counted for by the first n components representing the community
structure and composition, as response variables on MRT analyses and
examined the hierarchical effects of the environmental predictors
(Pansonato et al., 2013).

All analyses were performed with the R software (R Development
Core Team, 2017). We performed ordinations in the vegan package
(Oksanen et al., 2013), regression models with ‘gls’ and ‘Ime’ functions
in the nlme packages (Pinheiro et al., 2011) and MRT analyses in the
mypart package (Therneau et al., 2013).

3. Results
3.1. Community composition

A total of 31 species and 3571 individuals were sampled (Table S1).
Bactris was the genus with the highest number of species (8), followed
by Astrocaryum (4), Attalea (4), Oenocarpus (4), Desmoncus (3) and
Geonoma (2). The other genera (Chamaedorea, Euterpe, Iriartea, Maur-
itia, Mauritiella and Socratea) were represented by one species each.
Species richness were quite unequal among forest types. Terra-firme
forests harbours 26 palm species, vdrzea forests harbours 17 species and
campinaranas harbours 8 species.

3.2. Determinants of community composition

Palm community composition based on both occurrence or relative
abundances differed among campinaranas, vdrzea and terra-firme forests
(Fig. 2 A and B). Campinaranas was the most distinctive group among
the palm communities. The PCoA based on abundance data shows that
terra firme forests can have very variable compositions, even very si-
milar to campinaranas. On the other hand the PCoA based on occurrence
suggests the three forest formations have different compositions. The
Principal Component Analysis (PCA) based on soil, altitude and slope
also indicates distinct clusters relative to forest formations. Terra-firme
forests have a greater environmental amplitude relative to vdrzea and
campinarana forests. Higher silt concentrations on lower altitude sites
were associated mainly with campinarana and vdrzea forests, whereas
terra-firme forests had a greater association with sandy or clayey soils
and greater depth to the water-table (Fig. 3). Axis 1 of the PCA in-
dicated a gradient positively correlated with C, pH, N and silt content
and negatively correlated with P, sand, slope and mean depth to the
water-table. Axis 2 indicated a gradient positively correlated with clay,
C, Al and altitude and negatively correlated with silt and sum of ex-
changeable bases (Table S2).

The community composition based on the abundance of palm spe-
cies was strongly associated with axis 1 of the environmental PCA and,
therefore, with the gradient of C, pH, N, silt, P, sand, slope and mean
depth to the water-table, as indicated by the linear mixed effects models
taking into account the random variation of the intercept related to the
sampling modules (Fig. S1; Table 1). The palm community composition
based on the presence-absence of the species was not associated with
the two axes of the PCA (Table 1; Fig. S1). MRT analysis emphasized the
importance of C content, silt and slope for the variation in structure and
floristic composition of palm communities (Fig. 4).

3.3. Impacts of the dam

Upon filling the reservoir, nine of the 26 sampled plots were com-
pletely flooded annually during the flood months (December to April)
of the Madeira River. Four plots were in terra-firme forest and five in
vdrzea forests. However, the populations of palm species most affected
(flooded) by the reservoir were concentrated in vdrzea forests (Fig. S2).
Palm species less affected by the reservoir were concentrated in areas
with greater depth to the water-table (Fig. S3).

In addition to the annual flooding of these nine plots, the ground-
water level has undergone significant changes in all habitats, including
campinarana and terra-firme forests, even in plots farther from the re-
servoir, which do not suffer reservoir-induced flooding (Fig. S4). The
mean value of the water-table depth across plots was —3.75 = 1.79m
before the reservoir (2012-2013), but raised to —1.99 + 1.87 m after
the reservoir filling (2014-2015). In campinaranas, a forest formation
not flooded annually by the reservoir, the average values of the water-
table depth went from —2.13 + 1.69 m before to —1.15 * 1.46 m
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after the reservoir filling, in terra-firme forests from —4.56 +* 2.2 m to
—3.28 = 2.2 m, and in vdrzea forests from —4.06 + 1.45 m to
-1.04 =+ 1.9m.

Of the 31 species sampled, twelve (A. acaule, A. gynacanthum, B.
elegans, B. gastoniana, B. simplicifrons, D. giganteus, D. polyacanthos,
Iriartea deltoidea, M. flexuosa, A. maripa, M. armata and O. bacaba; Fig.
S5) had no individuals in the area flooded by the reservoir and, in
general, were sampled in one or two sampling modules where they
presented low abundance (except A. gynacanthum). Thirteen species (A.
murumuru, A. aculeatum, A. speciosa, B. maraja, B. hirta, B. acanthocarpa,
D. mitis, E. precatoria, G. deversa, O. minor, O. bataua, O. balickii and S.
exorrhiza; Fig. 5) had many individuals in the area flooded by the re-
servoir, and include some very abundant species, such as E. precatoria,
A. speciosa, O. bataua and A. murumuru. Six species (A. phalerata, A.
butyracea, B. riparia, B. concinna, C. pinnatifrons and G. maxima) had
most of their individuals flooded by the reservoir, ranging from species
with only one individual (C. pinnatifrons) to more abundant species,
such as A. phalerata, B. riparia and B. concinna (Fig. 6).

4. Discussion

We have shown here that: (1) palm communities on the banks of the
Madeira River differ among forest formations (campinarana, vdrzea and
terra-firme forests), and these differences are associated with the gra-
dients of C, pH, N, P, soil texture, slope and mean depth to the water-
table; (2) the increase in the level of the Madeira River, associated with
the operation of the Jirau dam, directly flooded the populations of
61.3% of the palm species in the region; and (3) six palm species had all
populations flooded by the reservoir, and another 13 species had part of
their populations flooded by the reservoir.

The species distribution and, therefore, the composition based on
the abundance of the palm communities differed according to edaphic
factors (texture, C, pH, N and P), slope and depth to the water-table, as
has been documented in other sites (Jirka et al., 2007; Balslev et al.,
2011; Vormisto et al., 2004; Costa et al., 2009). We observed a gradient
in species distribution, with some restricted to drier (terra-firme forests)
and others to more humid areas (vdrzea and campinarana forests).
Forests flooded with black-waters (igapé forests) also have their floristic
composition, species richness, forest structure and diversity related to
variation of flood pulses (Ferreira, 1997). Both Igapé and varzea forests
comprise Amazonian wetlands periodically inundated (or periodically
waterlogged), differing on ecological attributes such as water physico-
chemical parameters and water sediment loads (Junk et al., 2011). Soil
water conditions, as determined by the flood pattern and depth to the
water-table, have a strong influence on species richness and composi-
tion of palm communities, and, generally, richness decreases with the
increase of the flood intensity. This can be explained by the stress
suffered by plants in this type of environment, which requires adapta-
tions for survival in hypoxic to anoxic soil conditions (Balslev et al.,
2011). Disruption of seasonal inundation regimes impacts species
composition and biogeochemical cycling in river floodplains (Castello
and Macedo, 2016). Over time, Amazonian species have evolved and
adapted to natural variation in the level of rivers and groundwater
(Wittmann et al., 2010), and a drastic change in these levels can lead to
a high mortality of individuals in the first years after the formation of a
reservoir (Vale et al., 2013; Moser et al., 2019). Furthermore, Assahira
et al. (2017) observed tree mortality during periods of consecutive
years of inundation, up to two decades after the implementation of a
large hydroelectric dam.

The existence of different palm floristic communities implies that
the loss by reservoir flooding of some environments with distinctive
characteristics generates a corresponding loss of floristic diversity at
landscape scale on the banks of the Madeira River. In fact, populations
of 61.3% of species associated with silt and shallow water depths were
drastically reduced by the flooding of the Madeira River banks by the
Jirau reservoir. This includes floodplains near the river, as well as plots
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with low altitudes that, even when distant from the river, were affected
by the reservoir filling. Among these 19 species (61.3%) locally threa-
tened by the dam on the banks of the Madeira River in Jirau, some (A.
butyracea, B. riparia and C. pinnatifrons) were recorded from a single
plot, and 100% of their abundance in the study area lies within the
flood-affected area. Two species (A. butyracea, C. pinnatifrons) have a
small number of observed individuals in addition to low frequency. A.
butyracea and C. pinnatifrons are part of the palm flora of western
Amazonia and occur in terra-firme and vdrzea forests (Henderson,
1995). B. riparia was abundant in only one plot, and it is a species more
common on the banks of black water rivers, occurring only rarely on
the banks of white waters (Henderson, 1995) such as the Madeira River.

Some species had only part of their abundances affected by reservoir
filling, such as A. murumuru, A. phalerata, A. speciosa, E. precatoria and
O. bataua, but still had large abundance in the study area. These are also
among the most abundant palm species found in other studies
(Vormisto, 2002; Vormisto et al., 2004; ter Steege et al., 2013) and are
widely distributed in the Amazon region or adjacent areas, such as
Central America, Cerrado and Atlantic Forest. Astrocaryum murumuru
occurs in vdrzea forests, and sparsely in terra firme forests (Henderson,
1995), and in the study area, more than 77% of their individuals were
found in plots with periodic natural flooding and temporary streams.
On the other hand, E. precatoria and O. bataua occur in both vdrzea and
terra firme forests, and these two species were widely found in the study
area, both in terra-firme forests and in campinaranas, and their abun-
dances varied between and within each physiognomy. Thus, the mega
dam does not imply local loss of these species, but potentially a loss of
genetic diversity.

The loss of habitat is more impactful for species that are restricted to
riparian environments (Cochrane et al., 2017; Resende et al., 2019) and
reproduce preferably in clonal form, even if they have large local
abundances. For example, B. concinna and O. minor form clonal clusters
and had more than 90% of their individuals occurring in the flood-
affected area by the reservoir. In addition, species that occur in specific
environments, such as B. riparia, or in areas that have been most se-
verely flooded by the reservoir, such as A. phalerata, may be more
vulnerable to habitat loss. Thus, the more susceptible species to habitat
loss are those associated with floodplain environments or with low al-
titude sites, even if these are far from the riverbanks.

Other risk factors for palm species are the rise in groundwater level
and changes in the pattern of flooding after the reservoir. Species po-
tentially intolerant of flooded soils, such as B. acanthocarpa, B. elegans
and B. gastoniana, found exclusively in areas of terra-firme forest or with
well-drained soil (Henderson, 1995), may be the first species to suffer
extinction locally if their habitat undergoes periodic flooding or
changes in groundwater levels. Considering the significant changes that
have occurred in groundwater levels in campinarana and terra-firme
forests in areas away from the reservoir, long-term negative effects may
still occur on populations not directly affected by reservoir flooding.
The synergistic effect between mega hydroelectric dams and the in-
creased frequency of extreme flooding over the last few decades
(Castello and Macedo, 2016; Marengo and Espinoza, 2016; Barichivich
et al., 2018) is likely to result in mega-floods, such as the one that
affected the Madeira River in 2014. Harmful consequences for biodi-
versity are expected as the frequency of such events is likely to increase
over the Amazon basin (Moser et al., 2019).

Palm fruits are important sources of food for many animals and
zoochory is common in several palm species (Zona and Henderson,
1989). Benchimol et al. (2017) observed the strong influence of habitat
loss on the overall structure of Arecaceae assemblages in the Brazilian
Atlantic forest, where the reduction of species richness and the abun-
dance of palm trees have the potential to impoverish the fauna of
specialist frugivores. In addition, these authors note that extinctions of
key palm dispersers may have affected the dispersal and regeneration of
large-seeded palm species, such as Attalea humilis. Defaunation of seed
dispersers in forest fragments with less than 1000 ha in the Atlantic
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Forest collapsed the seedling recruitment of Astrocaryum aculeatissimum
(Galetti et al., 2006). Southwestern Brazilian Amazon is facing this
scenario of forest fragmentation where deforestation for intensive
agricultural activities and the construction of large hydroelectric dams
have been significant in recent decades (Ferraz et al., 2005). Therefore,
other important negative implications for palm species of the upper
Madeira River may be triggered by the forest fragmentation.

The results presented here indicate direct and indirect effects of
environmental changes due to dam flooding on the diversity, abun-
dance, and distribution of palm species. These can be used to guide the
environmental licensing process of new reservoirs, the recovery of po-
pulations and the collection of germplasm, with priority to species with
populations in more vulnerable forest formations, such as the campi-
naranas and vdrzea forests of the upper Madeira River.
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