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ABSTRACT

We describe the patterns of composition and abundance of tree species and their relationships to environmental factors in an area
affected by the Jirau hydroelectric dam on the Madeira River in the Brazilian state of Rondônia. Trees were sampled in 20 1-ha forest
plots distributed among areas affected and unaffected by the hydroelectric reservoir. Predictors of species distribution included in the
analyses were soil fertility (sum of bases) and texture, slope, and the vertical distance from the nearest drainage. We sampled 8504 indi-
viduals belonging to 909 species/morphospecies. Floristic differences occurred throughout the reservoir area and between the sides of
the river, and were strongly associated with edaphic and geological factors. The predictor with the greatest effect on the floristic changes
was the sum of bases, coupled with the vertical distance from the nearest drainage, the latter reflecting the influence of the riparian
zone. The forests sampled were heterogeneous and included transitional formations between unflooded terra firme and seasonally inun-
dated (varzea, campinarana) forests. Although a considerable number of species (253) were restricted to plots affected by the reservoir,
most of these species have a widespread distribution in the Amazon region. However, conservation measures are required in order to
preserve species associations and ecosystems processes similar to those most affected by the reservoir such as the river floodplains. Our
study reinforces the need to consider the heterogeneity of habitats affected by reservoirs when making decisions concerning the building
of hydroelectric dams in the Amazon.

Abstract in Portuguese is available in the online version of this article.
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IN THE AMAZON BASIN, FLORISTIC PATTERNS have been related both
to intrinsic factors, such as dispersal limitation and biotic interac-
tions, and extrinsic ones, such as the environment (Terborgh &
Andresen 1998, Condit et al. 2002, Pitman et al. 2008, Dexter
et al. 2012). A large set of soil and topographic factors are con-
sidered important predictors of floristic patterns at different spa-
tial scales (Phillips et al. 2003, ter steege et al. 2006, Ruokolainen
et al. 2007, Coronado et al. 2009, Zuquim et al. 2012). The diver-
sity of these environmental predictors in Amazonia can be associ-
ated with geomorphological and geological differences that occur
along the basin (Quesada et al. 2010, Higgins et al. 2011).

The influence of soil on floristic variation in the Amazon
basin has been investigated in detail in the western, central, and
northern regions. In the western portion, the physical and chemi-
cal properties of the soil, such as the concentrations of calcium
(Ca), magnesium (Mg), potassium (K), sodium (Na), and phos-
phorus (P) cations, are considered the main determinants of

species distributions (Tuomisto et al. 2002, Phillips et al. 2003,
Pitman et al. 2008, Higgins et al. 2011). Younger and nutrient-rich
soils of Andean origin in this region (Quesada et al. 2010) sup-
port distinct tree communities from those that occur on the east
side of the basin, which usually grow in older and poorer soils
formed by cratonic sediments (Terborgh & Andresen 1998, Pit-
man et al. 2008, Coronado et al. 2009). In central and northern
Amazonia, topography and soil variables, such as clay content,
have been considered the main predictors of plant species
distribution (Costa et al. 2005, Kinupp & Magnusson 2005, Zu-
quim et al. 2012, Pansonato et al. 2013). With respect to elevation
and slope, topography is not a causal factor itself, but it produces
gradients in water availability, soil texture and fertility, and light
availability, which can influence the composition of plant commu-
nities depending on the ecological preferences of individual
species (e.g., Costa et al. 2005).

Riparian zones exhibit remarkably different patterns of flo-
ristic composition in Amazonia compared to terra firme forests
(Ferreira & Prance 1998, Ferreira 2000, Drucker et al. 2008).
Communities of flood-tolerant flora are typically determined by
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the depth of the water table and light regime associated with
major rivers in the Amazon. In addition, forest areas adjacent
to Amazonian rivers are often influenced by the seasonal depo-
sition of sediments, such that species composition is strongly
associated with fertility patterns related to sediment source
material (Quesada et al. 2010).

Although the importance of soil fertility, texture, and topog-
raphy as predictors of species composition and abundance in
Amazonian forests has been widely documented, there are few
studies addressing floristic patterns in many parts of the basin,
particularly in southern Amazonia (ter Steege et al. 2013). This is
a major concern for the conservation of the region because
human impacts, including deforestation for intensive agricultural
activities and the construction of large hydroelectric dams (partic-
ularly on the Madeira River; Finer & Jenkins 2012), have been
significant in recent decades (Ferraz et al. 2005).

We investigated if tree assemblages were affected by the Ji-
rau hydroelectric (UHE Jirau) reservoir located on the middle
Madeira River in the southern Amazon. Our study area stretches
for 80 km around the dam and includes open rain forest plots
representing, at the mesoscale, the compositional and environ-
mental variation in the area affected by the UHE Jirau reservoir.
We focus on the following questions: (1) how are tree species dis-
tributed with respect to their occurrence and abundance in com-
munities and with respect to their association with the
environment? (2) Are there compositional differences between
areas that will be affected and unaffected by the UHE Jirau reser-
voir, and what are the implications of such differences for biolog-
ical conservation? (3) How does the hierarchical structure of
environmental gradients of soil variables, topography and height
above the nearest drainage (a proxy for the depth of the water
table) influence floristic patterns?

METHODS

STUDY AREA.—We conducted the study in the municipality of
Porto Velho, Rondonia, in southern Amazonia, in the area of the
UHE Jirau reservoir, in the basin of the Madeira River (Fig. S1).
The UHE Jirau was designed as a ‘run-of-the-river’ hydroelectric
type that requires little water storage and has a reduced reservoir
size compared to traditional hydroelectric dams. However, its
operation will involve a seasonal rise in the river level, estimated
to vary between 82.5 m (dry season) and 90 m (rainy season),
which is approximately 5–10 m above the pre-damming levels of
the river and will cause both permanent and temporary flooding
in forest areas surrounding the reservoir. Another hydroelectric
dam (UHE Santo Antonio) of comparable size is located approx-
imately 100 km downstream on the Madeira River, and two
additional dams are planned upstream (Fearnside 2013).

The predominant vegetation type of the region is lowland
open rain forest (IBGE 2004), characterized in most of the area
as an open canopy terra firme forest due to the lack of flooding
during the rainy period (Pires & Prance 1985). Other vegetation
types in the region include patches of woody campinarana, a sea-
sonal low-stature forest subject to flooding during the rainy sea-

son caused by the rise of the water table, as well as narrow strips
of varzea forests (areas that are seasonally inundated by the rise
of the Madeira River and its tributaries). Transitional areas
between terra firme forest, campinarana, and varzea forests also
occur in the region. Typical varzea areas are not extensive in the
study area because the seasonally flooded area of the Madeira
River is not wide relative to the seasonally flooded areas of other
large rivers in the Amazon basin.

The climate in the study area is tropical humid and hyper-
thermic (Cochrane & Cochrane 2010), with the highest average
annual temperature ranging from 31–33°C, the lowest annual
temperature ranging from 20–22°C, and the annual precipitation
ranging from 1700 to 2000 mm (INMET 2013). The elevation in
the region varies between 70 and 358 m asl (Fig. S1). The pre-
dominant soils in the study area are Acrisols and Ferralsols (lato-
sols), mainly in the open rain forest on the left side (when facing
downstream) of the Madeira River. Hydromorphic Gleysols also
occur, but are more common in transition areas of the woody
campinarana forest (Cochrane & Cochrane 2010, Santos et al.
2011) located at right side of the Madeira River. Fluvisols formed
by alluvial sediment deposition occur at the margins of the
Madeira River.

The right side of the river reflects a more recent geological
formation (Cenozoic period) with past alluvial deposits corre-
sponding to Gleysol areas on flatter terrain. On the left side,
older geological formations of the Proterozoic predominate, with
post-orogenic granitoids (CPRM 2004) and a more hilly land-
scape. The right side of the Madeira River has a history of land
use and occupation, mainly due to farms that were founded as a
result of the construction and subsequent pavement of the BR-
364 highway during the 1980s (Ferraz et al. 2005). The area on
the left side of the river is more conserved and includes the
Mapinguari National Park.

DATA COLLECTION: VEGETATION COMPOSITION AND STRUCTURE.—
Our sampling was conducted in 2010 before the UHE Jirau res-
ervoir was filled. We systematically distributed RAPELD sam-
pling modules (Magnusson et al. 2005) perpendicular to the
Madeira River, with two modules next to the hydroelectric dam
(Caic�ara), two modules in the intermediate portion (Mutum) and
two in the final portion (Abun~a) of the future UHE Jirau reser-
voir. Each module was formed by two transects, and the longest
distance between modules was 80 km. We allocated permanent
plots along transects: nine plots in Caic�ara, four in Mutum and
seven in Abun~a. The minimum distance between plots was 1 km.
In total, 11 plots were in areas that will be subject to the reser-
voir flooding and nine plots in areas that will not be directly
affected (Fig. S1). Most of the area affected by the UHE Jirau
reservoir is located on the right side of the river near the dam
(including the Caic�ara T4 module) and along the margins of the
Madeira River (including P1 plots in all transects; Fig. S1).

We allocated the plots only in open rain forest areas, includ-
ing terra firme forests and transitional areas between this vegeta-
tion type and varzea forests or campinaranas. The distribution of
the plots in modules depended on accessibility, which was limited
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by the rugged relief on the left side of the river and by the occur-
rence of campinarana patches (not considered in this study) on the
right side in the intermediate portion of the reservoir (Mutum),
restricting plots to locations nearest the river at this sampling site.
Plot elevation ranged from 86–116 m asl. Additional information
on study sites is provided in Table 1.

Following the RAPELD protocol (Magnusson et al. 2005), the
allocation of plots followed the contour of the terrain to minimize
internal variation in topography and soil and to allow the use of
these variables as predictors of species distribution. In each 1-ha
(250 9 40 m) plot, we sampled all trees that were ≥30 cm in diam-
eter at breast height (dbh), 1.30 m above the ground. We subsam-
pled trees with a diameter between 10 cm ≤ dbh < 30 cm in 0.5-ha
(20 9 250 m) plots and trees between 1 cm ≤ dbh < 10 cm in
0.05-ha (2 9 250 m) plots. In total, we sampled 20 plots with areas
of 20, 10 and 1 hectare for each diameter class.

Identifications were performed in the field by taxonomists
and parataxonomists with the aid of identification guides (Hen-
derson et al. 1995, Ribeiro et al. 1999, Wittmann et al. 2010).
We collected voucher specimens of at least one individual of
each species surveyed for further identification in the Embrapa
Recursos Gen�eticos e Biotecnologia (CEN) herbarium. We iden-
tified voucher specimens to the species level (or as morphospe-
cies); for some groups we were able to conform identifications
with experts (i.e., Burseraceae: D. Daly; Lecythidaceae: S. Mori;
Melastomataceae: F. Michelangeli). Plant identifications also ben-
efited from the experience accumulated by the authors during
an extensive floristic survey carried out in the UHE Jirau region
from 2008–2013. Vouchers were deposited in the herbarium of
Embrapa Genetic Resources and Biotechnology (CEN), and
duplicates were sent to the following herbaria: Federal Univer-
sity of Acre (UFACPZ), Federal University of Rondônia (RON),
National Institute for Amazonian Research (INPA), New York
Botanical Garden (NY), Rio de Janeiro Botanical Garden (RB),
and the Embrapa Amazônia Oriental (IAN).

DATA COLLECTION: ENVIRONMENTAL DATA.—We considered four
environmental factors that are recognized as important predictors

for plant distribution patterns in Amazonia: soil fertility and tex-
ture, slope and vertical height relative to the nearest river (Costa
et al. 2009, Zuquim et al. 2012, Figueiredo et al. 2013, Pansonato
et al. 2013, Schietti et al. 2013). Climate is also an important fac-
tor (Coronado et al. 2009, Toledo et al. 2011) but was not
included because the variation is not relevant in the scale of the
study. 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, 20–30 cm), totaling 24 single samples per plot. Samples
were dried at room temperature and aggregated within each
depth range for physical and chemical analysis. Soil variables were
summarized in the analyses by a plot average of sum of
exchangeable bases (Ca+2, K+, Mg+2, Na+) and soil texture (clay
content is commonly used in other studies and was chosen as
predictor because it was correlated with PCA axes of the soil tex-
tural parameters). Although a large number of soil parameters
were available, we decided to use only two of them to reduce the
number of predictive variables in our analysis. These two parame-
ters have been shown to be strong predictors of floristic patterns
in the Amazon (e.g., Pansonato et al. 2013). The slope of the ter-
rain in each plot was measured using a PM-5/360 Suunto cli-
nometer (Suunto, Finland) through five steps every 50 m,
perpendicular to the central axis.

Elevation data were obtained using an airborne laser sensor
with a laser point cloud density obtained with 3 points/m² and
were provided by the Energia Sustent�avel do Brasil. We interpo-
lated these data using a Digital Terrain Model (DTM) in geotiff
format with a resolution of 5 m. We obtained the height above
the nearest drainage (HAND) from the altitudinal difference
between the nearest drainage and elevation of each plot, using a
DTM. We used the HAND variable considering its high correla-
tion with the depth of the water table and influence on water
availability for plant communities (Nobre et al. 2011, Schietti et al.
2013).

DATA ANALYSIS.—We standardized species abundance data by the
total number of individuals in each plot and calculated the Bray-
Curtis index (quantitative dissimilarity matrix). Species occurrence

TABLE 1. Minimum, maximum, and average values for environmental variables in the forest plots of Abun~a (final portion of the reservoir), Mutum (intermediate portion) and Caic�ara
(near the dam), in the area of the Jirau hydroelectric reservoir.

Areas Number of Plots Sum of bases (cmol/dm3) Clay content (%) Slope (degrees) HAND (m)

Abun~a

Min.–Max 7 4.72–5.81 17.50–47.50 0.1–8 12.78–34.28

Average � SD 5.17 � 0.38 33.21 � 10.99 3.08 � 2.95 20.75 � 7.81

Mutum

Min.–Max 4 1.12–10.74 31.25–41.88 1.2–6 11.08–14.47

Average � SD 6.90 � 4.16 37.66 � 4.63 3.15 � 2.07 12.85 � 1.46

Caic�ara
Min.–Max 9 0.37–0.76 25.63–68.75 0.5–10.2 10.74–27.65

Average � SD 0.55 � 0.12 46.39 � 17.45 3.0 � 2.94 17.67 � 6.53

SD, standard deviation.

Tree Communities in Southern Amazonia 369



data (presence/absence) were analyzed using the Sorensen index
(qualitative similarity matrix). We used Principal Coordinates
Analysis (PCoA) to reduce the dimensionality of the matrices of
abundance and species occurrence. We used the first three axes
of the PCoAs as dependent variables in linear regression models
(LM) to evaluate how the community structure is influenced by
soil texture (clay content), fertility (the total exchangeable bases),
slope, and HAND. The sum of bases and slope were log-trans-
formed, and all predictor variables were standardized (mean = 0;
variance = 1).

We evaluated the spatial autocorrelation of the dependent
and predictor variables using Moran’s I correlograms (Fortin &
Dale 2005), with the P-value calculated after 999 permutations.
Autocorrelation in both dependent and predictor variables can
bias significance tests, inflating type I errors (Legendre et al.
2002, Landeiro & Magnusson 2011). When significant spatial
autocorrelation was detected in at least one distance class (Bon-
ferroni-corrected) for these variables, we evaluated the signifi-
cance of the predictors using linear mixed-effects models (Zuur
et al. 2009). In this modeling approach, a second random compo-
nent representing the correlation structures among observations
within transects (LME) was included, in addition to the fixed
component (predictors) and error. Another mixed-effects model
(SEM, spatially explicit model) included correlation structures
(e.g., exponential, Gaussian, linear, quadratic or spherical) on the
geographic coordinates of the plots (latitude and/or longitude), in
addition to the random effect of transect. We used the Akaike
Information Criterion (AIC; Burnham & Anderson 2002) to
select the best correlation structure in the spatially explicit model.

We used the likelihood ratio test (Zuur et al. 2009) to com-
pare the mixed-effects models (LME, SME) and simple linear
models (LM; fitted as generalized least squares for comparison).
We also used this test to evaluate the partial significance of the
predictor variables in mixed-effects models. We calculated the R²
marginal in mixed-effects models (the proportion of variance
explained only by the fixed predictors; Nakagawa & Schielzeth
2013). We conducted the analysis above using the lme function
of the nlme package (Pinheiro et al. 2011) in the R environment
(R Development Core Team 2012).

To understand how prone species are to the effects of the
dam, we illustrated relationships between the environment and
the 50 most abundant species that occur in the study area. The
relative abundance of these species was plotted against environ-
mental gradients formed by the predictor variables, the side of
the Madeira River, and the area under direct or indirect influence
of the reservoir.

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) in each diameter class and for all classes, together. In each
subset of quantitative data, we used PCoA axes that together cap-
tured at least 70 percent of the total variation in species data
(Pansonato et al. 2013). Divisions in the MRTs were determined
by cross-validation. We performed these analyses in the mvpart
package for R (Therneau et al. 2013).

RESULTS

We sampled 8504 individuals belonging to 909 tree species/mor-
phospecies (299 genera and 76 families; Table S1). The number
of individuals per plot ranged between 219 and 674, and the spe-
cies richness varied from 78 to 200. Most species sampled were
rare: 63 percent were represented by five or fewer individuals, 32
percent by a single individual, and 43 percent occurred in a single
plot. On the other hand, the 50 most abundant species accounted
for 41 percent of all trees sampled.

Ordination diagrams of floristic composition (Fig. 1A–C)
and community structure (Fig. 1D) of 20 forest plots are pre-
sented. The first three axes of the PCoA explained 43 percent of
the total variation in species composition with occurrence data
and 40 percent of the total variation with abundance data, con-
sidering all dbh classes together (Table 2). Plots were clustered
with respect to the side of the Madeira River, especially in the
abundance data (Fig. 1D). There was also a high degree of simi-
larity among plots located in the same transect/sample module
for both occurrence and abundance data (Fig. 1). Plots located in
the area affected by the reservoir tended to group together but
did not form a single cluster of points.

Most mixed-effects models accommodated the lack of inde-
pendence between observations, resulting in a smaller bias com-
pared to linear models (Table 2). However, the fits of the
mixed-effects models (LME and SEM) were no better than their
respective linear models, especially for the class of dbh ≥30 cm.
In these cases, we were careful with the interpretations and
inferences except for the linear model of abundance data
(PCoA1), which was not affected by a lack of independence
between observations. This model indicated the highest effect of
sum of bases in the floristic composition of dbh ≥ 30 cm. The
floristic structure (PCoA1 for all individuals) responded margin-
ally to the sum of bases and HAND. Soil fertility was also the
factor with the greatest effect on the 10–30 cm dbh class
(PCoA1, abundance and occurrence data) (Table 2). Other ordi-
nation axes in this dbh class responded to variables such as
HAND and clay. The structure and floristic composition of the
understory (1 < dbh < 10 cm) were mainly related to HAND,
clay, and slope, but there was no effect of sum of bases
(Table 2).

The gradient analysis of the floristic structure (summarized
by the first axis of the PCoA for individuals with dbh ≥ 30 cm)
as a function of the sum of bases, assuming average values for
the remaining predictor variables, shows a strong association
between floristic structure and soil fertility (Fig. 2). Groups of
plots that were affected and unaffected by the reservoir displayed
wide variation in their floristic structures and soil fertility.

With respect to the gradient analysis, soils with higher fertil-
ity occurred in plots located in sampling modules of the interme-
diate portion (Mutum) and at the end of the reservoir (Abun~a)
(Fig. 3). Furthermore, plots closer to the Madeira River (P1 plots)
also showed higher values of sum of bases, and the three plots
with the highest values were located in the flooding zone of the
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reservoir (Fig. 3). Some species were more abundant in plots with
lower fertility and in areas highly affected by the reservoir
(Caic�ara module T4). Species found in areas with higher fertility
in Abun~a and Mutum modules were more evenly distributed
among study sites, occurring in plots affected and unaffected by
the reservoir. (Fig. 3).

Soil texture did not seem to be strongly associated with
abundance of common species (Fig. S2). With respect to slope
gradient, a group of species showed higher abundance in flatter
plots both in areas affected and unaffected by the reservoir,
whereas a larger group of species occurred along the slope gradi-
ent (Fig. S3). With respect to the HAND variable, plots in the
area of flooding had the lowest values, especially in the modules
next to the dam (Caic�ara) and in the intermediate portion
(Mutum) (Fig. S4).

Differences in composition and structure between the com-
munities located on the left and right sides of the river were
observed when considering the occurrence of the 50 most abun-
dant species. Species typical of terra firme-campinarana-v�arzea transi-
tions were more abundant on the right side of the Madeira River
(Fig. S5A).

When considering the 50 most abundant tree species, a
comparative analysis of the areas affected and unaffected by the
reservoir suggested differences in species abundances (Fig. S5B).
Among all species/morphospecies sampled, 253 (28%) were
recorded only in plots affected by the UHE Jirau reservoir (spe-
cies marked with an asterisk on Table S1).

Multivariate regression trees analyses indicated that the
responses of floristic structure, summarized by PCoA axes, were

predominant affected by soil fertility (Fig. 4). The first division of
the MRT was produced by the sum of bases for all individuals
and for each diameter class analyzed separately. In the class
dbh ≥ 30 cm, the explanatory variable HAND is associated with
a second division of the MRT.

DISCUSSION

The forests sampled in the area of the UHE Jirau are heteroge-
neous, and such differences are influenced mostly by soil fertility,
with soil texture, slope and the vertical distance with respect to
the nearest drainage playing a secondary role. Differences in spe-
cies composition occurred throughout the reservoir area but were
most pronounced between plots with dystrophic soils next to the
damming and plots with more fertile soils in the middle and final
portions of the reservoir. In addition, we observed marked differ-
ences between areas situated on the left and right sides of the
Madeira River. The different soil types, geological formations and
the influence of the riparian zone of the Madeira River contrib-
uted substantially to these patterns.

Multivariate regression trees (MRT) showed that the sum of
bases was the best predictor to explain the variation in plant
communities, reinforcing the results obtained using linear and
mixed-effects models (including models accounting for spatial
autocorrelation). Among the factors related to soil, cations are
important for explaining the distribution of terra firme species in
western Amazon (Ruokolainen et al. 2007, Coronado et al. 2009,
Higgins et al. 2011) and also play a role in determining plant
communities on dystrophic soils in central Amazonia (Bohlman

A B

C D

FIGURE 1. Ordination diagrams (PCoA) of 20 plots on the left (○) and right (●) sides (when facing downstream) of Madeira River, Southern Amazonia.

Crosses represent plots affected by the Jirau reservoir. Results are based on presence/absence (A-C) and abundance (D) data.
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et al. 2008, Damasco et al. 2013). Soil texture, slope and, HAND
were less important for explaining the variation in plant commu-
nities in the UHE Jirau plots, although HAND was associated
with a secondary division in the MRT analysis for trees with
dbh > 30 cm. Other studies have shown that when the length of
soil fertility gradient is long (as in our study where the content of
bases varied from 0.37 to more than 10 cmol/dm3), topography
and soil texture tend to be less relevant to community structure,
whereas in areas of homogeneously low fertility, topography,
and texture become the main determinants of floristic patterns
(Zuquim et al. 2012, Pansonato et al. 2013).

Forest species typical of plateau and slopes on latosols, such
as Mabea angularis, Protium apiculatum, Mezilaurus itauba, Peltogyne
paniculata, P. excelsa, and Rinorea guianensis (Ribeiro et al. 1999),
characterized plots on latosols located on the left margins of the
reservoir as typical terra firme forests. These species are associated
with more hilly landscapes and well-drained soils. In the study
area, geological formations are markedly different between the
right and left sides of the Madeira River, and their influence on
soil properties and topography determine the floristic differences
observed. The right margin is characterized by a recent geological

FIGURE 2. Linear model relating tree (dbh ≥ 30 cm) community structure

(PCoA1) to the sum of bases. White and black dots represent plots affected

and unaffected by the Jirau reservoir respectively.

TABLE 2. Standardized partial coefficients of the predictor variables included in the candidate models. P-values of partial variables (P ≤ 0.10; *P ≤ 0.05; **P ≤ 0.01;

***P ≤ 0.001), R² marginal and P-value of the final model (LM, linear model; LME, mixed-effect model with transect as a random-effects term; SEM, spatially explicit

model) are shown.

DBH class Type of data Ordination axis Explained variance Sum of Bases Clay Slope HAND R² marg Final model

All QT PCoA1 0.17 0.15 0.01 0.01 �0.05 0.30*** LME

PCoA2 0.12 0.05 0.01 0.00 �0.02 0.06*** SEM

PCoA3 0.11 0.04 0.03 �0.10** 0.03 0.16 LM

QL PCoA1 0.18 0.11 0.05 0.05** �0.08 0.22** LME

PCoA2 0.13 0.06 �0.08 �0.07** 0.11 0.36 LME

PCoA3 0.12 �0.04 �0.07** 0.04*** 0.07*** 0.25** SEM

1–10 cm QT PCoA1 0.19 0.11 �0.05 �0.02 �0.01 0.24*** LME

PCoA2 0.12 0.07 �0.06** �0.02** 0.05** 0.23** SEM

PCoA3 0.10 0.02 0.04 0.04** �0.07*** 0.18** LME

QL PCoA1 0.17 0.07 �0.06 �0.01 0.01 0.21*** LME

PCoA2 0.12 �0.09 0.04 0.01 0.02 0.24** SEM

PCoA3 0.10 �0.05 �0.05** 0.06*** 0.05** 0.20*** LME

10–30 cm QT PCoA1 0.19 �0.50*** 0.11*** 0.13*** 0.25*** 0.47** SEM

PCoA2 0.16 �0.08 0 0.01 �0.01 0.20** SEM

PCoA3 0.11 0.04 0.13** 0.04 �0.14*** 0.53** LM

QL PCoA1 0.21 0.16 0.03 0.05** 0.01 0.30** SEM

PCoA2 0.16 �0.02 �0.03 0.03 0.04 0.06** SEM

PCoA3 0.11 �0.05 0.13*** �0.05 0.13*** 0.59*** LM

30 cm QT PCoA1 0.19 0.20*** �0.01 �0.07 0 0.63*** LM

PCoA2 0.15 �0.02 0.03 �0.01 0.02 0.08** LME

PCoA3 0.10 0.08** 0.13** 0.08** �0.06 0.38** LM

QL PCoA1 0.20 0.20*** �0.01 �0.07 0.03 0.69*** LM

PCoA2 0.13 0.01 �0.07 �0.04 �0.13** 0.47** LM

PCoA3 0.09 �0.08 �0.11 �0.06 0.08 0.28 LM

QT, quantitative (abundance) data; QL, qualitative (presence/absence) data.
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formation, with large alluvial deposits that extend from the dam
to the final portion of the reservoir. On the left side, the pre-
dominant geological formation includes Proterozoic granitoids
that are associated with a more hilly landscape and well-drained
soils. The influence of edaphic and geological factors at the
mesoscale found here corroborates the division of the Amazon
region into floristic units based on such determinants (Higgins
et al. 2011, Figueiredo et al. 2013).

Gleysols with fine texture and slow rates of decomposition
of organic matter are relatively more fertile compared to adjacent
soils in the Amazon (Quesada et al. 2010). The occurrence of
transitional formations between terra firme and varzea and campinar-
ana on the right side of the Madeira River, which are associated
with Gleysols subject to seasonal flooding, contributed to the
observed floristic and structural heterogeneity. Alluvial soils were
also characteristic of plots that contained transitional formations
between terra firme and varzea forests near the Madeira River in
the intermediate and final portions of the reservoir. Due to the
higher concentration of clay and cationic exchange capacity in
alluvial substrates of Andean origin, varzea soils are richer in
nutrients than the well-drained adjacent areas or floodplains of riv-
ers of black water (igap�o forests; Pires & Prance 1985, Wittmann

et al. 2010). The varzea forests harbor a highly specialized flora
with morphological, physiological, and biochemical adaptations to
seasonal flooding and anaerobic soil conditions (Wittmann et al.
2012). Although our plots were mostly restricted to terra firme for-
ests, typical taxa of varzea and floodplains have been reported
such as Astrocaryum murumuru, Oenocarpus bataua, Euterpe precatoria,
Iryanthera ulei, Attalea phalerata, and Virola calophylla (Henderson
et al. 1995, Ribeiro et al. 1999, Wittmann et al. 2010). These spe-
cies are particularly abundant in the area more directly affected
by the Jirau reservoir, on the right margin on flatter terrains, sug-
gesting that forest formations on the floodplains of the Madeira
River have increased vulnerability. Amazonian floodplains are
areas of major concern given the rising levels of threats imposed
on such environments by the construction of new hydroelectric
dams in the Amazon basin (Finer & Jenkins 2012, Ferreira et al.
2013). Fortunately, most flood-tolerant varzea tree species are
widespread across tropical America, and endemic species are not
frequent (Wittmann et al. 2012).

An important question to be addressed from a plant conser-
vation perspective is: how many species would be locally/region-
ally lost in the areas affected by the UHE Jirau reservoir?
Although the number of species/morphospecies restricted to
plots affected by the reservoir is somewhat large (255 species),
the uncertainty related to a scenario of high-species richness com-
bined with low species abundance (nearly a third of all species
sampled are represented by a single tree) makes assessment of
conservation risk a very complicated task. Our sampling effort is
certainly not large enough to determine whether species that have
only been recorded in plots affected by the reservoir are really
restricted to that area in our study area, or if it is just an artifact
of the naturally low tree species abundance in the Amazon
(chance of sampling rare species is quite low). We consider the
latter option the most plausible because the species that were only
sampled in inundated plots were also likely to occur in areas not
flooded by the UHE Jirau reservoir. The low abundance displayed
by most species sampled here, and the fact that many of them are
restricted to a single plot, are consistent with the overall pattern
of rare tree species in the Amazon forest (ter Steege et al. 2013).

Most species sampled are widely distributed across the Ama-
zon—although many of them may be locally rare (low abun-
dance)—they are regionally widespread. None of the 603 species
identified at the species level belonged to the 46 plant species
reported as endemic to Rondônia in the Brazilian Flora Check-list
(\http://floradobrasil.jbrj.gov.br). Therefore, our results suggest
that some species will be affected at a local scale (taking into
account all the uncertainties regarding tree species densities and
habitat preferences in the study area) but with a limited regional
impact given that the vast majority of species recorded in plots
affected by the UHE Jirau reservoir have a widespread distribu-
tion. Regardless, conservation measures are required in order to
preserve species associations and ecosystems processes similar to
those most affected by the Madeira River hydroelectric dams.

The building of hydroelectric dams in the Amazon is con-
troversial, and requires a trade-off between the rising demand for
electricity and the urgency of conservation efforts in a region of

FIGURE 3. Distribution of 50 most abundant tree species along the gradient

of base saturation in the soil. White and black bars represent plots affected

and unaffected by the Jirau reservoir, respectively.
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remarkably rich biodiversity. Our study reinforces the need for
considering the heterogeneity of habitats affected by hydroelectric
reservoirs, as well as the complex responses of the vegetation to
flooding, when making decisions concerning the building of
hydroelectric dams.
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FIGURE S1. Location of modules for sampling of arboreal
vegetation in open rain forests on the right and left sides (when
facing downstream) of the Madeira River, along the area of influ-
ence of the reservoir of the Jirau hydroelectric reservoir in
Rondônia, Brazil.
FIGURE S2. Distribution of the 50 most abundant tree

species along the gradient of soil texture.
FIGURE S3. Distribution of the 50 most abundant tree spe-

cies along the gradient of slope.

FIGURE 4. Multivariate regression trees (MRT) for the entire tree community and separate analyses by diameter classes (dbh). The values at the end of the

branches represent the number of plots. The percentage of improvement gained from each division is reported in parentheses. The number of PCoA axes

required to cover at least 70 percent of the variance explained, which were used as dependent variables, and the error variance not explained by the MRT, are

shown at the botton of each diagram.
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FIGURE S4. Distribution of the 50 most abundant tree
species along the gradient of the height above the nearest drain-
age-HAND.
FIGURE S5. Distribution of 50 most abundant tree species

on the left and right margins (when facing downstream) of the
Madeira River and in the area affected and unaffected by the
Jirau reservoir.
TABLE S1. Species/morphospecies sampled in 20 1-hectare for-

est plots located in the area of the UHE Jirau, Rondônia, Brazil.
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