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Abstract

The high levels of biodiversity in the Amazon are maintained mostly due to its composition as a natural mosaic of different
habitats, including both unflooded and flooded forests, campinaranas, and savannahs. Here, we compared multiple dimen-
sions of a- and f3- bat biodiversity between four natural Amazonian habitats (savannah, campinarana, forest patches, and
continuous forest). In addition, we explored the extent to which bat communities in the different habitats are nested within
one another, and compared the community-level functional uniqueness and community-weighted mean traits between habi-
tats. Our results show that taxonomic, functional and phylogenetic a-diversity of bats is higher in continuous forest than
in any of the other habitat types. The continuous forest also harbours more unique species, and indeed, the bat community
assemblages in the less-complex habitats, including forest patches, campinarana and savannahs, are taxonomic, functional
and phylogenetic sub-sets of the assemblage found in the continuous forest. By examining p-diversity partitions and species
composition, we are able to shed light on the mechanisms behind the variation in diversity between the four habitat types,
which reflect a process of environmental sorting along a habitat gradient going from a more complex to a less complex
habitat. We conclude that nesting patterns along the mosaic of habitats are determined by differences in complexity between
habitats and that taxonomic and functional uniqueness contribute to overall regional bat diversity and functionality. Ongoing
human-induced disturbances of these habitats could provoke an unprecedented loss of bat diversity and functionality with
negative consequences for biodiversity and ecosystem services.
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Introduction

The Amazon is one of the most biodiverse places on the
planet (Silva et al. 2005; Antonelli and Sanmartin 2011),
owing in part to its composition as a natural mosaic of
different habitats, including both unflooded (terra firme)
and flooded (vdrzea) forests, white-sand ecosystems (such
as campinaranas), and savannahs (Pires and Prance 1985;
Prance 1996; Malhado et al. 2013; Adeney et al. 2016;
Carvalho and Mustin 2017). The distribution and extent
of, and threats to, these different habitat types vary sig-
nificantly, with key threats largely linked to uncontrolled
land-use change and occupation of the Amazon (but see
Adeney et al. 2016; Carvalho and Mustin 2017; Matricardi
et al. 2020). Understanding the ways in which species use
these different habitats and how biodiversity is distributed
among them is essential for a more effective conservation
strategy.

The distribution of taxa between habitat types relies on
the elucidation of key environmental filters. Studies car-
ried out along different environmental gradients within
natural Amazonian ecosystems have shown that func-
tional traits help to determine the occurrence of species
of butterflies and ants in different habitat types (Graga
et al. 2017; Guilherme et al. 2019). In addition, taxonomic
diversity of both vertebrates and invertebrates has been
found to be higher in more complex Amazonian habitats,
which display greater biomass and availability of food and
shelters (Bobrowiec et al. 2014; Graga et al. 2017; Fraga
et al. 2018; Naka et al. 2020). However, very few stud-
ies have used the taxonomic, functional and phylogenetic
dimensions of diversity together to compare animal com-
munities among natural habitats in neotropical ecosystems
(see Moreno et al. 2018 for a review). Indices based on
functional or phylogenetic trees can aid in our understand-
ing of environmental filters that act on loss of functions
or lineages in a community (Moreno et al. 2018; Aninta
et al. 2019). Currently, we have robust tools to estimate
the dimensions of a- and p-diversity, and nestedness (e.g.,
Melo et al. 2014; Moreno et al. 2018). Using these robust
tools, we can both improve our understanding of how eco-
logical and evolutionary processes act on communities,
and better inform conservation actions for species and
habitats.

Specifically for bats, the second most diverse order
of Mammalia (Chiroptera) in the Neotropics, taxonomic
diversity in the Amazon has also been shown to vary
between natural habitat types (Bernard and Fenton 2007;
Ramos Pereira et al. 2010; Bobrowiec et al. 2014; Car-
valho et al. 2018, 2020), largely due to variation in rates of
primary productivity, fruit yield and availability of other
foods, such as arthropods and small vertebrates (Ramos
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Pereira et al. 2010; Bobrowiec et al. 2014). However, so
far, few studies have explored the variation in the func-
tional and phylogenetic dimensions of a- and -diversity,
or nestedness of tropical bat assemblages between dif-
ferent natural habitats (e.g., Carvalho et al. 2020). Most
studies, including those that consider several locations
throughout the Neotropics, have been conducted in areas
that are already fragmented and degraded by anthropo-
genic actions. For example, there are studies considering
the impacts of habitat change in anthropogenically modi-
fied landscapes on both taxonomic, functional and phy-
logenetic diversity together (Cisneros et al. 2015; Ramos
Pereira et al. 2018; Carvalho et al. 2020) or separately
(Garcia-Morales et al. 2016; Farneda et al. 2018, 2020;
Aninta et al. 2019), and their results show a decrease in
taxonomic, functional and phylogenetic diversity as the
intensity of habitat modification increases. Knowing how
the different dimensions of bat diversity vary between dif-
ferent Amazonian natural ecosystems, according to their
different environmental filters, will enable better manage-
ment and conservation of the entire Amazon biome and its
different species of bats.

Here, we assess taxonomic, functional and phylogenetic
a- and p-diversity and nestedness of bat assemblages in
four different Amazonian natural habitats, which form an
environmental gradient from continuous forest through
forest patches and campinarana, to savannah, a non-forest
habitat. Owing to the more complex vegetation structure,
we expect that taxonomic, functional and phylogenetic
a-diversity will be highest in continuous forest, followed
by forest patches and campinarana, and will be lowest
in savannah, the least complex habitat type. Also based
on the level of habitat complexity, we expect the two
more complex habitat types, continuous forest and for-
est patches, will be more taxonomically, functionally and
phylogenetically similar and thus p-diversity will be lower
between these habitat types. Following the same logic,
we also expect taxonomic, functional and phylogenetic
p-diversity to be higher between continuous forest and
both savannah and campinarana, which are less complex
habitat types. Furthermore, we expect to find that these
higher levels of taxonomic, functional and phylogenetic
B-diversity between the most and least complex habitat
types are driven mostly by differences in species richness
(Byicy) rather than by species turnover (fy,,), due to nested-
ness of the bat assemblages of the less to more complex
habitat types. In other words, we expect that the decrease
in habitat complexity along the gradient from forests to
forest patches to campinaranas to savannahs leads to a
decrease in the availability and diversity of food and other
resources, leading to loss of species and therefore declines
in taxonomic, functional and phylogenetic diversity along
the habitat-complexity gradient.
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Materials and methods

We restricted our analyses to phyllostomids and the mor-
moopid Pteronotus sp., which can be adequately sampled
using mist nets (Kalko et al. 1996). The packages used in all
analyses were loaded using Program R (R Core Team 2020).

Study area

Fieldwork was conducted between 2008 and 2018 on the
border between the states of Para and Amapa, in the north-
eastern Amazon / Guiana Shield region in Brazil (geographi-
cal coordinates: 0° 16’ 23.19" N, 50° 54' 19.74" W and 1°
32" 23.05" S, 55° 12’ 29.15" W) (Fig. 1). The data were
collected using two different sampling designs. The first
sampling design consisted of four sites with five transects
of 250 m (Fig. 1). The transects in each site followed the
natural curve of the ground (same altitude), and were spaced

-55° 0.0
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-52°18.0'
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Amazon River

Fig.1 Map of the study area in the northern Brazil, with the states
of Amapa and Para highlighted (upper left corner). The largest map
shows the five locations where bats were captured between 2008 and
2018. The smaller maps show the layout of the bat sampling sites; at

at least 1 km apart (Fig. 1). The transects were distributed
among areas of continuous forest (ten sites), campinarana
(five), savannah (three) and forest patches within a savan-
nah matrix (two). The second sampling design consisted
of 20 sampling sites distributed in forest patches (10 sites)
and savannah (10). Data were collected at a single sampling
point located at least 50 m from the edge between the two
habitat types (forest patches and savannah) (Fig. 1).

Some of the continuous forest transects fell within a
mosaic of secondary rainforest (aluvial and terra firme)
crossed by streams (igarapés) (Carvalho et al. 2018). The
continuous forest had an average vegetation height of 35 m,
with trees up to 50 m high, and a closed canopy. The vegeta-
tion in the campinarana modules was characterized by trees
up to 18 m in stature, and a closed canopy. The campinarana
areas were patches of this type of habitat inserted in a con-
tinuous forest matrix (Fig. 1). The savannah modules were
located on parkland Cerrado (Mustin et al. 2017), which is
characterised by an open tree storey that does not surpass 3

Legend

D Sites in terra firme forest

A Campinarana

* Sites in savannah and forest patches

(O Sites in forest patches
&> Sites in savannah

sites A to D, sampling was carried out between 2008 and 2010 and at
site E in 2018. In E, each forest sampling point was associated with a
savannah sampling point (each one was located 50 m from the edge
between the two environments)
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metres in height, having a completely open canopy (Costa-
Neto 2014). The forest patches, which were embedded in the
savannah matrix, which borders the vdrzea and terra firme
forest on both sides (Mustin et al. 2017; Fig. 1), had a closed
canopy, and trees with an average height of 6 meters, with
sparse trees reaching up to 25 m in stature. The sampled
forest patches varied in size and shape, as well as in their
edges, with the majority being longer (up to 3 km) than
they were wide (minimum of 20 m in some parts of the
patch). In summary, these habitats form a gradient in plant
complexity and structure, ranging from tall and complex
forested habitat (continuous forest), followed by shorter and
less complex forest patches and campinaranas, to fully open
habitat (savannah).

Bat sampling

In the first sampling design, we captured bats during three
field seasons: (1) December 2008 to January 2009, (2)
February to March 2010, and (3) June to July 2010. The
bat sampling was carried out with 12 mist-nets (12X 3 m;
14 mm mesh size) set in the understory. These nets were
set up at dusk, around 18:00 h, and were kept open until
02:00 h, for 3 consecutive nights per site per season. We
subsequently checked these data for a possible effect of “trap
shyness” as a result of sampling on consecutive nights (see
Marques et al. 2013), but found no qualitative difference in
richness or diversity estimates and thus included the data
from all 3 nights in subsequent analyses. Thus, 80 sampling
nights were carried out in continuous forest, 40 in campi-
naranas, 24 in savannahs and 16 in forest patches (Supple-
mentary Table 1).

In the second design, we captured bats between June and
September 2018 using nine mist-nests (12X 3 m; 14 mm
mesh size) set in the understory along a~110 m trail. The
nets were set up at dusk, around 18:00 h, and were kept
open until 00:00 h, for 2 nights per site per season. Thus,
40 sampling nights were carried out in savannah and 40
in forest patches. Total sampling effort for both sampling
designs was calculated according to Straube and Bianconi
(2002) and in total represented 708,480 m? x h (savannah:
160,704 m? x h; campinarana = 138,240 m? X h; forest
patches: 133,056 m? X h; continuous forest: 276,480 m? X h).
Despite these data having been collected 8 years after the
completion of data collection in the first sampling design, we
do not expect any strong influence of habitat change or other
disturbance as there have been no major changes in land use
in the study region since 2009 (MapBiomas—https://plata
forma.brasil.mapbiomas.org/), and the area has not expe-
rienced major forest fires or extreme seasonal events that
could compromise our comparisons.

For both sampling designs, the bats captured in the
nets were removed and placed in cotton bags for later
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identification. All individuals of the genus Platyrrhinus,
except for P. brachycephalus, captured between 2008 and
2010 were considered to belong to a species complex of
Platyrrhinus sp. as at the time genetic material was not avail-
able to separate them between the now known species P. fus-
civentris and P. incarum (Velazco et al. 2010). For the genus
Pteronotus, we considered all individuals to be Pteronotus
sp. because we cannot identify if the individuals are P. ali-
notus or P. rubiginosus, which has been recently recorded in
this region (Thoisy et al. 2014; Pavan et al. 2018). Bats were
sexed, weighed and identified in the field according to Lim
and Engstrom (2001), Gardner (2008), Reis et al. (2017) and
Lopez-Baucells et al. (2018). Nomenclature of species fol-
lows Garbino et al. (2020). All applicable institutional and/
or national guidelines for the care and use of animals were
followed. In addition, the fieldwork, handling and processing
of all captures at all study sites followed the guidelines of
the American Society of Mammalogists (Sikes et al. 2011).

Species functional traits

To calculate functional a- and p-diversity, and functional
nestedness, based on our own capture data and on published
literature, we recorded five functional traits of Neotropical
bats: body mass, trophic level, diet, vertical stratification,
and wing morphology (Supplementary Table 2).

Body mass

Larger species tend to have greater energy requirements
(Purvis et al. 2000) and thus higher occupancy in more com-
plex habitats where food is more abundant and available
(Castillo-Figueroa and Pérez-Torres 2021). Body mass was
calculated as the average body mass of all adult individuals
of each species captured in each habitat, excluding pregnant
females. Logarithmic transformations were performed on
body mass to normalize the values.

Diet and trophic levels

Habitat use by bats is influenced by their diet and trophic
level, as these two functional traits are directly associated
with the structure and complexity of the forest (Farneda
et al. 2015). Information on diet was obtained from the
Ecological Register database (ecoregister.org; on 15 January
2019), which includes a repository of published papers from
around the world (Alroy 2017). We classified the species,
according to their specific diet, as carnivores, frugivores,
insectivores, nectarivores, omnivores or sanguinivores. In
addition, bat species were classified into two broad trophic
levels: animalivorous or phytophagous (Giannini and Kalko
2004).
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Vertical stratification

There is a strong vertical stratification of bats in Neotropi-
cal forests, with some species occupying the upper forest
strata (canopy) more than the lower strata (ground Marques
et al. 2016; Kalko and Handley 2001; Ramos Pereira et al.
2010). The bat species were classified in terms of vertical
stratification within the forest as either understory or canopy
species (Bernard 2001; Kalko and Handley 2001; Ramos
Pereira et al. 2010).

Wing morphology

Wing morphology includes both aspect ratio and relative
wing loading, and these characteristics are important pre-
dictors of foraging habitat, dispersal ability and home range
size (Norberg and Rayner 1987; Arita and Fenton 1997). For
most species, we obtained data on wing morphology from
Tavares (2013) and Marinello and Bernard (2014). When
not available in the literature, we estimated the parameter
based on body mass data from a closely related species and
the formula indicated in Jovanovic and Levy (1997).

Phylogeny

Phylogenetic a- and p-diversity, and phylogenetic nestedness
were estimated using a phylogenetic tree based on the phy-
logeny of Jones et al. (2002). Four species (Artibeus gnomus,
Lichonycteris degener, Micronycteris microtis, and Tonatia
maresi) are not present in this phylogeny and were substi-
tuted by their closest congener (Cisneros et al. 2015).

Data analysis
Taxonomic, functional and phylogenetic alpha diversity

We estimated a-diversity considering its three parti-
tions—taxonomic, functional and phylogenetic. Taxo-
nomic diversity (TD) was estimated using the Simpson's
Index of Diversity (1-D), which was calculated using the
R package ‘diverse’ (Guevara et al. 2017). Higher val-
ues for Simpson’s Index of Diversity (1-D) indicate more
diverse communities and lower values indicate less diverse
communities. Functional diversity (FD) was estimated
using Rao's quadratic diversity index Q, which takes into
account the differences (trait-based variance) between spe-
cies pairs, weighted by relative abundance. Higher val-
ues of FD indicate that species are functionally different
from each other, and lower values indicate that species
are functionally equivalent (Botta-Dukéat 2005). To better
explore variation in FD, we also quantified community-
level functional uniqueness (FU) of bat assemblages,
that is, how important a species is in supporting a certain

function. Functional uniqueness was estimated using the
ratio between Q and D (FU = Q/D, see Ricotta et al. 2016),
which considers all species maximally dissimilar (Botta-
Dukat 2005), measuring how much functional diversity
belongs to each taxonomic diversity unit. Higher values of
FU indicate that all species are functionally dissimilar, and
lower values indicate that all species are functionally iden-
tical (Ricotta et al. 2016). Both FD and FU were estimated
using the function described in Ricotta et al. (2016) and
the R package ‘FD’ (Laliberté et al. 2015). To assess how
bat functional traits differ between the habitat types, we
used the community-weighted mean trait values (CWM)
(Lavorel et al. 2008). This method allows for assessment
of the shifts in mean trait values weighted by relative spe-
cies abundances, equalizing differences in capture effort
between sites, areas or studies (see Lavorel et al. 2008
for more details). We calculated CWM traits using the
“functcomp” function of the R package ‘FD’ (Laliberté
and Legendre 2010). Finally, phylogenetic diversity (PD)
was estimated using Faith's phylogenetic diversity (Faith
1992) in the R package ‘picante’ (Kembel et al. 2020).

Pairwise comparisons of taxonomic, functional and phy-
logenetic diversity, functional uniqueness and community-
weighted mean trait values were made between the Amazo-
nian habitats (continuous forest, forest patches, savannah and
campinarana) using paired permutational tests with 9999
randomizations (Farneda et al. 2018).

Taxonomic, functional and phylogenetic beta diversity

To better understand the ecological processes underlying
community structuring between the four Amazonian habi-
tats, we examined the variation in taxonomic (TpD), func-
tional (FPD) and phylogenetic (PPD) B-diversity, and each
was measured and partitioned, through the Jaccard index,
into their respective components of richness and turnover
(Cardoso et al. 2015). As such, the relative contributions of
species, functional and lineage replacement (TBDr,, FpDq,,
and PPDy,,—species, functional and lineage turnover) and
species, functional and lineage richness difference (TPDg;.p,
FBDg;.,, and PPDg;.,—due to loss or gain of bat species,
functional traits and bat lineages) to TpD, FBD and PfD,
respectively, were assessed.

To account for differences in capture effort between peri-
ods, the p-diversity components (i.e., Py, + Pyicn fOr €ach one
of the partitions) were computed for each habitat type using
rarefaction (1000 runs) to 676 individuals (corresponding to
the total number of individuals sampled in campinarana, the
habitat with the lowest number of captures). The analyses
were conducted using the beta function of the R package
‘BAT’ (Cardoso et al. 2015).
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Taxonomic, functional and phylogenetic nestedness

To estimate taxonomic, functional and phylogenetic nest-
edness, presence-absence matrices were first constructed
where species were in the columns and habitat types were
in the rows. Taxonomic nestedness was then estimated using
the NODF index (Nestedness Metric Based on Overlap and
Decreasing Fill). We chose to use NODF as it has been
suggested that it exhibits more robust statistical properties
than other indices, and because it is possible to quantify the
degree to which each row of the matrix (in this case habi-
tat type) is nested in each of the other rows (Almeida-Neto
et al. 2008). NODF can assume values from 0 to 100, and
higher values indicate more nested assemblages (Almeida-
Neto et al. 2008). We evaluated the significance of the taxo-
nomic nestedness using the fixed—fixed null model based on
the “quasiswap” algorithm (Mikl6s and Podani 2004). Both
NODF estimation and the significance test were conducted
using the R package ‘vegan’ (Oksanen et al. 2007).

To estimate both functional (traitNODF) and phyloge-
netic (phyloNODF) nestedness, we used an extension of the
NODF index called treeNODF index (Melo et al. 2014),
and a functional and a phylogenetic tree, respectively. The
treeNODF index calculates what proportion of the functional
or lineage diversity that is present in more functionally or
phylogenetically poor assemblages is also present in more
functionally or phylogenetically rich assemblages (Melo
et al. 2014; Almeida-Gomes et al. 2019). The treeNODF
can also assume values from 0 to 100, and this value is maxi-
mum when species composition in a community with low
phylogenetic diversity is a perfect subset of those present
in a community with high phylogenetic diversity (Melo
et al. 2014). In addition, we also partitioned the traitNODF
and phyloNODF into its two components: S.fraction and
topoNODF. The S.fraction represents the degree to which
habitats are or are not nested as a result of having assem-
blages composed of the same or different species, whereas
topoNODF represents the degree to which habitats are
nested or not as a result of functional or phylogenetic resem-
blance or dissimilarity, based on the functional and phylo-
genetic tree topologies (Melo et al. 2014). The treeNODF
index was estimated using the R package ‘CommEcol’
(Melo 2019). The significance of the observed traitNODF
and phyloNODF and their component values (S.fraction and
topoNODE) was determined using a permutation null model
(999 permutations).

Results
We captured 3686 bats representing 47 species (1263 bats

and 39 species in continuous forest, 979 and 34 in savannah,
768 and 33 in forest patches, 676 and 24 in campinarana,
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respectively—Table S1). Four unique species, species that
occurred only in one habitat, were recorded in continuous
forest (Chrotopterus auritus, Lophostoma schulzi, Phyllos-
tomus discolor, and Vampyrodes caraccioli), three in savan-
nah (Chiroderma villosum, Lichonycteris degener, and Mic-
ronycteris minuta), and two in forest patches (Chiroderma
trinitatum and Micronycteris hirsuta). No unique species
were recorded in campinarana.

Taxonomic, functional and phylogenetic alpha
diversity

Taxonomic, functional and phylogenetic diversity, and func-
tional uniqueness, were significantly higher in continuous
forest than in campinarana (p < 0.01; Fig. 2) and savannah
(p <0.01; Fig. 2). Functional and phylogenetic diversity was
significantly higher in the continuous forest than in forest
patches (p <0.01; Fig. 2). However, there was no signifi-
cant difference in taxonomic diversity or functional unique-
ness between continuous forest and forest patches (p > 0.05;
Fig. 2).

There was no significant difference in taxonomic or phy-
logenetic diversity between forest patches and any other
habitat type (p > 0.05; Fig. 2). However, forest patches were
more functionally diverse and functionally unique than
both campinarana (p < 0.05; Fig. 2) and savannah (p <0.01;
Fig. 2). There was no significant difference in taxonomic,
functional or phylogenetic diversity, or functional unique-
ness, between savannah and campinarana (p > 0.05; Fig. 2).

A number of traits helped to explain the higher functional
diversity and functional uniqueness in the more complex
(continuous forest and forest patches) than the less complex
(campinarana and savannah) habitats. Firstly, nectarivorous
species (e.g., Hsunycteris thomasi), and animalivorous spe-
cies, represented by carnivores (e.g., Trachops cirrhosus)
and insectivores (e.g., Gardnerycteris crenulatum and
Lophostoma silvicola), were more closely associated with
continuous forest and forest patches than with savannah and
campinarana (Table 1; Fig. 3). Conversely, phytophagous
bats, represented mainly by frugivorous species (e.g., Ame-
trida centurio, Artibeus lituratus, Artibeus concolor, Uro-
derma bilobatum, and Uroderma magnirostrum), were more
associated with savannah and campinarana (Table 1; Fig. 3).

Secondly, both wing traits (aspect and loading) increased
sharply in savannah, being more than double compared with
all three forest habitats (Table 1; Fig. 3), indicating that spe-
cies with large and broad wings (e.g., Platyrrhinus brachy-
cephalus and Uroderma magnirostrum) are more frequent in
the savannah than in the other habitats. Body mass was also
higher in the savannah than in continuous forest or campi-
narana (Table 1; Fig. 3), but was similarly high in the forest
patches (Table 1; Fig. 3). However, body mass varied widely
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Fig.2 A Taxonomic, B functional and C phylogenetic diversity, and
D functional uniqueness values that were estimated from bats sam-
pled in four different Amazonian habitats in northern Brazilian Ama-

in savannah and forest patches indicating a wide range of
species with different body sizes using these habitats.

Finally, canopy species were more frequently captured
in the savannah than in any other environment, followed by
campinarana, forest patches, and continuous forest (Table 1;
Fig. 3), whereas understorey species were more frequently
captured in continuous forest (Table 1; Fig. 3). However,
both canopy and understorey species were frequently cap-
tured in the savannah, indicating a wide range of preferences
related to vertical habitat.

Taxonomic, functional and phylogenetic beta
diversity

Taxonomically (TBD), functionally (FBD) and phylogeneti-
cally (PPD), continuous forest and forest patches presented
the most similar bat assemblages (Fig. 4; Supplementary
Table 3). In contrast, taxonomic (FBD), functional and phy-
logenetic (PBD) beta-diversity was highest between continu-
ous forest and campinarana, and intermediate between con-
tinuous forest and savannah. Taxonomic (TPD), functional
and phylogenetic (PPD) p-diversity were lower between for-
est patches and savannah, than between forest patches and
campinarana. Finally, the highest value for TD, FBD and
PBD showed that the bat assemblages between campinarana
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and savannah are less similar (Fig. 4; Supplementary
Table 3).

Turnover was more important than species richness
difference in driving TPD between continuous forest and
forest patches, continuous forest and savannah, and forest
patches and savannah. Between campinarana and savan-
nah, the turnover was slightly more important than species
richness difference in driving TPD (Fig. 4; Supplementary
Table 3). However, species richness difference was more
important than turnover in driving TD between continuous
forest and campinarana. Whereas species richness and turno-
ver contributed equally to TPD between forest patches and
campinarana. Functional turnover and functional richness
difference contributed equally to FBD between continuous
forest and forest patches, whereas functional richness differ-
ence was more important than functional turnover in driv-
ing FBD between continuous forest and both campinarana,
and savannah (Fig. 4; Supplementary Table 3). Functional
turnover was the main factor responsible for FD between
forest patches and savannah, and campinarana and savan-
nah, whereas functional richness difference and functional
turnover made a similar contribution to FBD between forest
patches and campinarana (Fig. 4; Supplementary Table 3).
Lineage richness difference was more important than lineage
turnover in driving PBD between continuous forest and for-
est patches, continuous forest and savannah, and continuous
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Table 1 p values of the comparison of functional traits obtained from bats sampled among different environments (continuous forest, forest patches, savannah and campinarana) in the northeast

of the Brazilian Amazon between the states of Amapa and Para

@ Springer

Vertical stratification

Trophic level

Diet

Wing morphology

Paired habitats

Carnivore Frugivore Insectivore Nectarivore Omnivore Sanguinivore Animalivorous Phytophagous Canopy Understorey

Body mass

Aspect ratio Relative

wing load-
ing

p value

0.002
0.000
0.011

CF-CP 0.645 0.014 0.003 0.004 0.001 0.001 0.005 0.236 0.062 0.002 0.001 0.002
0.001

CF-SV
CF-FP

0.000
0.010

0.009

0.007

0.624
0.654

0.001 0.000 0.001 0.069
0.213

0.008
0.001

0.008
0.128
0.000
0.525

0.002

0.155
0.043
0.000
0.087

0.153
0.042

0.816

0.028

0.059

0.026

0.737

0.002
0.244
0.004

0.002

0.062

0.616

0.937

0.306
0.000
0.000

0.000 0.247 0.118

0.000
0.401

0.008
0.723

SV -CP
CP-FP

0.258

0.000
0.089

0.123
0.549

0.213

0.656

0.000

0.506
NA

0.004

0.129

0.788

0.015

0.002

0.035

SV - FP

Values in bold are significant

CF continuous forest, CP campinarana, SV savannah, FP forest patches

forest and campinarana, where lineage turnover made no
contributions. Lineage turnover was more important than
lineage richness difference in driving PPD between forest
patches and savannah, between forest patches and campi-
narana, and between campinarana and savannah (Fig. 4;
Supplementary Table 3).

Taxonomic, functional and phylogenetic nestedness

The site ordering hypothesis using presence-absence
indicated that bat assemblages of the forest patches
(NODF=62.67, p=0.04), campinarana (NODF =63.52,
p<0.01) and savannah (NODF=58.74, p <0.01) are taxo-
nomically nested within continuous forest (Fig. 5A-C).
However, the analysis showed no evidence that the bat
assemblages of the campinarana (NODF=52.4, p=0.54)
and savannah (NODF=47.8, p=0.12) are taxonomically
nested within forest patches (Fig. 5D and E), nor that the
assemblage of the savannah (NODF=48.8, p=0.96) is taxo-
nomically nested within that of the campinarana (Fig. 5F).

Bat assemblages of all other habitats were found to be
functionally and phylogenetically nested within the assem-
blage of the continuous forest (p <0.05; Table 2). The bat
assemblages of the campinarana and savannah were also
found to be functionally and phylogenetically nested within
the assemblage of the forest patches (p <0.05; Table 2).
Both functional and phylogenetic nesting partitions con-
tributed to the nestedness in all comparisons, however, the
observed traitNODF/phyloNODF value was mostly rep-
resented by the S. Fraction (species composition compo-
nent) rather than by the topoNODF (dendrogram topology
component—Table 2).

In summary, in relation to species composition (taxo-
nomic nestedness), forest patches, campinarana and savan-
nah are nested in the continuous forest. For functional
traits (functional nestedness) and lineages (phylogenetic
nestedness), less complex habitats (e.g., savannah) are sub-
groups of more complex habitats (e.g. forest patches), as
we expected, and this nestedness is more driven by change
in species composition (S.fraction) than functional or phy-
logenetic tree topology (topoNODF) between the habitats.

Discussion

Here we show that taxonomic, functional and phylogenetic
diversity of bats is higher in continuous forest than in any
of the other habitat types. The continuous forest also har-
bours more unique species, and indeed, the bat community
assemblages in the less-complex habitats, including forest
patches, campinarana and savannahs, are taxonomic, func-
tional and phylogenetic sub-sets of the assemblage found
in the continuous forest. The continuous forest is the most
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Fig.3 Community-weighted mean (CWM) trait values for all func-
tional traits considered in present study, estimated from literature
data and bats sampled in four different Amazonian habitats in north-

structurally complex habitat with more diurnal roosts and
food availability (Meyer et al. 2016), which may help to
explain these patterns. This result fits the pattern shown
for other vertebrate and invertebrate groups across Ama-
zonian habitats, including bats (Ramos Pereira et al. 2009;
Bobrowiec et al. 2014; Graga et al. 2017; Carvalho et al.
2018, 2020; Fraga et al. 2018; Naka et al. 2020), and sug-
gests that forest habitats maintain bat species diversity in
the Amazon. Given the rapid expansion of crop and tree
plantations, as well as deforestation linked to cattle produc-
tion in the Amazon (Carvalho et al. 2019a), our results also
have important implications for the conservation of bats and
their habitats, beyond what they tell us about the ecological
processes that structure bat assemblages.

The differences found between habitats in terms of taxo-
nomic, functional and phylogenetic composition reflect a
process of environmental sorting (Ozkan et al. 2013), in
accordance with species life history strategies, along a habi-
tat gradient going from a more forested (i.e., continuous for-
est) to a non-forested habitat (i.e., savannah). Here we show
that the continuous forest has more unique species, but also
tends to harbour smaller and more specialised (nectarivo-
rous and carnivorous) species than the other habitat types.
The forest patch assemblage is however taxonomically,

ern Brazilian Amazon. Wing morph. Wing morphology. The vertical
lines represent of 95% confidence intervals. CF continuous forest, CP
campinarana, SV savannah, FP forest patches

functionally and phylogenetically nested within the con-
tinuous forest assemblage and the two habitats tend to share
more species which are dependent on forests (Klingbeil and
Willig 2009; Meyer and Kalko 2008; Martins et al. 2017),
being similar in terms of functional uniqueness (FU) and
showing low taxonomic, functional and phylogenetic beta-
diversity values. In both continuous forest and forest patches,
there were relatively more animalivorous species, and par-
ticularly insectivorous species, than were found in the savan-
nah, and also relatively more animalivorous species, includ-
ing both insectivores and carnivores, than were found in the
campinarana. This pattern is driven by the dependence of
animalivorous species on forests with a more complex struc-
ture (Meyer and Kalko 2008; Klingbeil and Willig 2009;
Martins et al. 2017; Farneda et al. 2018), and the fact that
these species do not breed in open habitats or environments
that have been deforested, and in general tend to avoid open
habitats, as well as forest edges (Martins et al. 2017; Rocha
et al. 2017). Indeed, although structurally different from one
another, both savannahs and campinarana may have similarly
low levels of diurnal shelter and food availability, particu-
larly for animalivourous and nectarivorous bats, such that
differences in floristic composition and vegetation struc-
ture compared to lowland forests in the Amazon (Veloso
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Fig.4 Values of A taxonomic
(TAD), B functional (FpD)

and C phylogenetic (PBD)
B-diversity (block dots) and per-
centage of each of the compo-
nents (B, and Pg;,—coloured
bars) that make up the total beta
diversity for the bat assem-

bly sampled in four different
Amazonian habitats in northern
Brazilian Amazon. CF continu-
ous forest, CP campinarana, SV
savannah, F'P forest patches
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Phylostomid bat species

Sites sampled in each habitat

Phylostomid bat species

Sites sampled in each habitat

Sites sampled in each habitat

Sites sampled in each habitat

Fig.5 Taxonomic nestedness plot from six matrices of the four Ama-
zonian habitats in the northern Brazil. A continuous forest versus
forest patches; B continuous forest versus campinarana; C continu-
ous forest versus savannah; D forest patches versus campinarana; E
forest patches versus savannah; and F campinarana versus savannah.

and Gées-Filho 1982) effectively act as environmental fil-
ters. Overall, the patterns described here likely reflect the
higher number of micro-habitats in the more structurally
complex continuous forest and forest patches, providing
more resources for prey species of animalivorous species,
and higher overall plant diversity providing resources for
nectarivores.

Phylostomid bat species

L1 PR T T S T B AR

Sites sampled in each habitat

Sites sampled in each habitat

Habitats: CF continuous forest (dark green), FP forest patches (light
green), C campinarana (yellow), and S savannah (brown). In all fig-
ures, the columns represent the species, and the lines represent the
sampled sites. In each figure, the habitats (rows) would be perfectly
nested if all interactions were above the “fill line” (black curved line)

Another important factor that helps to explain the gra-
dients of diversity found here is the effect of the matrix in
which different habitat patches are inserted. Our results sup-
port the idea that the diversity of bats in the campinarana and
savannahs are determined by their insertion in a “matrix” of
continuous forest, in the case of the former, and their adja-
cency to forest patches, in the case of the latter. The forest
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habitat around the campinarana is less hostile to bat spe-
cies than the campinarana itself (as happens around planted
forests—Pina et al. 2013) such that bats tend to use campi-
narana areas less than the continuous forest. On the other
hand, the savannah is a matrix in which the forest patches
are immersed (Mustin et al. 2017), and as such bats tend to
cross it even though it is more hostile than the campinarana
(e.g., open habitat with higher probability of predation—
Lima and O'Keefe 2013), as there is seemingly little con-
nectivity between the forest patches in this landscape of the
Amazonian savannahs (Calle-Rendén et al. 2020). However,
savannahs and campinaranas, as components of the overall
landscape, may also play a role in food availability for bats,
forming edges with otherwise continuous forest and forest
patches, and promoting edge effects, thereby maintaining the
populations of pioneer species (e.g. Cecropia spp., Vismia
spp. and Piper spp.) which are important food resources for
generalist frugivorous bats, such as Carollia perspicillata
and Rhinophyla pumilio (Muylaert et al. 2016; Rocha et al.
2017). In addition, campinaranas are distinct in structure
and species composition compared to other forest types in
Amazonia, with almost a quarter of tree species found there
being specialists (Garcia-Villacorta et al. 2016), and tree
species found uniquely in this habitat (e.g., Aldina hetero-
phylla and several species of Protium, Licania, Clusia and
Piper spp.) may be a complementary source of food and
shelter for some species of bats. Taken together, these results
suggest that the pattern of a- and p-diversity between the
less to more complex habitats can be explained at least in
part by the way in which each of them is represented in the
landscape, and with a different landscape composition these
patterns could be different. Thus, there is a need for further
studies focusing on the transition environment between these
Amazonian natural habitats, which should specifically seek
to determine how landscape configuration and edge effects
interact to contribute to the maintenance of bat diversity.
Exploring in more detail the patterns of diversity along
the habitat gradient, we found that taxonomic and func-
tional B-diversity (TPD and FBD) between paired habitat
types were mostly driven by the replacement of some spe-
cies/functional traits by others, with no change in the total
number of species or functions. In contrast, phylogenetic
B-diversity was mostly driven by the loss and gain of line-
ages rather than by the replacement between paired habitat
types. These results are in line with previous bat studies in
the Amazon (Bobrowiec et al. 2014; Farneda et al. 2018;
Aninta et al. 2019) and the Atlantic Forest (Varzinczak et al.
2018). These p-diversity patterns are in part explained by
the presence of generalist species that are more tolerant to
environmental filters, such as Carollia perspicillata and
Glossophaga soricina, in the less-complex habitats (Farneda
et al. 2015; Rocha et al. 2017; Carvalho et al. 2019b). These
species are opportunistic and tolerant, having the ability to

adapt and take advantage of habitats that are less complex,
due to human interventions (clearing Bobrowiec and Gribel
2010; Farneda et al. 2018), and, as our results have shown,
naturally less-complex habitats. The key exception to the
pattern is the difference in taxonomic and functional diver-
sity between continuous forest and campinarana, which is
largely driven by lower species and functional richness in
the campinarana, suggesting that it is the least hospitable
of the four habitat types for bats, with fewer species using
the habitat, and consequent loss of functions. These results
have important implications for conservation, as they sug-
gest that forest habitats are crucial for the maintenance of
more specialist species, and for lineage diversity, across the
mosaic of Amazonian habitats.

Some of the other patterns found here, however, likely
reflect an important methodological constraint that should
be considered in future studies, rather than an ecological
process. We found that, compared with the campinarana
and the savannahs, the understorey of the continuous for-
est, and of forest patches, tends to harbour relatively fewer
phytophagous species (particularly frugivores). This pattern
is in part explained by behaviour of the frugivorous bats
within the different habitat types, which use the canopy of
the continuous forest and forest patches, and thus are not
captured by the sampling method used here, but which fly
lower in the savannah and campinarana and are thus more
frequently captured. Indeed, this factor also helps to explain
the observed difference in wing morphology between habi-
tat types, with larger winged, heavier, phytophagous bats
(Ramos Pereira et al. 2010; Marinello and Bernard 2014)
being more commonly caught in the savannah. As such,
although we found in our data that campinarana and savan-
nah tend to have a predominance of frugivorous species,
this result should be interpreted with caution, as this pattern
likely does not reflect the availability of fruits and nectar
as food in campinaranas and savannahs, but rather verti-
cal stratification of habitat use in the continuous forest and
forest patches. Indeed, these larger phytophagous bats use
the canopy of the continuous forest and forest patches to
reach and feed on canopy plant species. These plant species
are rarely found in the savannah, and as such the frequent
capture of the phytophagous bats in campinarana and savan-
nah suggests that these species tend to use these habitats to
cross between forest areas, rather than as habitat per se, as
savannahs are very permeable to the movement of species
of bats that can use open areas (Bernard and Fenton 2003;
Loayza and Loiselle 2009). This movement pattern of bats
between forest areas using an open matrix could also be
considered in studies comparing the behaviour of bat species
(e.g., habitat use or temporal activity) between forested and
clearing areas or early growth vegetation. Thus, future stud-
ies should take into account sampling bats in the sub-canopy
and canopy of forest habitats (e.g., continuous forest, forest
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patches and campinarana) to compare the bat communities
with non-forest habitats (e.g., savannah), because species
associated with the canopy in forest habitats, may fly closer
to the ground in natural non-forest habitats (savannah). We
also emphasize that here we are only discussing Phyllosto-
midae and that future studies with strictly insectivorous bats
(e.g., Emballonuridae, Molossidae, and Vespertilionidae)
may show other patterns.

The naturally eroded levels of functional and phylo-
genetic diversity in bat assemblages in campinaranas and
savannahs, relative to forest and forest patches, make them
more susceptible to environmental change. This is particu-
larly troubling from a conservation perspective as campi-
naranas and Amazonian savannahs are suffering increasing
anthropogenic pressures, such as clearing, replacement of
native vegetation by commercial plantations and wildfire
(Adeney et al. 2016; Carvalho and Mustin 2017; Mustin
et al. 2017; Carvalho et al. 2019a), and this increases the
likelihood of further functional and phylogenetic erosion
of the bat assemblages, and consequent loss of ecosystems
services such as seed dispersal and pollination. In addition,
as this permeable matrix of campinarana and savannah has
been modified in recent years (Adeney et al. 2016; Carvalho
and Mustin 2017), studies should be carried out to assess the
consequences of these modifications on bat use and move-
ment. In the case of Amazonian savannahs, these issues are
of greater concern, as the replacement or clearing of the
savannah matrix may bring more serious consequences for
the maintenance of bat populations in the forest patches,
because the permeability of the matrix will change. Thus,
bats will tend to no longer use the matrix, as other studies
suggest for terrestrial mammals that occur in the Amazo-
nian savannahs (Coelho et al. 2014), and there is already
consensus for bats in sites with human-modified matrix in
other South American biomes (Meyer et al. 2016; Farneda
et al. 2020; Mendes and Srbek-Aratijo 2020). Therefore, the
conservation and maintenance of the environmental integrity
of non-forest habitats throughout the Amazon is of funda-
mental importance for biodiversity, and for the maintenance
of ecosystem services for the communities that live along
this biome.

Our results show that the bat assemblages in the continu-
ous forest are more taxonomically, functionally and phy-
logenetically diverse than those in natural forest patches,
campinarana and savannahs in the Amazon. We conclude
that this pattern is in part driven by a process of environmen-
tal sorting, reflecting the higher number of micro-habitats
in the more structurally complex continuous forest and for-
est patches, and in part by the configuration of the land-
scape composition and the different roles different habitats
play. However, we caution that further studies are required,
focussing on landscape configuration and the edges between
habitats, and how these factors interact to contribute to the
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maintenance of bat diversity. We also highlight an important
methodological consideration common to ours and similar
studies, whereby the use of mist-nets at ground level tends
to suggest that frugivorous species are more common in
the more open habitats than in the forest, where in reality
they are using the sub-canopy and canopy of forest habitats.
Finally, from a conservation perspective, we highlight two
important key findings. Firstly, forest habitats are crucial
for the maintenance of more specialist species, and for lin-
eage diversity, across the mosaic of Amazonian habitats.
Secondly, non-forest habitats make their own important
contributions to taxonomic and functional diversity of bats
in the Amazon, and these habitats are both vulnerable to
environmental change, owing to naturally eroded levels of
functional and phylogenetic diversity, and currently highly
threatened by increasing anthropogenic pressures, such as
clearing, replacement of native vegetation by commercial
plantations and wildfire. Biodiversity conservation and the
maintenance of ecosystem services in the Amazon there-
fore depends on both conservation of forest and non-forest
habitats.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-05009-3.
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