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The Amazon comprises many of the largest rivers in the planet and also houses some
of the richest bat communities in the world. Rivers are important geographic barriers
for the dispersal and distribution of different taxa worldwide and, particularly in the
Amazon region, they form the conceptual and empirical bases for the recognition of
the so-called Areas of Endemism of terrestrial vertebrates. Despite the vast literature
on the role of rivers on vertebrate community structure in the Amazon Forest, this
process has never been investigated using a comprehensive dataset of Neotropical
bat communities in the region. In this study, we aimed at: (1) evaluating the patterns
of bat endemism across the Amazon Forest; (2) testing for the relationship between
the distribution of bat species in the Amazon and the interfluve Areas of Endemism as
currently recognized, and; (3) analyzing the importance of major Amazonian rivers in bat
beta-diversity (turnover and nestedness) in the Amazon. Our results indicate that rivers
are not major barriers for the current distribution of most bat species, and bat community
composition breaks were divided into two clusters separating the east and west regions,
and a third cluster in northern Amazon. In addition, there was no significant overlap
among species distribution limits and the interfluve Areas of Endemism. Interestingly,
the geographic patterns that we found for bat communities composition breaks highly
resembles the one recovered using bird communities, suggesting that similar ecological
and historical drivers might be acting to determine the distribution of flying vertebrates
in the Amazon. Moreover, Amazonian bat distribution and endemism patterns were
likely shaped by factors other than rivers, such as species interactions and the current
environmental conditions. In conclusion, our results highlight the importance of modern
analytical approaches to investigate large scale ecological patterns in the Neotropical
region, and also challenge the widely recognized role of rivers on the determination of
community structure and endemism patterns in the Amazon Forest, at least for bats.
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INTRODUCTION

Rivers have long been hypothesized to be ecological and
geographical barriers for the dispersal and colonization of
new habitats for different taxa (Wallace, 1854; Napier, 19765
Hershkovitz, 1977). Not surprisingly, rivers represent one of the
most important drivers of species distribution and endemism
worldwide (Harcourt and Wood, 2011; Ramachandran et al.,
2017; Mahulu et al., 2021). The Amazon region is not only one
of the most biologically diverse regions on the planet, but also
comprises the largest network of rivers (Junk, 1997). Four of
the 10 largest rivers and 20 of the 34 largest tropical rivers are
located in the Amazon region (Latrubesse et al., 2005). The role of
the vast Amazonian hydric system on the diversification patterns
and community assembly processes of Neotropical organisms
has been investigated for many animal groups, such as primates
(Ayres and Clutton-Brock, 1992; da Silva and Oren, 1996),
amphibians and lizards (Moraes et al., 2016), butterflies (Hall and
Harvey, 2002), comparatively among different taxonomic groups
(Santorelli et al., 2018) and, in particular, using birds as model
organisms (Ribas et al., 2005, 2012; Ferreira et al., 2017; Oliveira
et al., 2017; Naka and Brumfield, 2018).

The Areas of Endemism (AoE) hypothesis, initially proposed
by Cracraft in 1985 using birds as model organisms (Cracraft,
1985), gained extensive support in the scientific literature in
the following decades, with the evidence mostly arising from
historical biogeography studies (Fernandes et al., 2012; Ribas
et al,, 2012; d'Horta et al,, 2013; Lutz et al., 2013). In this
scenario, distinct AoEs would be located at the interfluves
of major Amazonian rivers (Figure 1), which are believed
to harbor unique species communities (Ayres and Clutton-
Brock, 1992; Gascon et al., 2000; Silva et al., 2005). However,
the role of Amazonian rivers on actual endemism patterns of
birds was only quantitatively tested using a large distribution
dataset and community ecology regionalization methods by
Oliveira et al. (2017). These authors showed that the AoEs
had no support from an actual test of biotic regionalization
using a dataset that covered a broad geographic area in
lowland Amazon. Moreover, many studies have failed to provide
evidence that supports the role of major Amazonian rivers
as geographic limits for terrestrial species (see Aleixo, 2004;
Fernandes et al., 2013; Fecchio et al., 2018; Santorelli et al,
2018; Dambros et al., 2020), questioning the current knowledge
and definitions of AoE in the Amazon. Nonetheless, the
role of large Amazonian rivers acting as dispersal barriers is
usually undisputed, and this has been demonstrated using both
distribution and divergence patterns as inferred by genetic data
(Maldonado-Coelho et al., 2013; Weir et al., 2015; Pirani et al.,
2019).

The Amazon region (6.9 million km?) covers more than
a third of the total Neotropical region area, harboring more
than 170 bat species, which represents over 10% of the
world’s bat diversity, and more than 100 species might be
recorded in a single locality (Medlin et al., 2010; Burgin et al,,
2018; Santos et al, 2019). Even though some bat species
are able to make long-distance dispersals (Arnone et al,
2016; Esbérard et al., 2017), many Neotropical species have

small home ranges and specific ecological requirements,
which can particularly limit their distribution ranges and
contribute to the origin and maintenance of local endemism
patterns (Meyer et al., 2005 Henry and Kalko, 2007;
Voss et al, 2016). Surprisingly, and considering that the
AoE hypothesis was proposed using flying vertebrates as
models, no large-scale study has ever tested if the Amazon
rivers might be defining species distribution limits and,
hence, influencing the maintenance of AoEs for bats in
the Amazon Forest.

The few studies that analyzed the effect of Amazonian
rivers on bat distribution showed that rivers were not an
important barrier for the dispersal of bat species (Santorelli
et al, 2018), with climate showing to be a more important
variable to predict similarity in species composition than
geographic distance (Dambros et al, 2020). In addition,
endemism areas were responsible for explaining less than
10% of the observed difference in species composition among
sites (Dambros et al., 2020). Nonetheless, three AoEs in the
Amazon showed significantly different species compositions
among them (Dambros et al, 2020). These are local-scale
studies that sampled a relatively small geographic area within
the Amazon, and only included a small number of bat species,
i.e., ~60 bat species (Dambros et al, 2020) and 76 species
(Santorelli et al., 2018) from a total of more than 170 bat
species known to occur in the biome (Santos et al, 2019).
Noteworthy, the study of Tavares et al. (2017) analyzed 26
Amazon localities, with 161 sampled bat species, and proposed
that the composition of Amazon bat species can be divided
into three zones: eastern Brazilian Amazon, Guiana Shield, and
western Amazon. However, this study did not use spatially
explicit analyses, rather basing its geographic interpretations
on the composition distance among bat assemblages. Thus,
a more comprehensive evaluation on the impact of rivers as
dispersal barriers for bats and the importance of AoEs to explain
differences in species composition within the Amazon rainforest
is still warranted.

Recently proposed endemism metrics that integrate
information on geographic rarity and phylogenetic divergence
among the biota of a particular region have a stronger explanatory
power in the detection of endemism patterns, compared to
traditional methods (Crisp et al,, 2001; Rosauer et al., 2009).
Moreover, advances in the identification and differences in the
phylogenetic composition of AoEs can also help in exploring
the evolutionary significance of such areas, as made possible
by the Categorical Analysis of Neo and Paleo-endemism
(CANAPE, Mishler et al., 2014). The CANAPE is capable of
distinguishing areas containing significant concentrations of
rare long branches (paleo-endemism), rare short branches
(neo-endemism), or mixed endemism. Taken together, these
metrics allow for the identification of complementary areas
of biodiversity that have unique evolutionary histories and
characteristics and, therefore, should be taken into account
in studies investigating geographic regionalization patterns
(Mishler et al., 2014; Gonzalez-Orozco et al., 2015; Scherson
et al, 2017; Lopez-Aguirre et al., 2018; Veron et al, 2019;
Azevedo et al., 2020).
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FIGURE 1 | Geographic location of the 64 bat communities used in this study (black circles). For reference, the figure depicts the interfluve hypothesis of lowland
Amazonian vertebrates Areas of Endemism. This currently accepted Areas of Endemism classification was proposed by Cracraft (1985) and subsequently modified
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Considering the above-mentioned methodological advances,
our main goal was to understand patterns of beta diversity and
bat endemism in cis-Andean Amazonia and their relationships
with the large river system of the Amazon. Specifically, we
aimed at:

e

2

Inferring patterns of bat endemism in cis-Andean
Amazonia using species richness corrected endemism
metrics and inferring the location of areas with evidence
of neo-, paleo-, and mixed endemism; If the interfluve
AoE hypothesis is indeed a strong predictor of terrestrial
vertebrate endemism patterns in the Amazon, it is expected
that rivers would play an important role on bat endemism
patterns. However, as previously shown for birds (Oliveira
et al., 2017), this hypothesis might not hold true for flying
vertebrates. Hence, we predict that (i) endemism patterns
will not be correlated with the geography of interfluve AoEs
as currently proposed (Scherson et al., 2017).

Investigating if there is a relationship between the
distribution of bat species in the Amazon and areas of
endemism as traditionally proposed (interfluves AoE). If
the interfluves AoE hypothesis is true, each bat species
should be mainly distributed within one or, at least, a
few AoEs. Nevertheless, many bat species are able to fly
long distances and over large rivers, meaning that rivers

(©)

should not be strong geographic barriers and would not
be a process influencing endemism patterns for these
organisms. Thus, we predict that (i) the limits of the
distribution ranges of each bat species will not depict a high
fit to the interfluve AoEs limits, as also shown for birds
(Oliveira et al., 2017).

Estimating patterns of bat beta diversity and its
decomposed components (turnover and nestedness)
in order to wunderstand the relationship between
species assemblage breaks and the geography of major
Amazon rivers, and verifying the biotic similarity among
communities using phylogenetic measures of beta-
diversity. Again, if the interfluve AoE hypothesis holds
true, rivers should play a clear role in the variation of
bat species composition across the Amazonian landscape.
However, evidence suggests that processes other than the
effects of rivers in the Amazonian geography should be
responsible for the variation in species composition (Silva
et al., 2019; Dambros et al., 2020). Hence, we predict that,
(iii) there will be no direct correlation among geographic
breaks on species composition and the main Amazonian
riverine system. Finally, if the interfluve AoEs define a
general community structure pattern for bats, we would
expect that communities within each AoE would be more
similar to each other compared to communities in other
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AoEs. Hence, and following the same reasoning of our
previous expectations in relation to the lack of influence
of the interfluve AoEs on bat biogeograhic patterns in
the Amazon, we predict that, (iv) beta-diversity among
communities within each AoE will not be smaller than
beta-diversity among communities in different AoEs, and
that (v) communities within each AoE will not be more
similar to each other in terms of phylogenetic community
structure (Scherson et al., 2017).

MATERIALS AND METHODS

Communities and Phylogenetic Dataset

We used a previous compilation by Santos et al. (2019) that
assembled data for 44 bat communities in the Amazon as a
starting point for our dataset. In addition, we included another
eight communities available in the literature (Peracchi et al.,
1984; Martins et al., 2006, 2011; Patterson et al., 2006; Peters
et al., 2006; Rex et al., 2008; Carvalho et al.,, 2018; Carrasco-
Rueda et al.,, 2021). Finally, we supplemented our database by
extracting information on the distribution of individual bat
species in the Amazon from Aguiar et al. (2020). Because of
recent taxonomic changes, we removed all records of the species
Pteronotus parnellii from the dataset and only included data
for undisputed P. rubiginosus and P. alitonus records (Pavan
et al., 2018). Because we are using community and individual
species records, we defined bat communities and eliminated
duplicate data by using a grid with 0.50° x 0.50° (~50 km)
cells, and created a binary matrix with species occurrence in
each community (i.e., presence and absence data for each grid
cell). To reduce biases related to differences in sampling effort
and methodology from different sources, we applied a threshold
of a minimum of 20 species for each cell to be included
in the final communities dataset, which should represent a
well-sampled community in the Amazon region (e.g., Tavares
et al., 2017). All species identified only at the genus level were
excluded from the dataset. We checked all records to verify
the presence of misidentified species based on species ranges as
provided by Gardner (2008) and Rojas et al. (2018), and used
current species names as available in the Mammal Diversity
database.'

As most of the data described above derives from studies that
used mist nets, and this sampling method is not particularly
efficient for non-Phyllostomidae bat species in the Neotropical
region (Marques et al., 2016), the presence of some rarely
sampled species might bias our general inferences. In order
to evaluate the extent of such possible issue, we used two
different datasets to run the analyses. First, we used all species
that comprised the final assembled dataset (as explained above),
considering all bat families present in this study. Second, we only
used species from the Phyllostomidae family, as they are better
represented in mist net surveys. Since our main findings did
not change by using the two different datasets, we graphically
report results of analyses using the first complete dataset with

Uhttp://www.mammaldiversity.org

all species, while results for Phyllostomidade can be found in
Supplementary Material.

We used a consensus phylogenetic tree to represent
evolutionary relationships among all species in our dataset
from the most recent species-level mammal phylogeny
(Upham et al., 2019). If a particular species was not present
in the phylogeny, we used its sister-species or, when this
was not possible, its closest known relative as a substitute
in the phylogeny (Cisneros et al, 2015; de Carvalho et al,
2019). We only had to replace seven species (3.9% of all
species in the dataset, Supplementary Figure 1), and since
phylogenetic placement itself is not used in our analyses,
but phylogenetic distance only, this approach should not
influence our results. The species names on the phylogeny were
updated using their most recent valid synonyms, according
to recent taxonomic arrangements for Neotropical bats
(Garbino et al., 2020). The tree was pruned to only include
the species in our dataset using the package ape (Paradis
and Schliep, 2019) in R version 3.6.2 (R Core Team, 2019;
Supplementary Figure 1).

Statistical Analyses

To identify areas of endemism of bat communities in the
Amazon and test our first prediction, we used two metrics
available in the Biodiverse software version 3.1 (Laffan et al,
2010). First, we calculated the corrected weighted endemism
(CWE), which is less biased by species richness and measures
the proportion of endemism in each community (Crisp et al.,
2001). Second, we used the CANAPE protocol to measure
phylogenetic endemism (PE; Rosauer et al., 2009) and relative
phylogenetic endemism (RPE; Mishler et al., 2014). The values
of RPE are dependent on species richness because the PE
of a set of species naturally increases when new species are
added to the phylogeny. To circumvent this problem, we
compared the actual PE and RPE values of each grid cell to
999 values of a null distribution (Mishler et al., 2014; Laffan
et al, 2016). The p-values were estimated from a bi-tailed
distribution of values to identify areas with higher (>0.975)
or smaller (< 0.025) PE and RPE compared to the null
distribution. A PE/RPE ratio higher or smaller than the null
distribution indicates, respectively, paleo or neo endemism
in a given community. Mixed endemism occurs when PE is
significantly higher than the null distribution, but presents
intermediate RPE values (i.e., indicating communities with high
levels of paleo and neo endemism). We followed Azevedo
et al. (2020) to include communities (grid cells) below the
0.01 significance level as mixed endemism, instead of using
the term “super endemism” as suggested by Mishler et al
(2014). The final classification of metrics was done in R using
a custom script modified from https://github.com/NunzioKnerr/
biodiverse_pipeline.

To test our second prediction and infer whether the
distribution of each bat species overlaps with interfluve AoEs, we
quantified the percentage of area overlap between each species
distribution and interfluve AoEs by considering a grid with
cells of 0.50° x 0.50° (~50 km) covering the whole Amazon
region. We measured the species distribution fit to interfluve
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AoE distribution using an index proposed by Oliveira et al.
(2017). The index varies from 0 to 1 (1 = total fit) where higher
values indicate that the species is very restricted to the AoE
and occupies a large part of its area. For this analysis, we did
not apply the threshold used to define communities (as detailed
above). In turn, we used all available geographic coordinates
for each species, in order to have the best representation of
each species distribution. We only considered species with
90% of their distribution within each AoE as a way to
exclude species that are not restricted to each particular AoE
(Oliveira et al., 2017). Since this analysis demanded the most
comprehensive information on species distributions, and not
communities (grid cells) as previously defined, we used our
whole distribution dataset (i.e., all available individual species
records from the above-mentioned data sources, except those
outside the AoEs).

To investigate species composition breaks and test our third
prediction, we described spatial variation in species composition
using a Bray-Curtis dissimilarity matrix transformed into
linear values using Non-Metric Multidimensional Scaling
(NMDS). These values are, then, geographically interpolated
on a map using a Bayesian technique, assuming spatial
autocorrelation among the values (Oliveira et al., 2017),
which provides a surface map indicating species composition
variation. To identify the components that influence bat beta-
diversity variation throughout the Amazon, we partitioned
beta diversity into turnover and nestedness components
(Baselga, 2010). The similarity between the results of each
component was measured through a Pearson correlation
analysis for each NMDS axis. The values of beta diversity
were geographically interpolated with three axes using the
Nearest Neighbor technique. This interpolator uses Voronoi
polygons to calculate the area of influence around the samples,
and all intermediate points are calculated by averaging
the neighboring polygons. We chose this interpolation
because it does not depend on spatial autocorrelation,
like most interpolators. All beta-diversity analyses were
performed using the BioDinamica toolkit (Oliveira et al,
2019).

We compared beta diversity between and within each
interfluve AoE (fourth prediction) using an univariate ANOVA
(Quinn and Keough, 2002). We tested the normality of the
mean of the NMDS axes (Shapiro-Wilk test) and homogeneity
of variance (Levene test) to satisfy test assumptions. Differences
were considered significant when the p-value was < 0.05
after Tukeys post-hoc test for unequal sample sizes (Zar,
2010). To test our fifth prediction and investigate phylogenetic
beta-diversity among all communities in our dataset, while
also inferring general similarity patterns among them,
we used a clustering analysis implemented in Biodiverse,
using the Unweighted Pair Group Method with Arithmetic
Mean Averaging (UPGMA). This inference is based on
the phylogenetic turnover among communities, which we
calculated using the phylogenetic range-weighted turnover
index (PhyloRWTurnover). This index measures phylogenetic
turnover taking the branch lengths from the phylogenetic
tree in consideration while weighting for the shared taxa

among the communities, and ultimately down-weights
the influence of widespread species with large range sizes
(Laffan et al., 2016).

RESULTS

Geographic Patterns of Bat Endemism in
the Amazon (CWE, PE, RPE, and
CANAPE)

In total, we obtained 5,100 locality records for 182
species belonging to nine families of the order Chiroptera
(Supplementary Figure 2). After cleaning and excluding
duplicate species within each grid cell, our final dataset
comprised 3,236 unique species records, totaling 64 communities
with 177 bat species. For the Phyllostomidae family, we had a
total of 2,317 unique species records, totaling 61 communities
with 101 species (Figure 1 and Supplementary Table 1). We
report the following results using the geographic locations of
interfluve AoEs to facilitate comparisons and interpretation,
but we urge readers not to directly interpret our mentions to
interfluve AoEs as evidence of support to this hypothesis. In
relation to the endemism patterns (CWE, PE and CANAPE) used
to test our first prediction, the corrected weighted endemism
indicated 13 communities with significant endemism values
(Figure 2A, in red and blue). We found significant values in
the Solimoes/Negro/Javari and Tapajés/Amazonas interfluvial
zones (Figure 2A). In addition to these, in the southern region
of Inambari (in blue) and north of Guyana (in red) there are
communities with high significant values of endemism. Finally,
high values of endemism were also found in communities at the
Andean region and north of the Amazon, which lie outside the
interfluve AoEs boundaries. The CWE using the Phyllostomidae
dataset identified eight communities with significant values in
the regions of Inambari, Pantepui Duida, Rondonia (in blue),
Xingu, Tapajos and Guyana (in red) (Supplementary Figure 3A).

We found Amazonian bat communities where phylogenetic
endemism was significantly high (>0.99 and >0.975) in
western Amazonia in the Inambari region, in the Xingu
region and communities at the Andean region and north of
the Amazon, whereas significantly low (<0.01 and < 0.025)
where present in the regions of Guiana (Amazon interfluvial
zone), Belém, Tapajos, Inambari (Solimdes interfluvial zone), Jat
(Negro interfluvial zone), and Napo (Javari interfluvial zone)
(Figure 2B). The phylogenetic endemism of Phyllostomidae
species was significantly high (>0.99 and >0.975) in the
south in the Inambari region, Xingu region (Xingu interfluvial
zone), communities at the Andean region and north of the
Amazon. Significant low PE (<0.01 and <0.025) in the regions
of Guyana (Amazonas interfluvial zone) and Napo (Javari
interfluvial zone) (Supplementary Figure 3B). Significantly high
RPE communities included one case in northern Amazonia
and in Xingu, while significantly low RPE communities were
found in the region of Inambari and Napo (Figure 2C). For the
Phyllostomidae family, the significantly high RPE is found in the
Xingu region and in the Amazonas/Tapajos/Solimoes interfluvial
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FIGURE 2 | Bat endemism patterns in the Amazon region. (A) Results for corrected weighted endemism (CWE). Significance was estimated using two-tailed
randomization tests (see section “Materials and Methods”). Beige cells are not significant, red shaded cells depict communities with significantly less CWE than
expected, and blue cells depict communities with significantly more CWE than expected. (B) Results for phylogenetic endemism (PE). Significance was estimated
using two-tailed randomization tests. Beige cells are not significant, red cells contain significantly lower PE than expected, and blue cells contain significantly higher
PE than expected. (C) Results for relative phylogenetic endemism (RPE). Significance was estimated using two-tailed randomization tests. Beige cells are not
significant, red cells contain significantly lower RPE than expected (phylogenetic branch lengths in the grid cells are shorter than expected), and blue cells contain
significantly higher RPE (branch lengths in the grid cells are longer than expected). (D) Phylogenetic endemism centers derived from the CANAPE analysis. Beige
cells are not significant, blue cells indicate centers of paleo-endemism and purple cells are a mix of neo- and paleo-endemism.

zone (in blue), whereas the significantly low RPE was found in
the Rondonia and Inambari regions (Supplementary Figure 3C).
The CANAPE analysis indicated that most communities are
composed by mixed endemism (significantly high PE; Figure 2B
and non-significant RPE; Figure 2C), that is, high in paleo and
neo endemism, concentrated in the western, east, and northern
regions of the Amazon and in Inambari and Xingu (Figure 2D).
In addition, two communities in the Xingu and another in the
northern Amazon region were dominated by paleo-endemisms
(Figure 2D). The CANAPE results for Phyllostomidae indicated
two additional endemism areas, a community dominated by

neoendemism in Ronddnia and a mixed community in Pantepui
Duida (Supplementary Figure 3D). Overall, our endemism
results seem to be robust considering the inclusion of all species,
while also capturing the information from more ancient splits in
the bat tree of life.

Bat Species Fit to Interfluve Areas of

Endemisms
The fit between the distribution ranges of the species and the
interfluve AoEs (Prediction 2) was generally low (mean 0.50)
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(Supplementary Table 2). Of the total 177 species, only 20 were
fully inserted within only one interfluve AoE range; ten of these
were exclusive to Inambari AoE, six to Guiana, two to Napo,
and one species each to Belém and Rondoénia. All species with
100% of the occurrence within one AoE occupied at most 4%
of each area. Furthermore, Jat, Xingu, Tapajos, Pantepui Gran
Sabana, and Pantepui Duida did not have exclusive species. In
the analysis with the species of the Phyllostomidae family, 12
species were fully inserted within the interfluvial AoEs. This
result shows that the Phyllostomidae are responsible for 60% of
the species completely inserted within some of the interfluvial
AoEs (Supplementary Table 2).

Beta-Diversity of Bats in the Amazon:
Geographic Patterns of Turnover and

Nestedness

The spatial variation in composition breaks of bat species in
the Amazon was divided into three clusters (Prediction 3):
two clusters separating the east and west regions and a third
in northern Amazonia (Figures 3A-D). The Phyllostomidae
dataset also presented three clusters and, while the overall
pattern is similar to the complete dataset, the clusters are
predominantly divided in a west to east fashion (Supplementary
Figures 4A,B). The NMDS analysis showed a high correlation
between the observed distance and the ordering distance (non-
metric adjustment R? = 0.97, linear adjustment R? = 0.91), and
even more prominent in the Phyllostomidae dataset (0.99, 0.98).
The same was observed for the beta-diversity partitioning in the
complete dataset turnover (0.93, 0.54) and nestedness (0.99, 0.98),
and Phyllostomidae turnover (0.94, 0.61) and nestedness (0.99,
0.99), indicating that the analyses satisfactorily represented the
Bray-Curtis distance matrices. The first NMDS axis indicated
a division between the western end of the Amazon, along
the Maranon and Madalena rivers, and the eastern region
contemplating the extension of the Amazon River in the results
of both datasets (Supplementary Figures 5A, 6A). The second
NMDS axis showed a composition break between the northern
region of the Orinoco River and the southern region around
the Madeira River (Supplementary Figures 5B, 6B). The third
NMDS axis indicated greater dissimilarity in the composition of
species from the central Amazonian region around the Madeira
and Negro rivers, outwardly to the other regions (Supplementary
Figures 5C, 6C). The variation in the composition of bat species
in the Amazon was related to both turnover and nestedness
but with a higher contribution of the turnover component
for both datasets (Supplementary Figures 5D-F, 6D-F). The
correlation between the axes of the complete dataset (1, 2, and
3) of the total beta diversity and turnover were 0.80, 0.82, and
—0.04, respectively (Supplementary Figures 6D-F), whereas the
correlation between the axes of total beta diversity and nestedness
were 0.62, —0.64, and —0.37 (Supplementary Figures 5G-I). The
correlation between the axes for Phyllostomidae (1, 2, and 3)
of the total beta diversity and turnover were —0.76, —0.30, and
0.69, respectively (Supplementary Figures 6D-F), whereas the
correlation between the axes of total beta diversity and nestedness
were —0.13, —0.28, and 0.42 (Supplementary Figures 6G-I).

There was no difference in the NMDS scores of the total
beta diversity among the interfluvial AoEs (Prediction 4)
(F=1.593,df =9, p > 0.05, ANOVA) (Figure 4). The clustering
analysis using the PhyloRWTurnover index (Prediction 5)
indicated that most lowland Amazonian communities share
similar branches of the phylogenetic tree (Supplementary
Figure 7A). This phylogenetic turnover analysis did not depict
a community geographic structure that could be correlated
to the interfluvial AoEs (Supplementary Figure 7A). The
largest cluster is distributed over all sampled interfluvial AoEs,
and the few smaller clusters are found in Inambari, two
communities in northern Amazonia (outside the interfluvial
AoEs limits) and one Andean community. A similar result was
obtained with the Phyllostomidae dataset, the main difference
being a cluster in the Pantepui Duida and Inambari regions
(Supplementary Figure 7B).

DISCUSSION

In this study, we simultaneously assessed the importance of
the currently recognized interfluve areas of endemism (AoE)
and the patterns of beta-diversity and endemism (taxonomic
and phylogenetic) for the assembly of bat communities in cis-
Andean Amazon. We applied modern statistical approaches that
improved our capacity to identify unique areas of evolutionary
history (i.e., neo and paleo endemism) in order to better
understand the importance of the Amazonian riverine system in
structuring bat communities. Our results lend little to no support
to the interfluve AoE hypothesis considering the complete dataset
with 177 species and also the dataset with 101 phyllostomid
species (which represents a very high species richness for one
study, including close to 45% of all existing Phyllostomidae
species). Furthermore, we did not find a clear geographic pattern
pertaining to the influence of rivers in the distribution of
phylogenetic and taxonomic endemism of bat communities. Our
results also depicted a lack of fit of bat species to each interfluvial
AoE, and also no community structure that could be associated
to the interfluvial AoEs.

Because the traditional interfluve AoE hypothesis was mainly
supported by historical biogeography evidence, no causality
is necessarily expected among this body of evidence and
processes determining community assembly in Amazonian bats,
as recently shown for birds (Oliveira et al, 2017). In other
words, there is no strong evidence that rivers are functioning
as important ecological or evolutionary processes behind bat
endemism patterns in the Amazon forest, which is supported
by the main patterns we found following our hypothesis-
testing framework. Furthermore, the evidence presented by
Ruokolainen et al. (2019) indicate that the courses of many
Amazonian rivers have gone through important changes in
recent times (Pleistocene and Holocene), calling into question
the use of current riverine arrangements to infer biogeographic
patterns based on data on the distribution of organisms. Our
results reinforce this interpretation, and suggest a geographic
regionalization similar to that proposed by Tavares et al. (2017),
separating the Amazonian bat biota into three groups that
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FIGURE 3 | Spatial variation in bats communities composition throughout the Amazon. (A) Species composition were obtained by the interpolation of NMDS scores
(three axis represented by a RGB scale). (B) Classification of the first three breaks (most significant in search order) in species composition. (C) Spatial turnover of
bat species composition throughout the Amazon. (D) Spatial nestedness of bat species composition throughout the Amazon.

are not consistent with the current distribution of Amazonian
rivers: Eastern Brazilian Amazon, Guiana Shield, and Western
Amazon. Additionally, a recent comparative phylogeography
study (Silva et al., 2019) tested alternative diversification models,
including the interfluve AoE hypothesis, and concluded that
a geomorphological model consisting of roughly these same
three geographic groups, as well as climatic history, better
describes diversification patterns among upland “terra firme”
Amazonian birds. The evidence, thus, indicates that other
additional abiotic factors, such as temperature and climate
history, and biotic interactions such as competition, might also

play important roles in explaining bat diversity patterns in
cis-Andean Amazon (Santorelli et al., 2018; Dambros et al.,
2020).

Our main hypothesis, that Amazonian rivers are not
an important ecological or evolutionary process behind bat
endemism patterns, was corroborated. Although some rivers
seem to be important in determining geographic patterns of
species composition, our first prediction was corroborated and
the results did not depict a clear influence of interfluvial AoEs
in the geographic distribution of unbiased taxonomic endemism
(CWE), phylogenetic endemism (PE-RPE), and paleo and neo
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endemism (Figure 2). Nonetheless, we found two occasions
where CWE regions geographically close to each other were
separated by rivers, the Amazon and Tapajos rivers (Figure 2A),
and one occasion where PE regions were separated by the
Amazon river (Figure 2B). Thus, our results on bat endemism
and distribution do not support the interfluvial AoE hypothesis
as currently recognized (Borges and da Silva, 2012).

Our endemism analysis that took into consideration the
branch lengths of the species in the phylogeny (CANAPE)
showed that communities are mostly composed of mixed
endemism, which is defined by the co-occurrence of short
and long rare branches narrowly distributed in the landscape
(Mishler et al, 2014; Loépez-Aguirre et al, 2018; Azevedo
et al., 2020). These communities are mainly distributed south
of the Amazon River (Figure 2D), and this region is also
home to a high proportion of endemic species found on
very long branches (paleo-endemism), indicating that they
are the current local survivors of clades supposedly older
than the current landscape configuration. The ecological
processes behind this pattern deserve further investigation,
but the historical maintenance of suitable habitats and the
species coexistence abilities might play important roles in
species persistence in the landscape (Grandcolas et al., 2014;
Veron et al,, 2019). Sole neo-endemic communities were also
less frequent for other taxonomic groups (Mishler et al,
2014; Scherson et al., 2017; Veron et al, 2019), and for
New World bat superfamilies (Lopez-Aguirre et al, 2018).
Hence, the lack of neo-endemism in our data highlights
the Amazon rainforest contribution to long-term species
persistence in the landscape in the Neotropical region (Smith
et al., 2014; Antonelli et al., 2018). Interestingly, the overall

low amount of endemism in our bat communities (paleo,
neo or mixed) supports the idea that even though species
richness is quite high in the Amazon (Delgado-Jaramillo et al,,
2020), most species inhabiting this area are geographically
widespread and come from a relatively even sampling of the
bat tree of life, with phylogenetic branches that are neither
particularly long nor short (Mishler et al., 2014; Scherson et al.,
2017).

Another important result corroborating our hypothesis, and
in accordance with our second prediction, was the lack of
congruence between the distribution limits of species within
interfluvial AoEs. Few species occupied only a very small
portion (~4%) of the interfluvial AoEs, and most species
(~70%) occurred in five or more AoEs, a very similar pattern
to what was found for the Amazonian avifauna (Oliveira
et al., 2017). Moreover for the 22 species that did have 100%
of their distribution in only one interfluvial AoEs, 30% are
classified as data deficient (DD-six species) by the IUCN
(Supplementary Table 2), which suggests that their distribution
are still largely unknown and can extend far beyond one
interfluvial AoE. Thus, their distribution might not necessarily
be limited by rivers, considering that our results might be
relatively biased by the lack of sampling efforts. Bat species
have a high dispersal capacity, and foraging is influenced by
the vertical availability of resources in the forest, which makes
it difficult to collect species that forage above the canopy
(Kalko and Handley, 2001; Carvalho et al, 2013; Farneda
et al., 2019). We expected that individual bat species would
not be restricted to interfluvial AoEs, due to their mobility
and high dispersion capacity, but our results still suggest
that larger rivers might act as dispersal barriers for a few
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species, which was also true for a few Amazonian birds
(Oliveira et al., 2017).

Corroborating our third prediction, bat community
composition breaks were divided into three clusters separating
the east and west regions, with the third cluster in northern
Amazonia (Figure 3B). Interestingly, the three clusters resemble
those estimated for birds by Oliveira et al. (2017), indicating
that major biotic regionalization processes might be at play
for flying vertebrates in the Amazon (Santorelli et al., 2018;
Dambros et al., 2020, but also see Ritter et al., 2019). Although
no clear evidence for the role of rivers in the variation of bat
communities composition was found, the general compositional
changes over the landscape might fit a pattern of rivers acting
as dispersal barriers for at least a few bat species. This finding
may be related to the persistence of the species and its ability
to disperse in the landscape matrix (Smith et al., 2014). In
general, flying vertebrates have a large home range, and it
would be expected that these species would only be affected
by isolation at larger geographic scales (e.g., Trevelin et al.,
2013; Aguiar et al,, 2014; Arnone et al, 2016). Our results
showed that compositional variation is more related to species
turnover, which may indicate that some species ranges are
indeed influenced by a high dispersion capacity, ultimately
leading to lower regional endemism signals (e.g., Peixoto et al.,
2014; Varzinczak et al., 2018). In addition, bat nestedness
was mostly restricted to northern Amazon (Figure 3D), and
species composition breaks in this region might be related
to the distinct biogeographic history of the Guiana Shield
(Fouquet et al., 2012), as well as to historical reasons related
to the contraction of the Southern portion of the forest
during the last glacial cycles (Rull, 2004; Rull and Nogué,
2007). Moreover, and corroborating our fifth prediction, the
phylogenetic turnover analysis indicated that most communities
share close related branches in the phylogenetic tree. Hence,
this and our previous results indicate that bat communities
in the Amazon are not geographically structured when
phylogenetic history is taken into account, reinforcing the
lack of evidence supporting the interfluvial AoEs hypothesis
(Supplementary Figure 7).

Finally, we conclude that bat distribution and endemism
in the Amazon are likely limited by factors other than rivers.
Intraspecific and interspecific interactions, differences in
environmental conditions among the regions, and other
historical reasons might be more important drivers of bat
distribution and endemism in this vast part of the Neotropical
region. Here, we show the importance of analytical strategies
that take into account the evolutionary history of the species
(CANAPE) for inferring community-wide biogeographic
patterns. In the future, the data assembled in this paper can also
be used to investigate specific community assembly processes of
each community based on the putative interaction among species
(Ruftley et al., 2019), and the role of the dynamics of the Amazon
biogeographic region and its intricate contribution to the
long-term persistence of species based on ecological preferences
(Crouch et al., 2019). This type of inference might be done
in association with information on the biogeographic history
of the Amazon, for example considering the Plio-Pleistocene

climate change patterns (Hoorn et al., 2010, 2017; Nogueira
et al., 2013; Rossetti et al., 2014), which might have promoted
limits to dispersion for some species (Naka and Brumfield,
2018), particularly considering that phylogenetic endemism
for mammals is mainly associated with energy availability and
post-Last Glacial Maximum climate variability (Rosauer and Jetz,
2015). The bioregionalization pattern we found closely resembles
that found for birds (Oliveira et al., 2017), and provides further
evidence for the pattern suggested by Tavares et al. (2017). It is
possible that this pattern reflects geological processes that are
older than the formation of the rivers putatively structuring
the interfluvial AoEs (Albert et al., 2021; Méndez-Camacho
et al, 2021). Furthermore, the fact that we applied metrics
that allow for the identification of complementary areas of
biodiversity that have unique evolutionary histories, bring
into light important geographic locations that might be taken
into account in decision-making for conservation policies
(Mishler et al., 2014).
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