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Habitat loss and fragmentation rank high amongst the most pressing threats to
biodiversity. Understanding how variation in functional traits is associated with species
vulnerability in fragmented landscapes is central to the design of effective conservation
strategies. Here, we used a whole-ecosystem ecological experiment in the Central
Amazon to investigate which functional traits of aerial-hawking insectivorous bats best
predict their sensitivity to forest fragmentation. During2014, bats were surveyed using
passive bat recorders in six continuous forest sites, eightforest fragments, eight fragment
edges, and eight forest clearings. The interaction betweenfunctional traits, environmental
characteristics, and species distribution was investigated using a combination of RLQ
and fourth-corner analyses. Our results showed that echolocation call structure, vertical
strati�cation, and wing aspect ratio were the strongest predictors of sensitivity to
forest fragmentation. Frequency of maximum energy, body mass, and relative wing
loading did not show any correlation with the environmentalvariables. Bat species
with constant-frequency calls were associated with high vegetation density, being
more susceptible to forest fragmentation than species withfrequency-modulated calls.
Vertical stratum preference was also correlated with vegetation structure, indicating that
understory species were more sensitive to forest loss than canopy species. Finally,
species with high aspect ratio wings were linked to forest edges and clearings. Our
�ndings suggest that species functional traits determine the vulnerability of aerial-
hawking insectivorous bats toward fragmentation and, similarly, environmental conditions
determine if a species is likely to become locally extinct due to fragmentation. Preserving
structurally complex forests will be crucial to ensure the long-term persistence of the
most sensitive and vulnerable species of this bat ensemble in fragmented landscapes
across the Neotropics.

Keywords: passive recorders, bioacoustics, Chiroptera, d eforestation, species traits, wing
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INTRODUCTION

The exponential increase of the human population and growing
per capita consumption of resources are causing widespread
habitat loss and degradation, which are threatening the survival
of numerous species worldwide (Dirzo et al., 2014; Laurance
et al., 2014). In fact, human-caused environmental changes are
among the most signi�cant and immediate threats to biodiversity
(Ewers and Didham, 2006; Dobrovolski et al., 2011; Haddad
et al., 2015), and their impacts on biota are predicted to be
more pronounced in species-rich tropical areas (Malhi et al.,
2014). Across the tropics, human-induced habitat modi�cation is
creating increasingly fragmented landscapes composed of smaller
and isolated primary habitat patches (Haddad et al., 2015; Taubert
et al., 2018), usually embedded in a matrix that is often a
mosaic of di�erent habitats that a�ect both species diversity
and composition (Ewers and Didham, 2006; Kupfer et al., 2006;
Kennedy et al., 2011; Loureiro and Gregorin, 2015). Matrix
quality and permeability are key determinants of biodiversity
persistence in degraded landscapes (Ewers and Didham, 2006;
Kennedy et al., 2011; Mendenhall et al., 2014; Rocha et al., 2018).
Matrix permeability refers to the capacity of any landscape to
promote movement of animal populations and to sustain key
ecological services and processes (Ray et al., 2002). In general,
low matrix permeability negatively a�ects local biodiversity as
it reduces connectivity and increases the e�ects of isolation of
remnant patches (Ricketts, 2001; Estrada-Villegas et al., 2010).

Understanding how habitat alterations a�ect biodiversity
and ecosystem functioning is crucial for the creation of
e�ective conservation strategies (Cadotte et al., 2011). Since
most ecological processes are determined by species functional
traits (Cardinale et al., 2012), trait-based approaches have
lately become popular to predict the anthropogenic e�ects
on ecosystem functioning in fragmented tropical landscapes.
Functional traits are measurable characteristics of organisms
or species (morphological, physiological, phenological, or
behavioral) that determine their performance, �tness, and
ecological functions in a particular habitat (Violle et al., 2007).
Because some species are more susceptible to habitat loss than
others (Davies et al., 2000; Henle et al., 2004), identifying which
traits make species more sensitive to habitat fragmentationis
essential to minimize local extinctions (Barbaro and Van Halder,
2009; Hanspach et al., 2012).

The tropics harbor the greatest diversity of bats (Mickleburgh
et al., 2002; Altringham, 2011), which ful�ll key ecological
functions. They act as pollinators and seed dispersers of a large
number of plant species, promoting the restoration of forest in
disturbed areas. Moreover, they are both important prey and
biological control agents of animal populations (Kunz et al.,
2011). The recent increase in published studies on tropical
bats has considerably advanced our knowledge about the e�ects
of habitat loss and fragmentation on this taxon at di�erent
ecological levels (Fenton, 1997). However, most studies have
analyzed biodiversity changes from a taxonomic point of view,
with few focusing on a functional trait-based dimension (Farneda
et al., 2015, 2018a; but seeCisneros et al., 2015; Frank et al., 2017;
Wordley et al., 2017).

In the Neotropics, aerial-hawking insectivorous bats
(hereafter AIB) represent 30-50% of local bat assemblages
(Kalko, 1998; MacSwiney et al., 2008; Estrada-Villegas
et al., 2010). Although AIB are usually classi�ed into one
ensemble, they exhibit high variability in foraging and behavioral
strategies. However, AIB so far have rarely been considered
in fragmentation studies as most of them relied on mist-net
captures, a sampling method poorly suited for this group
(Estrada-Villegas et al., 2010; Silva and Bernard, 2017). Although
acoustic methods are the most suitable to sample AIB, the
costs and time commitment involved in acoustic surveys is
still considerable. Moreover, the echolocation calls of many
tropical species and the variation among them have not yet been
adequately documented, and reference call libraries for tropical
regions are scarce (MacSwiney et al., 2008; López-Baucells
et al., 2016). As a result of these limitations, AIB continue to be
underrepresented in inventories and ecological studies (Cunto
and Bernard, 2012), and there is a lack of data about their
vulnerability to habitat fragmentation (but seeEstrada-Villegas
et al., 2010; Bader et al., 2015a,b). Moreover, other ecological
characteristics like hunting strategies remain poorly studied
(Marques et al., 2013). Despite the aforementioned limitations,
the recent improvement of acoustic recording devices and new
data analysis approaches have stimulated the inclusion of AIB in
surveys and monitoring programmes (Browning et al., 2017).

Here, we used an ecosystem-wide fragmentation experiment
in the Brazilian Amazon to investigate which functional
traits are linked to fragmentation sensitivity in AIB. We
employed the analytical framework introduced byDray
et al. (2014)that integrates RLQ and fourth-corner methods
to examine trait-environment links and their association
with patterns of species distribution. RLQ is a multivariate
ordination technique that summarizes the joint structure
among three data tables (R—environmental characteristics,
L—species abundances, Q—species traits), whereas the fourth-
corner method tests for trait–environment relationships
(Dray et al., 2014).

We predicted that: (i) species with high frequency
calls are more sensitive to fragmentation than those with
low frequency calls; (ii) the main echolocation call types
(modulated/quasi-constant/constant frequency calls) are
related to species-speci�c fragmentation sensitivity; (iii)
fragmentation �lters bat assemblages according to species'
morphological and �ight-related traits such as body size
or wing morphology; and (iv) preferences with regard to
vertical foraging stratum in�uence the adaptability of bats
to deforestation.

MATERIALS AND METHODS

Study Area
The study was conducted at the Biological Dynamics of Forest
Fragments Project (BDFFP), located in the Central Amazon,
approximately 80 km north of Manaus (2� 300S, 60� W), Brazil
(Figure 1). Commencing in 1979, the BDFFP is the longest-
running experimental study of habitat fragmentation (Laurance
et al., 2018). The study area covers 1,000 km2 of moist tropical

Frontiers in Ecology and Evolution | www.frontiersin.org 2 October 2019 | Volume 7 | Article 373

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Núñez et al. Fragmentation Vulnerability in Insectivorous Bats

FIGURE 1 | Map of the study area in the central Amazon. Image©DigitalGlobe/CNES/Airbus. Experimental areas within the BDFFP landscape are delineated by a
white border (Km 41 and Cabo Frio for continuous forest and Dimona, Colosso, and Porto Alegre for forest fragments); continuous forest is represented in light blue
and secondary vegetation matrix in dark blue. The image in the upper right corner shows the location of the study area.

forest characterized by a mosaic of primaryterra �rme rainforest
and primary forest fragments (1, 10, and 100 ha) embedded
in a matrix of late-stage secondary regrowth (� 30 years old).
In the early 1980s, the region underwent an intense process of
forest clearing, resulting in a set of fragments of primary forest
isolated from continuous forest by distances of 80–650 m. Since
their creation, these experimental fragments were re-isolated 4
to 5 times by clearing a 100 m-wide strip around each fragment.
The most recent re-isolation occurred in 2013–2014, resulting
in a landscape comprised of both forest-dominated habitats and
small man-made clearings around the fragments (Rocha et al.,
2017c). Yearly rainfall �uctuates between 1,900 and 3,500 mm,
with a dry season from June to October and a wet season from
November to June (Ferreira et al., 2017). Forest canopy height
varies from 30 to 37 m, with some emergent trees reaching 55 m
(Laurance et al., 2011).

Our experimental design was constrained by the overall
landscape context and idiosyncrasies of the BDFFP, especially in
terms of the number and locations of fragments and continuous
forest sites, which precluded us from following a paired study
design, i.e., pairing fragments with nearby continuous forest sites.
Although the BDFFP landscape is not ideal in every respect from
an experimental design perspective, environmental conditions
across the study landscape can be considered su�ciently similar
(Laurance et al., 2018). We therefore believe the in�uence of
potentially confounding environmental variables on our results
to be negligible, especially in view of the high vagility of the
study taxon.

Sound Recordings
Acoustic surveys were carried out in eight forest fragments
during the �rst year after the re-isolation that took place in 2013–
2014 (Rocha et al., 2017c), and in six control sites in continuous
primary forest (Figure 1). Automatic bat recorders Song Meter 2
(SM2BatC) equipped with omnidirectional ultrasonic SMX-US
microphones (Wildlife Acoustics, Inc. Massachusetts, USA) were
used to acoustically sample bats. Recorders were placed at 1.5 m
height, in the interiors (N D 8) and edges (N D 8) of all forest
fragments, as well as in the adjacent clearings (N D 8) (for more
information regarding the experimental re-isolation of the forest
fragments seeRocha et al., 2017c). With the six recorders placed
in the interior of continuous forest we had a total of 30 sampling
sites. Detectors were installed for three consecutive nights per
recording site (from 18:00 to 6:00 h), and all sites were sampled
twice during both the dry and wet season in 2014.

Acoustic Analysis
Kaleidoscope Pro Software v4.0.4 (Wildlife Acoustics, In.
Massachusetts, USA) was used to manually classify all
recordings based onLópez-Baucells et al. (2016, 2019)and
a regional reference call library compiled by A. López-Baucells
(unpublished). In the case of 14 species it was possible to
identify the calls to species level. However, some species had
to be grouped into sonotypes (comprising several species with
similar calls that could not be reliably distinguished,N D 5; see
Table S2). Owing to inherent constraints of acoustic data (i.e.,
the fact that it is not possible to count individuals), we used “bat
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TABLE 1 | List of functional traits used as predictors of aerial-hawking insectivorous bat vulnerability to habitat fragmentation in the central Amazon.

Trait variable Abbreviation De�nition References

Frequency of
maximum energy

FME Frequency with the highest intensity from each echolocation call López-Baucells et al., 2016

Call structure Call_QCF, Call_CF
Call_FM
Call FM-QCF

Pulse shape, classi�ed into four main categories: quasi-constant frequency
(QCF), constant frequency (CF), frequency-modulated (FM), frequency
modulated - quasi-constant frequency (FM-QCF)

López-Baucells et al., 2016

Body mass
Foream length

Weight
FA

Average body mass of each species (only adults)
Distance between the elbow and the wrist (only adults)

Nowalk, 1999; Gardner,
2008; Rocha et al., 2017a

Vertical strati�cation VertS Forest stratum where each species tends to forage; categorization based on
three levels: understory, canopy, and above the canopy

Mas, 2014

Relative wing
loading

RWL Wing loading (weight of an individual multiplied by the gravitational acceleration
divided by wing area) divided by body mass raised to one third(Norberg and
Fenton, 1988)

Norberg and Rayner, 1987;
Davies et al., 2013; Voigt,
2013; Rocha et al., 2017a

Aspect ratio AR Square of the wingspan divided by the wing area (Norberg, 1987) Freeman, 1981; Norberg
and Rayner, 1987; Davies
et al., 2013; Voigt, 2013;
Rocha et al., 2017a

activity” as a proxy for bat abundance. The sample unit was a
bat pass(Wickramasinghe et al., 2003), which we considered as
any sequence/recording with a minimum of two distinguishable
echolocation pulses per species during a maximum time of 5 s
(Millon et al., 2015). We only considered those pulses whose
intensity exceeded 10 dB from the background noise. Data
from all fragments were pooled together independently of their
size within the habitat category “fragment,” due to the limited
number of replicates.

Environmental Variables
Vegetation structure was assessed at each sampling site within
three plots of 100 m2 (5 � 20 m) located next to the detector
locations. Four environmental variables were quanti�ed:number
of stems, tree height(height in m of all trees� 10 cm diameter
at breast height),shortest distance to water(distance in km
between each site and the nearest water body calculated using
Google Earth), andhabitat type(qualitative variable including
four categories: continuous forest interior, fragment interior and
fragment edge, clearing).

Species Traits
The relative scarcity of knowledge on AIB, together with the
di�culty of gathering reliable information about most of the
species, led us to not consider traits such as diet or roosting
strategy/guild (Borkin and Parsons, 2011; Bohnenstengel, 2012;
Farneda et al., 2015; Coronado et al., 2018), and to focus instead
on only six functional traits as potential predictors of AIB
vulnerability to habitat fragmentation (Table 1):

Echolocation: Frequency of Maximum Energy
Frequency of maximum energy (FME), also known as peak
frequency, is the most intense frequency in the call (López-
Baucells et al., 2016). Amongst other environmental and acoustic
factors, it determines how quickly the intensity of a call will
diminish and therefore, will in�uence the kind of habitat inwhich
the bat will be able to �y and forage. Data on FME for all species
were obtained fromLópez-Baucells et al. (2016). Whenever

species with similar peak frequencies had to be grouped under
the same sonotype, the average FME of all species was calculated
and used in subsequent analyses.

Echolocation: Call Structure
This predictor was based on an existing guild classi�cation
of bats that links habitat type and foraging mode with their
echolocation calls (Schnitzler and Kalko, 2001; Schnitzler et al.,
2003). Following this, we established the following categories:
(A) frequency-modulated signals (FM): usually emitted by
cluttered space foragers; (B) frequency modulated—quasi-
constant frequency signals (FM-QCF): typical of edge-foraging
species; (C) quasi-constant frequency signals (QCF): mostly
emitted by open space foragers; and (D) constant frequency
signals (CF): emitted by cluttered space foragers. Species were
assigned to each category followingLópez-Baucells et al. (2016).

Body Mass
Body mass plays a key role in the physiology, ecology, and
diversi�cation of species and also in�uences life-history traits
of individuals (Sa� et al., 2013). Species with large body size
tend to have smaller populations and larger home ranges and
are therefore more prone to extinction (Purvis et al., 2000).
Body mass was measured in captured bats (data collected at
the BDFFP between 2012 and 2014;Rocha et al., 2017b,c) and
averaged for each species (excluding juveniles and reproductive
females). Missing data forMolossopsspp.,Peropteryx kappleri
and P. macrotis, Promopsspp., andPteronotus personatuswere
obtained from the literature (Eisenberg and Redford, 1989).

Forearm Length
Body size has been widely used in trait-based analyses due to
its in�uence on the physiology, ecology, and morphology of
organisms (Peters, 1986; Penone et al., 2018). Larger bats tend
to emit lower frequency calls and typically forage in more open
habitats, while smaller species use higher frequency signalsthat
allow them to move in cluttered spaces (Kalko and Schnitzler,
1993; Thiagavel et al., 2017; Penone et al., 2018). We used forearm
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length as a measure of body size. Data was obtained from our own
data and the literature (Gardner, 2008).

Vertical Strati�cation
Bat activity and richness di�er among tropical forest strata,
whereby species are generally divided into canopy, sub-canopy,
or understory specialists. However, this classi�cation is mostly
based on studies on phyllostomid bats (Carvalho et al., 2013;
Marques, 2016). We assigned species to three di�erent strata
based onMas (2014), who studied vertical strati�cation at
the BDFFP using acoustic data: (1) more recordings in the
understory than in the other strata, (2) bats �ying signi�cantly
more often between 20 and 30 m but still under the canopy
(sub-canopy), and (3) bats �ying above the canopy.

Wing Morphology
Maneuverability and �ight speed in bats are constrained by
wing morphology (Marinello and Bernard, 2014), which usually
determines access to suitable foraging habitat (Arita and
Fenton, 1997). We calculated aspect ratio and relative wing
loading of each species followingNorberg and Rayner (1987).
Measurements were obtained from extended-wing photographs
of bats captured at the BDFFP (Rocha et al., 2017b,c; Torrent
et al., 2018) and analyzed withImageJ(National Institute of
Health, USA). Missing data were obtained from the literature (see
references inTable 1).

Statistical Analysis
Several analytical methods have historically been used to
assess the associations between species traits and environmental
gradients (Peres-Neto et al., 2017). Amongst them, RLQ and
fourth-corner analysis are considered excellent approachesto
assess trait–environment relationships at the species leveland
have been widely used in ecological and conservation research
(Kleyer et al., 2012). Dray et al. (2014)recently developed
an analytical framework that combines both methods and
so far is considered the most appropriate approach to study
the relation between environmental variables and functional
traits. Applied to our dataset, it tests the relation of the data
contained in three di�erent matrices: table L (species activity
levels per sampling site), table Q (functional traits of species)
and table R (environmental variables per sampling site). A
correspondence analysis (CA) is applied to table L, providing
a common organization of the samples and the species (Dray
et al., 2014). Both the table of environmental variables (R)
and traits (Q) contained a mix of qualitative and quantitative
variables and were therefore analyzed using Hill-Smith principal
component analysis (PCA;Hill and Smith, 1976). The RLQ
method maximizes the covariance between the traits and the
environmental variables through the species relative abundance
(Dray et al., 2014). While RLQ consists of a multivariate analysis
of the associations between the three tables, the fourth-corner
method tests the signi�cance of bivariate associations. Weused
two permutation models in the RLQ-fourth corner analysis.
Model 2 tests the null hypothesis that there is no relationship
between the distribution of species and environmental conditions
(i.e., no association between R and L matrices). In contrast,

TABLE 2 | Summary of the RLQ analysis.

Axis 1 Axis 2

Eigenvalues (%) Eigenvalues (%)

(A)

RLQ ordination 0.77 87.61 0.09 10.25

Correlation: L 0.38 – 0.14 –

Covariance 0.93 – 0.22 –

Projected variance: Q 2.48 5.16

Projected variance: R 2.11 – 3.83 –

(B)

Q table (Hill-Smith PCA) 3.2 35.65 2.55 28.36

R table (Hill-Smith PCA) 2.89 48.29 1.38 23.09

L table (CA) 0.39 43.11 0.14 15.26

(A) Eigenvalues and total co-inertia (%) for the �rst two axes of the RLQ ordination,
projected variance of tables Q and R and correlation and covariance for theL matrix. (B)
Eigenvalues and total co-inertia (%) for the �rst two axes of the three matrices Q (functional
traits table), R (environmental variables table) and L (species abundance table).

model 4 assumes no association between L and Q and the null
hypothesis here is that species composition is independent of
species traits (Dray et al., 2014). To adjustp-values for multiple
comparisons, we used the false discovery method (Benjamini
and Hochberg, 1995; Dray et al., 2014), determining signi�cance
based on 50,000 permutations. Given the ecological focus of our
study and following the recommendations byDe Bello et al.
(2015) regarding when to apply phylogenetic corrections in
functional trait-based analyses, we decided not to incorporate
phylogenetic relatedness. All calculations were carried outusing
R v3.4.1 (R Core Team, 2017), speci�cally package ade4 (Dray
and Dufour, 2007).

RESULTS

The RLQ analysis showed that the �rst axis of the ordination
(considering the three tables R, L, and Q) explained 87.6% of
the variance and the second axis 10.2%. The �rst and second
axes of the Hill-Smith PCA of the functional traits table (Q
table) accounted for 35.6 and 28.4% of the variance respectively.
Regarding the R table (environmental variables), the �rst axis of
the PCA explained 48.3% of the variance, and the second axis
23.1%. Finally, in the L table (species activity) the �rst axisof the
correspondence analysis (CA) explained 43.1% of the variance
and the second 15.3% (Table 2).

In the PCA of the R table (Figure 2), sites grouped according
to the gradient made up by the di�erent habitat categories, with
all forest interior sites (continuous forest and forest fragments)
well-separated from clearings and fragment edges along the
�rst axis. In the PCA of the Q ordination table (Figure 3),
no clear species groupings could be distinguished. However,
all species were mostly spatially organized based on three of
their functional traits, call structure (CF or FM calls), forearm
length (FA) and frequency of maximum energy (FME). The
eigenvalues of the �rst axis of the RLQ analysis from species
traits and environmental variables (Figure 4) showed that the
variables that explained most variability in species occurrence
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FIGURE 2 | Biplots from the Hill-Smith PCA of the environmental gradients (R
table). (A) Environmental variables.(B) Sites. C, clearing; FF, forest fragment;
CF, continuous forest; E, edge.

among sites were call structure (CF) and vertical strati�cation,
and two categories of the habitat type variable, forest fragment
and continuous forest.

Fourth corner analysis revealed a highly signi�cant
relationship between species distribution and environmental
variables (model 2,p< 0.0001), and a non-signi�cant association
between species composition and functional traits (model 4,p
D 0.17). Based on 50,000 iterations, the total inertia of the RLQ
analysis indicates a non-signi�cant general relation (p D 0.17)
between environmental variables and functional traits in the
combined models 2 and 4.

Finally, the combination of RLQ and fourth-corner
analysis yielded three signi�cant (p < 0.05) trait-environment
relationships (Figure S1): CF call structure showed a positive
correlation with the �rst axis (AxR1) for the environmental
gradient; vertical strati�cation revealed a negative correlation
with the AxR1 axis for the environmental gradient; and the
assemblages recorded in the forest fragments were signi�cantly
associated with the AxQ1 axis that represented the pool of bat
functional traits.

DISCUSSION

The diversity of species functional traits in a given assemblage
is a key predictor of an ecosystem's functioning, resistance,
and resilience (Petchey and Gaston, 2006), and therefore,

FIGURE 3 | Biplots from the Hill-Smith PCA of the functional traits (Q table).
(A) Species. Red, Mormoopidae; Pink, Furipteridae; Green, Vespertilionidae;
Orange, Emballonuridae; Blue, Molossidae (seeTable S1 for species
abbreviations).(B) Traits (seeTable 1 for trait abbreviations).

functional traits are also likely to in�uence the vulnerability
of species to the ongoing process of habitat destruction and
fragmentation. However, trait-mediated environmental �lters are
still seldom considered in studies based on human-modi�ed
tropical landscapes. This is especially the case for poorly
known animal groups, such as AIB. We used autonomous
bat detectors and a modern statistical approach to identify
how the traits of Neotropical aerial-hawking insectivorousbats
correlate with environmental features and species distributions
in a fragmented landscape. Our results revealed that some traits
were signi�cantly linked to environmental variables, potentially
a�ecting species vulnerability to habitat fragmentation. We
found a strong association between echolocation call type with
features of AIB foraging habitat that are likely to be a�ected by
forest fragmentation.

The responses of phyllostomid bats to habitat modi�cation
have been extensively studied across the Neotropics (Meyer
et al., 2016; Frank et al., 2017) and in particular at the BDFFP,
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FIGURE 4 | Eigenvalues of species traits and environmental variablesalong the �rst axis of the RLQ analysis. SeeTable 1 for trait abbreviations.

where recent long-term studies have provided important insights
into the dynamics of bat responses to landscape fragmentation
associated with matrix regeneration (Farneda et al., 2018a,b;
Rocha et al., 2018). Farneda et al. (2015)found that, in the case
of Amazonian phyllostomid bats, body mass and trophic level
are good predictors of fragmentation sensitivity. However,this
issue is poorly studied in AIB, and the present study is one of
the few investigating the link between these species' traitsand
vulnerability to fragmentation.

Echolocation Call Type
Although bat echolocation calls are speci�cally adapted to
di�erent habitat types (Schnitzler et al., 2003), only a few studies
have analyzed the correlation between echolocation traitsand
habitat characteristics (but seeWordley et al., 2017). These
authors linked echolocation and morphological traits to habitat
use in the Paleotropics and found that functional traits �ltered
bat assemblages in tea plantations.

A recent study tested the relation between echolocation traits
and forest structure as quanti�ed through LiDAR technology
(Blakey et al., 2017). In accordance with our results, the authors
did not �nd a signi�cant correlation between forest structure
variables and frequency of maximum energy. Similarly,Frank
et al. (2017)found that this echolocation parameter was not
predictive of a bat's habitat usage. AlthoughWordley et al. (2017)
found bats with highest FME to be mostly a�liated with forests,
they suggest that this variable might be less useful than others
to predict bat vulnerability as bat call libraries in the tropics
are not comprehensive. The consistency between our results and
�ndings from similar studies (Blakey et al., 2016; Frank et al.,
2017), indicates that this trait overall does not seem to be a key
predictor of bat vulnerability to habitat modi�cation.

Froidevaux et al. (2016)studied the relation between bat guilds
and forest structure through the combination of LiDAR and
acoustic sampling. The authors found that guild-speci�c activity
was strongly in�uenced by 3D forest structure, highlighting the
importance of echolocation in habitat selection. Similarly, Jung
et al. (2012)found that bat assemblages in Germany were a�ected
by canopy structure, height, surface roughness and edge fraction.

Bats belonging to the same guild might not use calls with
similar frequencies, but unquestionably tend to share similar
echolocation call shapes, which are highly related to habitat
type and foraging mode (Schnitzler and Kalko, 2001; Denzinger
and Schnitzler, 2013). Following a widely used classi�cation of
bats into guilds (Schnitzler and Kalko, 2001), we used the term
“clutter foragers” for those species in our study that emit CF
calls (e.g.,Pteronotus alitonusand Pteronotuscf. rubiginosus).
They emit pulses of long duration that allow them to obtain
accurate information about the environment, and detect small,
mobile prey in dense vegetation (Barclay, 1999; Barclay et al.,
1999; López-Baucells et al., 2017; Pavan and Marroig, 2017).
These species might be more susceptible to the landscape-wide
increase in open areas and the reduction of vegetation density
associated with forest fragmentation. Our results show that CF
species are more abundant in forest interiors than in clearings
or fragment edges, regardless of whether the area was continuous
forest or a fragment. This suggests that vegetation cover isa major
determinant of their habitat use and implies a capacity for these
species to persist even in relatively small forest patches.Wordley
et al. (2017)obtained similar results in India, with bats using
constant frequency calls being much more common in protected
forests than in altered habitats. A better knowledge of the extent
to which these species can adapt to habitat fragmentation and
modi�cation, or which kinds of remnant habitats o�er suitable
environmental conditions for their long-term persistence is
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essential to improve their conservation. Larger distances between
remnant patches in landscapes that are heavily fragmented would
likely constitute a substantial barrier for these species, reducing
their survival capacity (Ethier and Fahrig, 2011).

Vertical Strati�cation
We found a strong link between the preferred stratum in which
each bat species tends to forage and the vegetation structureof
the forest. Primary tropical forests are characterized by marked
vertical complexity that creates a pattern of di�erential use of
space by organisms (Bernard, 2001; Marques et al., 2015). Bats
move through space three-dimensionally, and as a consequence,
forest structure and vegetation clutter may a�ect not only
horizontal patterns of bat activity but also vertical patterns (Hayes
and Gruver, 2000; Jung et al., 2012; Mas, 2014). In fact, most of
the foraging activity of bats occurs in the canopy, the upper forest
layer (Kalko and Handley, 2001; Vetter et al., 2011; Marques
et al., 2015; Marques, 2016). Deforestation may not have a large
in�uence on bats foraging in open spaces because they mostly �y
above the forest canopy (Marques et al., 2015). However, for bats
that typically forage in cluttered habitats, a reduction of tree cover
might force these species to abandon the area due to the lack of
suitable foraging habitat.

Caveats and Future Research Directions
The fact that we pooled the data from the di�erent fragment sizes
(due to the limited number of replicates per size class dictated
by the BDFFP experimental design) might have slightly biased
the results due to di�erential responses of some AIB toward
fragments of di�erent sizes and associated edge e�ects (López-
Baucells, 2018). However, because of the complexity of the
statistical approach employed here, we considered it preferable
not to add another layer of complexity by taking fragment size
into account, which would have made our results not only
statistically less robust but also more di�cult to interpret.

Patterns of habitat use in AIB are generally in�uenced by two
main functional traits, wing morphology and echolocation call
structure (Almeida et al., 2014; Marques et al., 2015). Bats with
high wing loading and aspect ratio (long and pointed wings) tend
to emit quasi-constant frequency calls, suitable to detectprey at
long distances in open habitats. In contrast, bats with low wing
loading and aspect ratio (short and rounded wings) emit either
modulated or constant frequency calls, characterized by a shorter
range of detection, more suitable for cluttered habitats (Aldridge
and Rautenbach, 1987; Emrich et al., 2014). This intricate relation
among wing morphology, echolocation call design, habitat type
and feeding ecology hampers the clear separation of the in�uence
of each functional trait on fragmentation vulnerability. Studies
on tropical bats that have tried to unravel the relation between
functional traits and environmental gradients so far mostly
targeted phyllostomid species, therefore neglecting the acoustic
component (Meyer et al., 2008; Farneda et al., 2015; Garcia-
Morales et al., 2016). More research is still needed to reveal to
which extent and under which circumstances a particular trait is
more important than another.

Farneda et al. (2015)showed that diet type is an important
predictor of vulnerability to fragmentation in phyllostomids,

and this may also be true for AIB. In fact, insectivorous bats
have distinct diets that include a broad diversity of insect
groups or adjust their activity patterns to new environmental
conditions (Kalka and Kalko, 2006; Lawer and Darkoh, 2016;
Kemp et al., 2019; Rocha et al., 2019) and there is evidence that
some of these are substantially impacted by forest fragmentation
(Didham et al., 1996; Golden and Crist, 1999; Rösch et al., 2013;
Benítez-Malvido et al., 2016). Diet type may thus in�uence the
vulnerability of AIB to fragmentation, but we could not include
this trait in our study due to the scarcity of knowledge about
the diet of the species involved. Another potentially critical trait
for bat species that should be included in further studies is
roosting preference. Some bat species require mature forestsfor
roosting and therefore will be highly vulnerable to habitat loss,
fragmentation and degradation (Voss et al., 2016). In this context,
it is important to improve our understanding of the natural
history of AIB, to allow studies that include a more complete set
of predictors that potentially in�uence the vulnerability of species
to fragmentation.

CONCLUSIONS

We found that a combination of species functional traits and
environmental characteristics were relevant predictors ofthe
sensitivity of AIB toward fragmentation, a �nding that may apply
across many human-modi�ed Neotropical landscapes. In this
context, the type of echolocation calls used by the species proved
to be particularly important. Species with QCF echolocation
calls, adapted to open habitats or forest edges are likely to be
less a�ected by forest fragmentation. In contrast, species with
CF calls, typically understory foragers, with low wing loading
and aspect ratio, are potentially more vulnerable. The latter are
thus potentially most threatened by deforestation, although the
fact that they persist even in fragments as small as 1 ha is
encouraging for those working to prevent local extinctions of
these species. Promoting natural forest regeneration and human-
assisted restoration seem to be promising management strategies
in the Neotropics for maintaining high taxonomic and functional
bat diversity at the landscape-scale (Farneda et al., 2018a,b,
2019; Rocha et al., 2018). Our results indicate that preserving
the structural complexity of tropical forests is important to
facilitate the persistence of the most fragmentation-sensitive
species and to avoid general functional trait loss and associated
loss in ecosystem services provided by bats in human-modi�ed
tropical landscapes.
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