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For prioritizing conservation actions, it is vital to understand how ecologically diverse
species respond to environmental change caused by human activity. This is particularly
necessary considering that chronic human disturbance is a threat to biodiversity
worldwide. Depending on how species tolerate and adapt to such disturbance,
ecological integrity and ecosystem services will be more or less affected. Bats are
a species-rich and functionally diverse group, with important roles in ecosystems,
and are therefore recognized as a good model group for assessing the impact of
environmental change. Their populations have decreased in several regions, especially
in the tropics, and are threatened by increasing human disturbance. Using passive
acoustic monitoring, we assessed how the species-rich aerial insectivorous bats—
essential for insect suppression services—respond to chronic human disturbance in
the Caatinga dry forests of Brazil, an area potentially harboring ca. 100 bat species
(nearly 50% are insectivorous), but with > 60% its area composed of anthropogenic
ecosystems under chronic pressure. Acoustic data for bat activity was collected at
research sites with varying amounts of chronic human disturbance (e.g., livestock
grazing and firewood gathering). The intensity of the disturbance is indicated by the
global multi-metric CAD index (GMDI). Using Animal Sound Identifier (ASI) software,
we identified 18 different bat taxon units. Using Hierarchical Modeling of Species
Communities (HMSC), we found trends in the association of the disturbance gradient
with species richness and bat activity: species richness was higher at sites with higher
human disturbance, whereas bat activity decreased with increasing human disturbance.
Additionally, we observed taxon-specific responses to human disturbance. We conclude
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that the effects of chronic anthropogenic disturbance on the insectivorous bat fauna in
the Caatinga are not homogeneous and a species-specific approach is necessary when
assessing the responses of local bats to human disturbances in tropical dry forests, and
in other biomes under human pressure.

Keywords: human disturbance, biodiversity loss, Chiroptera, passive acoustic monitoring, tropical dry forests,

echolocation, Caatinga, HMSC

INTRODUCTION

Human activity is responsible for the most significant threats
to biodiversity, including habitat degradation and excessive use
of natural resources [World Wide Fund for Nature [WWF],
2018]. To facilitate conservation of global biodiversity, it is
vital to understand how ecologically diverse species cope with
environmental change caused by anthropogenic disturbance. An
increasing human population puts pressure on pristine habitats,
mainly through agricultural expansion and urbanization (Ellis
and Ramankutty, 2008). Some taxa are able to adapt to modified
environments where they can utilize human-based resources,
such as artificial food or man-made structures (Prange et al.,
2004; Avila-Flores and Fenton, 2005). Other species, however,
are not found in disturbed areas as they depend on food,
shelter and habitats that only natural sites can sufficiently
offer (Mckinney, 2009). Information on the ecological needs
of individual species is required to predict the risks of local
extinction and to propose adequate conservation strategies in an
increasingly impacted world.

With over 1,400 species distributed globally, bats make up
the second largest mammalian order and provide key ecosystem
services as seed dispersers (Villalobos-Chaves and Rodriguez-
Herrera, 2021), pollinators (Cordero-Schmidt et al., 2021), and
pest suppressors (Aizpurua et al., 2018; Vesterinen et al., 2018;
Ramirez-Francel et al., 2021; Maslo et al., 2022). Despite the
fact that the economy largely benefits from services provided
by bats (Wanger et al., 2014; Rodriguez-San Pedro et al., 2020;
Aguiar et al,, 2021), they are highly susceptible to human activity
(Voigt and Kingston, 2015; Frick et al., 2019). Indeed, 21% of
species are considered endangered or near threatened (IUCN),
and globally every four out of five bat populations are decreasing
(Welch and Beaulieu, 2018). Bat diversity peaks in tropical
regions (Kaufman, 1995; Mickleburgh et al., 2002; Stevens, 2004).
However, these habitats are rapidly being degraded and converted
to other purposes, which has negative consequences on bat
populations (Garcia-Morales et al., 2013; Meyer et al., 2016;
Frick et al., 2019; Nufez et al., 2019). Bat ecological research
and conservation efforts in Neotropical forests have documented
shifts in bat population dynamics and diversity as a result of
land-use changes, habitat loss and fragmentation (Medellin et al.,
2000; Bernard and Fenton, 2002; Meyer and Kalko, 2008; Estrada-
Villegas et al., 2012; de la Penia-Cuéllar et al., 2015; Nunez et al.,
2019). Taking into account their high species richness, bats can
be considered a good model group for studies on the impact
of human disturbance, such as landscape changes (Jones et al.,
2009; Park, 2015; Russo et al., 2021). However, insectivorous bat
fauna is typically underrepresented in most studies in Neotropics

because bat inventories have been mostly conducted using
mistnet sampling and roost search instead of using bioacoustic
approaches (Sampaio et al., 2003; Arias-Aguilar et al., 2018).

The magnitude and direction of anthropogenic effects on
Neotropical bat communities depends on the type of disturbance
(Garcia-Morales et al., 2013). Several studies report that the
number of bat species declines with increasing vegetation
disturbance (Medellin et al., 2000; Bernard and Fenton, 2002;
Estrada and Coates, 2002), whereas others report that disturbance
does not affect bats (Clarke et al., 2005; Pineda et al., 2005),
or may even increase the species richness (Vargas et al,
2008). However, these responses are known to vary between
different bat taxa, and these differences may be due, for
example, to different habitat use that can be indicated by
wing morphology or echolocation traits (Marinello and Bernard,
2014; Nunez et al., 2019). For instance, molossids (Molossidae)
are known to tolerate urbanization and agricultural expansion
(Jung and Kalko, 2011; Rodriguez-Aguilar et al., 2017) whereas
Mpyotis species, are known to be more sensitive to human-
induced changes (Rodriguez-Aguilar et al., 2017). Additionally,
most of the studies focus on cases where anthropogenic
pressure results in complete removal and destruction of natural
habitats, decreasing forest cover worldwide with acute negative
impacts on tropical biodiversity’s biological integrity (Garcia-
Morales et al., 2013; Meyer et al., 2016). On the other hand,
anthropogenic disturbances are often chronic, causing relatively
weak but continuous impact. Some studies have shown these
chronic anthropogenic disturbances may also strongly affect
species richness and composition, functional and phylogenetic
diversities, ecological processes, and ecosystem services (Leal
et al., 2014; Ribeiro et al., 2015, 2016). Moreover, chronic human
disturbance poses a legal challenge in megadiverse regions,
because the livelihood of the inhabitants frequently depend to
some extent on forest products.

In the Brazilian Caatinga, anthropogenic disturbances are
mostly chronic. The Caatinga is a Neotropical xeric shrubland
and thorn forest with an uneven and low precipitation, generally
appearing as a short, irregular wet season between April and
August (Rocha et al., 2015). It is one of the world’s most
species-rich dry forests with one of the highest degree of floristic
endemism in the world (Silva et al., 2017), but it is threatened
by human-driven habitat changes (Queiroz et al., 2017). With
over 23 million people (~12% of the Brazil’s population; 23
inhabitants per km?), the Caatinga is affected by strong chronic
anthropogenic disturbance. In recent decades, more than half of
the Caatinga area has been converted by agriculture and livestock
production, leading to a significant loss of its natural vegetation.
More than 65% of the area is already impacted, and only 0.5%
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is formally protected (Silva et al., 2018). Understanding how
the Caatinga’s rich biota respond to such impacts is considered
priority for the conservation of this large biome (Portillo-
Quintero et al., 2015). Approximately 1,400 vertebrate species
occur in the Caatinga, 183 of which are mammals (Garda et al.,
2018). Bats account for > 50% of that, with at least 96 species
including two endemic and four nationally threatened species
(Silva et al., 2018). The Caatinga also has areas harboring caves,
which are important roosting sites for large populations of
several bat species (Delgado-Jaramillo et al., 2018; Otalora-Ardila
et al., 2020). Given the widespread threat to the conservation
of the Brazilian Caatinga represented by intensive cultivation
and grazing from livestock, the assessment of the effects of
anthropogenic changes on the structure of bat assemblages may
produce practical results useful for conservation and restoration.

Our overall aim is to investigate the impact of varying amounts
of chronic human disturbance (e.g., livestock grazing and
firewood gathering) on insectivorous bat species assemblages in
Brazil’s Caatinga dry forests. We focus on the chronic disturbance
measured by the global multi-metric CAD index (GMDI),
especially generated for arid and vulnerable environments
(Arnan et al., 2018). Bat taxa are identified from passive acoustic
monitoring data using machine learning software that performs
probabilistic classification of species occurrences [Animal Sound
Identifier (ASI); Ovaskainen et al., 2018] and their responses
to environmental covariates are analyzed with an analytical
framework including hierarchical layering (Abrego et al., 2017;
Ovaskainen et al, 2017). These methods are employed in
particular to look at whether there are differences between
insectivorous taxa in their responses to human disturbance
and whether seasonal variation affects bat activity and species
assemblage. We predict that human disturbance has mixed
impacts on bat communities, both on species richness and
activity. We further predict that within the insectivorous bat
community, molossids (Molossidae) show more activity in
human-impacted habitats compared to less disturbed habitats
(Jung and Kalko, 2011; Marinello and Bernard, 2014) whereas the
response in Myotis species is contrasting (Marinello and Bernard,
2014; Rodriguez-Aguilar et al., 2017; Dietz et al., 2020).

MATERIALS AND METHODS

Study Location

The study was conducted in Catimbau National Park (08°32'54”
S; 37°14’49” W), located in the central of Pernambuco state
(Figure 1). The park has a total area of 62,294 ha with altitudes
between 370 and 1,068 m (Cavalcanti and Corréa, 2014). The
climate is semi-arid tropical, with a mean annual temperature of
23°C and rainfall between 300 and 500 mm/year (Geise et al,,
2010). The typical vegetation of Caatinga is deciduous or sub-
deciduous xerophytic shrub, perennial herbaceous (Drechsler-
Santos et al., 2010) and arboreal-shrubby (Geise et al., 2010) on
rock fields and sandy soil. The national park was established in
2002, but human inhabitants remain in the area. Their historical
presence has resulted in an extensive land use and anthropogenic
pressure on the local biota, but without acute disturbances

affecting the biota in recent decades (Arnan et al., 2018). Thus
Catimbau represents an excellent opportunity for examining
how chronic anthropogenic disturbance affects the biota of the
Caatinga. The main land use activities in Catimbau region are
small-scale, free-roaming livestock (goats and cattle) ranching,
small-scale timber extraction, firewood collection, hunting, and
harvesting of medicinal plants (Rito et al., 2017). Together, they
have a continuous effect varying from a relatively small decrease
in biomass to severe degradation (Ribeiro et al., 2015).

Study Design and Sampling Protocol

A long-term ecological project' established 20 plots along
different disturbance gradients in Catimbau National Park. We
recorded bats simultaneously in 13 of those plots (Figure 1),
separated by at least 2 km each, and with the chronic disturbance
index GMDI (Please see the section “The disturbance index
GMDI”) ranging from 9 to 58. We used AudioMoth® passive
recorders for our acoustic survey. We placed one device in each
plot 1.5 m above ground pointing toward an open space to record
from 17:15 to 05:15 h. Recorders were active 15 min twice within
each hour, at a sample rate of 384 kHz and medium gain level
(30.6 dB). This schedule was adopted to save space on memory
cards. We repeated this scheme on three consecutive nights on
three different research visits (4th-8th of September 2018, 27th
September-1st October 2018 and 18th-22nd of December 2018)
in the national park. No rainfall was documented on any of the
sampling nights. Moon phase or wind was not documented.

The Disturbance Index Global

Multi-Metric CAD Index

We used the global multi-metric disturbance index—GMDI,
developed for the Caatinga region by Arnan et al. (2018).
To calculate chronic anthropogenic disturbance indices Arnan
et al. (2018) first used 12 variables representing three different
categories: the “Geographic context” (the distances to a village,
houses and roads), the “Social-ecological context” (the number of
people, goats and cattle, and the use of firewood), and the “Local
scale” (the length of goat trails, the amount of goat and cattle
dung, wood extraction, firewood collection). Based on variables
from those 12 primary sources, they constructed three single-
disturbance pressure indices: (1) livestock pressure index, (2)
wood extraction index and (3) people pressure index (Please see
Supplementary Table 1 for the values at our study sites). Finally,
these single disturbance pressure indices were combined into a
fully integrated, multi-metric index that characterizes the overall
level of CAD (chronic anthropogenic disturbance), creating the
conceptual framework for the Global multi-metric CAD index
(GMDI). The overall GMDI theoretically ranges from 0 (lowest)
to 100 (highest level of disturbance), however, the highest value
of the original study system is 59.07. GMDI is targeted to identify
the main sources of chronic disturbance in the target region. This
conceptual framework is of particular relevance to arid and semi-
arid areas of developing countries, especially where people are
highly dependent on the extraction of a wide range of natural

'www.peldcatimbau.org
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FIGURE 1 | (A) The region of the Caatinga (violet) and the location of the study region (within the white box), (B) Catimbau National Park (red box; within
Pernambuco), and (C) the research sites (numbered circles; within Catimbau National Park). The color of numbered circles depicts the intensity of anthropogenic
disturbance with the scale of the disturbance index GMDI, white indicating the least disturbance, dark blue the most disturbance, and the range in our study varies

from 9 to 58.

resources. For a full description see Arnan et al., 2018, and for
examples on the use of GMDI see Camara et al., 2019; Oliveira
etal,,2019,2021,and Silva et al., 2019, and finally Supplementary
Table 1 for specific values at our study sites.

Identification of Species

We split the field recordings into 5-s segments, totaling 60,674
segments (5,056 min of bat activity from total of 24,060 min of
recordings from total of 100 recording nights), utilizing the noise
filter in Kaleidoscope Lite (version 5.0.3) (Wildlife Acoustics).
We analyzed the segments using the Animal Sound Identifier
(ASI; Ovaskainen et al., 2018). Initially, we identified which bat
taxa existed in our data by running the Cluster Analysis of
Kaleidoscope Pro and manually going through a subset of the
files until we had reasonable assurance that all or most of the bat
sonotypes in our data were found and manually identified with
Acoustic Identification Key of Brazilian bats (Arias-Aguilar et al.,
2018). It was possible to assign twelve sonotypes to species-level
within our dataset. However, because many sonotypes cannot
be identified to the species-level, the rest of our bat sonotypes

(N = 6) had to be classified to higher taxon-levels (comprising
potentially several species with similar calls; see Table 1). Then,
utilizing the ASI pipeline (Ovaskainen et al., 2018), we classified
all the segments for the presence-absences of the vocalizations of
the identified taxa. ASI is a MATLAB software based on machine
learning that performs probabilistic classification of species
occurrences from field recordings. Training data is generated
automatically from field data and therefore there is no need for
pre-defined reference libraries, and the quality of training data
and field data are exactly the same. We converted the probabilities
into sonotype occurrences using the 90% threshold, which
we selected as a conservative strategy to avoid false positives
(Figure 2). The resulting matrix shows the relative activity of each
sonotype based on their occurrences in each audio file segment
(see Table 1 and Supplementary Table 1 for the summary of
sonotype occurrences). Although the identification of species and
higher taxonomic units was based on the sonotypes classified
in the data, hereafter we use species names and taxonomic
units in the following sections to better highlight the biological
relevance of the results.
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TABLE 1 | Relative activity of all bat sonotypes that were found and identified
using Animal Sound Identifier (ASI) with 90% threshold in Catimbau National Park,
Pernambuco, Brazil.

Family Species/taxon Total relative activity
Emballonuridae Peropteryx macrotis 125
Peropteryx trinitatis 1
Peropteryx sp. * 15
Molossidae Eumops cf. perotis 10814
Eumops sp. ** 6740
Molossus currentium 472
Molossus molossus 71
Molossus rufus 1
Molossidae sp. *** 172
Neoplatymops mattogrossensis 20
Promops nasutus 27
Mormoopidae Pteronotus gymnonotus 344
Pteronotus personatus 11
Noctilionidae Noctilio leporinus 24
Vespertilionidae Eptesicus furinalis 8
Lasiurus sp. 13
Myotis sp. 362
Phyllostomidae Phyllostomidae sp. 61

*Peropteryx species with frequency of maximum energy (FME) between 41-42 kHz.
*Eumops species with FME close to 18 kHz and always above 15 kHz.
**Molossid species with FME appr. 18 kHz but a short call duration
(less than 10 ms).

Statistical Analyses

Animal sound identifier produces a matrix consisting of
probabilistic occurrences of identified taxonomic units in each
of the audio file segments. We excluded taxa that had less than
five occurrences in the data, and thus our analyses consist of
ng = 14 taxonomic units. We define a visit to a study plot as
our sampling unit. All study plots were visited three times in
total, with each visit consisting of three consecutive nights of
recording. Considering four AudioMoth devices were stolen or
malfunctioned, the number of visits was ny = 35. The number of

times that each taxon was recorded to be present for each audio
file segment was used as a measure of relative activity, and then
the ny x n, activity matrix was used as the starting point for the
statistical analyses.

We analyzed the data with Hierarchical Modeling of Species
Communities (HMSC; Ovaskainen et al., 2017; Ovaskainen and
Abrego, 2020). HMSC is a joint species distribution model
(Warton et al., 2015) which includes a hierarchical layer modeling
how species vary in their responses to environmental covariates
(Abrego et al., 2017). As the response variable (the matrix ny X ng
Y of HMSC; see Ovaskainen et al., 2017), we used the activity
matrix. Due to the zero-inflated nature of the data, we applied
a hurdle modeling approach, where we fitted one model for
presence-absence part of the data and another model for relative
activity conditional on presence (henceforth, activity model. Here
relative activity conditional on presence means that we excluded
cases where the species was not recorded at all by specifying the
response variables as missing NA (see Ovaskainen and Abrego,
2020 for more details on hurdle models in the context of HMSC).
We applied probit regression for the presence-absence model,
and linear regression for the log-transformed activity data for
the activity model.

We included as fixed effects (the n, x n, matrix X of HMSC,
where 7. is the number of species-specific regression parameters
to be estimated—see (Ovaskainen et al., 2017), the disturbance
index GMDI, and the survey time (categorical variable with two
classes; September and December). While our primary interest
was in the effect of the GMDI, we controlled for survey time
for its known influence on bat communities and their activity
changing during the season. We further controlled by the study
design consisting of repeated visits to the same plots by including
plot as a random effect. To identify residual species-to-species co-
occurrences, we also included the sampling unit level of the visit
as random effect.

We fitted the Hierarchical Modeling of Species Communities
(HMSC) model with the R-package Hmsc (Tikhonov et al.,
2020) assuming the default prior distributions (Ovaskainen and
Abrego, 2020). We sampled the posterior distribution with four

1F L | o O&° [
| o
08 | °
1 [ ]
06 : *
— 06 °
g | .
i | * .
04 : s
|
02} :
|
|
0 C 1 1 1 1 1 : | 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Precision
FIGURE 2 | The results of model validation, where the classification probabilities are evaluated against independent validation data in terms of their precision (x; the
proportion of classifier hits that are true detections of the target sonotype) and recall (y; the proportion of target sonotype vocalizations that are detected as hits by
the classifier), for both of which 1 is the best and O the worst value, with colors corresponding to 50% (red) and 90% (black) probability thresholds.
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Markov Chain Monte Carlo (MCMC) chains, each of which
was run for 375,000 iterations, of which the first 125,000 were
removed as burn-in. The chains were thinned by 1,000 to yield
250 posterior samples per chain and so 1,000 posterior samples
in total. We examined MCMC convergence by examining the
potential scale reduction factors (Gelman and Rubin, 1992) of the
model parameters.

We examined the explanatory and predictive powers of the
probit model through species-specific AUC (Pearce and Ferrier,
2000) and Tjur's R? (Tjur, 2009) values. The explanatory and
predictive powers of the activity model were measured by R2.
To compute explanatory power, we made model predictions
based on models fitted to all data. To compute predictive power,
we performed fivefold cross-validation, in which the sampling
units were assigned randomly to fivefold, and predictions
for each fold were based on model fitted to data on the
remaining fourfold.

To quantify the drivers of community structure, we
partitioned the explained variation among the fixed and
random effects included in the model. To address our main
study question, i.e., if and how human disturbance influences bat
communities, we examined species responses to the disturbance
index GMDI, counting what proportion of species showed
a positive or negative response with at least 75% posterior
probability (which we considered to indicate mild statistical
support) or with at least 95% posterior probability (which we
considered to indicate strong statistical support). We further
examined the effect of survey time using the same posterior
probability thresholds.

RESULTS

Species ldentification

We observed the presence and activity of 18 bat sonotypes
(12 species, five genus-level classifications, and one family-level
classification) in the sampled area. A large amount of variation
in relative activity was documented between taxa (Table 1).
The most dominant taxon (out of 18) was Eumops cf. perotis,
covering 56.09% of all relative activity. The family to which E.
cf. perotis belongs, Molossidae, is also the most dominant family
of all, covering 95.01% of all relative activity. Other families
included in the data were Vespertilionidae (1.88% of the data),
Mormoopidae (1.84% of the data), Emballonuridae (0.74% of
the data), Phyllostomidae (0.32% of the data) and Noctilionidae
(0.12% of the data).

Model Fitting

The MCMC convergence of the HMSC models was satisfactory:
the potential scale reduction factors for the p-parameters (that
measure the responses of the species to environmental covariates;
Ovaskainen et al., 2017) were on average 1.02 (maximum 1.07)
for the presence-absence model and 1.06 (maximum 1.12) for
the activity model (see Supporting Information for details). The
presence-absence model showed a good fit to the data, the mean
Tjur R? (AUC) being on average 0.35 (0.87) for explanatory
power and 0.28 (0.84) for the predictive power. The activity

model showed satisfactory model fit, the mean R? being 0.45 for
explanatory power and 0.27 predictive power.

Effect of Human Disturbance

Variance partitioning over the explanatory variables included in
the models showed that the fixed effects explained a substantial
amount of variation in the presence-absence model (survey
time = 30.2% and GMDI = 33.1%) (Figure 3A), whereas in
the activity model the survey time explained 35.4% of variation
and the human disturbance index GMDI explained 20.2%
(Figure 3B). Accounting only for responses that were positive
or negative with at least 95% posterior probability, in the
presence-absence only one of the species (Molossus molossus)
showed a positive response to human disturbance index (GMDI)
(Figure 4A), whereas in the activity model another taxon
(Mpyotis sp.) showed a negative response to GMDI (Figure 4B).
With the lower threshold of 75%, both models showed more
responses to the human disturbance. In the presence-absence
model, the lower threshold resulted in positive responses to
GMDI for Molossus currentium, Molossus molossus, Molossidae,
Mpyotis sp., Peropteryx sp., and Pteronotus gymmnonotus. In
the activity model Eumops perotis and Eumops sp. showed
positive responses to human disturbance index, and Myotis
sp., Pteronotus gymmnonotus, Peropteryx macrotis and Promops
nasutus showed negative responses.

Survey time influenced species relative activity in both
presence-absence model and in activity model. In presence-
absence model seven out of 14 taxonomic units had a higher
occurrence probability in the December survey time than in
the September survey time (Figure 4A), and in the activity
model 13 taxonomic units were more active in December
survey time (Figure 4B). Only one species, Molossus currentium,
was associated negatively to December survey with mild
statistical support (posterior probability of 75%) in the presence-
absence model.

The presence-absence model resulted in a probability of 93%,
by which a site with high GMDI has higher species richness
than a site with low GMDI. By “high and low GMDI sites”,
we refer to the highest and lowest values of GMDI among our
data (Figure 5A). The activity model gave a corresponding 80%
probability that a high GMDI site has lower relative activity than
a low GMDI site, assuming the same bats are present at both
sites (Figure 5B).

DISCUSSION

We investigated the relationship between human disturbance, bat
activity and species richness (as measured by sonotype richness
in our data) of insectivorous bats considering responses of
different taxa at sites under different anthropogenic degrees in
Brazil’s Caatinga drylands. We found trends in the association
of the disturbance gradient with the species richness and relative
activity: Species richness was higher at sites with higher human
disturbance, whereas relative activity decreased with increasing
human disturbance. Additionally, we observed that species
responded differently to the degrees of human disturbance.
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While Mpyotis bats (family Vespertilionidae) tended to decrease
activity in the most impacted research sites, Molossus molossus
(Molossidae) showed an increase, with further responses at
the lower threshold on other taxa. We also found differences
between the sampling times both in species richness and in
relative activity: both of them were higher in December than
in September. Finally, our acoustic sampling design was mostly
efficient at capturing variation in insectivorous bat activity,
whereas it did not allow the analysis of variation in nectarivorous
or frugivorous species more often sampled by mist-netting in the
tropics (Mancini et al., 2022). Bearing this in mind, we centered
discussion around conclusions we can draw from our data on
insectivorous species.

Bats are sensitive to human-based habitat changes, but in
the literature, results in studies conducted in the Neotropics are
inconsistent (Garcia-Morales et al., 2013). Some results indicate
a decrease in bat activity as disturbance increases (Fenton
et al., 1992; Medellin et al., 2000; Estrada and Coates, 2002),
whereas others indicate no effect (Clarke et al., 2005; Pineda
et al., 2005), or an opposite outcome, where areas impacted by
human activities can actually harbor more bat species than well-
preserved forests (Vargas et al., 2008; Garcia-Morales et al., 2013).
Acknowledging methodology used to measure the impacts of
disturbance varies between the aforementioned studies, our
results concur with the latter. One reason for this could be that
human settlements can offer suitable roost sites for a number
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of insectivorous bat species (especially buildings). This could
probably be the case in our study, because some bat genera
in our data are known to utilize human structures, such as
houses, bridges and towers [e.g., Peropteryx, Molossus, Promops;
(Bonaccorso, 2019; Taylor, 2019)]. However, suitable roosting
sites may not reside within, or close to, preferred foraging
areas. In the present study, bat activity was lower in areas
with more human disturbance. Some Neotropical insectivorous
species restrict their activity to the vicinity of their roosts but
others, such as the Molossids most frequent in our data, can
travel long distances between roosts and foraging areas even
in fragmented landscape (Bernard and Fenton, 2003). Our data
may include recordings of bats leaving their roosts at disturbed
sites that flew farther out to forage. This means our results may
provide biased information on the areas bat species use and,
in this respect, especially presence-absence data presents only
general trends on how bats may respond when faced with chronic
anthropogenic disturbances. Therefore, both species richness and
species activity should be used as measures when studying the
impact of human disturbance on bat communities. Additionally,

the lack of frugivorous and nectarivorous species in our data
suggest (being also consistent with other studies with an acoustic
approach, e.g., Jung and Kalko, 2011; Mancini et al., 2022)
acoustic sampling does not efficiently capture their activity.
Survey time explained a substantial amount of variation
in both models. The region where the study was conducted,
the Caatinga, is characterized by an unpredictable and low
precipitation regime, generally concentrated into a short,
irregular wet season between April and August (Rocha et al,
2015). Thus, three sampling visits (in September and December)
were all placed outside of the rainy season, but the differences
between the sampling time points were still evident regarding
both species richness and activity. Some species were only
observed in December and almost all species were also
substantially more active in December. The result is somewhat
surprising because September is closer to the wet season than
December. A previous study on the impact of seasonality on
bat communities conducted in Caatinga, bats occurred either
the same during the seasons or were more prominent in the
number of species and individuals during the wet season than
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in dry season (Rocha et al, 2015). However, Rocha et al.
(2015) used a different method (mist netting) and had only a
very few insectivores in their data, which was in total contrast
to our data. In the Neotropics, aerial insectivorous bats are
rarely sampled by harp traps or mist nets (Kalko and Handley,
2001; Mancini et al., 2022). However, the observed differences
in bat activity and species richness between sampling time
points may represent natural variation in habitat use due to the
phenology of their circannual cycle (Vasko et al., 2020), rather
than factors attributable to climatic conditions, which did not
differ markedly in our data.

Our results suggest that, in Caatinga, insectivorous bats are
not particularly sensitive to environmental alteration. However,
some patterns emerged when the responses of the different bat
groups were assessed separately for human disturbance. At the
family-level, there was higher relative activity of Molossidae
among plots, and their responses were positively associated with
human-used areas. Molossus molossus was positively associated
with disturbance index GMDI in the presence-absence model,
while other molossid species or taxa (Molossus currentium,
Molossidae sp., Eumops perotis, and Eumops sp.; see the Table 1
and Supplementary Table 1) also showed weaker positive
associations with human disturbance. In Neotropics, molossids
(Molossidae) as a group are not necessarily overly sensitive
to human disturbance: they have broad foraging plasticity,
their long narrow wings are associated with high flight speed
and reduced energy costs of flight, and their echolocation
characteristics allow the location of fast-flying prey from a
relatively long distance (Rodriguez-Aguilar et al., 2017; Hintze
etal., 2020). These ecomorphological traits have favored foraging
in open areas or areas with a low percentage of tree cover
(Kalko and Handley, 2001; Marinello and Bernard, 2014). So, in
the Caatinga drylands, those bats fly high above the vegetation
and probably do not interact with the lower habitat layers per
se. Habitat altered by humans could affect them by reducing
natural roost or prey options. However, molossids are frequently
found roosting in man-made structures and are pointed out as
species who may have benefited from human development (Jung
and Kalko, 2010, 2011; Jung and Threlfall, 2016; Voigt et al,
2016). Also Peropteryx species, that showed a weaker positive
response in the presence-absence model (Peropteryx sp.) and a
weaker negative response in the activity model for relative activity
(Peropteryx macrotis), may use man-made buildings as roosting
sites besides the natural ones (Bonaccorso, 2019).

Our data suggested Myotis bats were negatively related to
GMDI in the activity model for relative activity. Myotis are
characterized by higher flight maneuverability and produce short
broadband frequency modulated calls, which enable them to
forage in closed spaced areas such as the interior of forests
(Marinello and Bernard, 2014). In Europe, studies on a number
of Mpyotis species have indicated this genus to be sensitive to
human impact, specifically with regards to habitat selection
(Kuijper et al., 2008; Dietz et al., 2020). In urban areas, Myotis
have been associated with more preserved and greener areas
(Rodriguez-Aguilar et al., 2017). However, some studies have
shown that despite selecting for foraging habitat, the roosting
behavior does not necessarily show difference between pristine

and ruralized areas (Dietz et al., 2020). This is also suggested by
our results because although Myotis reacted negatively to human
disturbance in the activity model, they still had a slight positive
association in the presence-absence model (Figure 4A).

Although we detected different activity patterns among
taxonomic groups, overall bat relative activity was not sharply
related to chronic human disturbance gradients. This may be
related to the maintenance of minimum amounts of vegetation,
perceived by bats as adequate for their foraging activities (Avila-
Flores and Fenton, 2005; Dixon, 2011; Garcia-Morales et al., 2013;
Wordley et al., 2017). All of our sampling plots had a minimum
of at least 40% of their natural cover and the highest disturbance
index in our study area, based on the GMDI, was ~58%. So far,
negative correlations between the GMDI and other taxonomic
groups have also been observed in the Caatinga region, for
example in ant communities (Leal et al., 2014; Oliveira et al,,
2017) and in plant communities (Ribeiro et al., 2015, 2016; Zorger
etal., 2019), but for some plant species also see: Rito et al., 2017.

Another possibility is that, the degree of disturbance detected
by GMDI values alone might not be sensitive enough to explain
bat responses to chronic human disturbance. The disturbance
index GMDI adopted in the study is a more comprehensive
index compared to traditional field measurements as it also
considers socio-ecological and geographical approaches. GMDI
is particularly relevant to arid and semi-arid areas of developing
countries, where people are highly dependent on the extraction of
natural resources (Arnan et al., 2018). The unanticipated patterns
in our study could differ if each type of human impact were
to be evaluated separately. Additionally, other variables, such as
plant composition, the existence of different vegetation layers,
or even water proximity—all not considered by the GMDI—
may be useful in such an approach. Bats seem to respond to
landscape physiognomy (e.g., fragmentation and edge length)
and to a refined scale where habitats and resources are vital
(e.g., roosting and water) (Mendes et al., 2017; Rodriguez-Aguilar
et al., 2017). For example, on a local scale, prey availability, and
weather conditions are the main factors dictating site selection
by bats (Mendes et al., 2017). Indeed, some studies have revealed
that insectivorous bats can persist in anthropogenic habitats if
vital resources such as roosting, foraging, and water are available
(Ethier and Fahrig, 2011; Aratjo and Bernard, 2015; Mendes
et al., 2017; Rodriguez-Aguilar et al, 2017). Some of those
vital resources may be available for bats in our study area: we
detected feeding buzzes, inferring foraging activity and presence
of prey in our study area. However, additional variables will be
necessary to explain responses to human impacts in the Caatinga
at a refined scale.

The use of acoustic identification of bats as a research tool
has increased substantially over the past few decades but in
Neotropics, most bat inventories have mostly been conducted
using mistnet sampling and roost search (Sampaio et al., 2003;
Arias-Aguilar et al,, 2018; Pedroso et al,, 2020). Bioacoustic
methods have been used less due to the lack of high quality
reference material (Arias-Aguilar et al, 2018). The use of
acoustics has proven to be an effective method for the inventory
of insectivorous bats (Murray et al.,, 1999; Rydell et al., 2002;
Silva and Bernard, 2017; Mancini et al., 2022), but for acoustically
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similar or low amplitude species, such as phyllostomid bats,
the acoustic approach is rather ineffective (Biscardi et al., 2004;
Obrist et al., 2004; Mancini et al., 2022). Even in our study, we
partly had to rely on sonotypes, because we could not be sure
of speciel-level identifications based on echolocation parameters.
All the bat species occurred in our data are primarily insectivores,
with the exception of the piscivorous Noctilio leporinus (Wilman
etal., 2014). In our acoustic data molossids were clearly the most
abundant family responsible for 95% of all relative activity. They
typically forage well above the ground and high-flying bats have
turned out well recognizable during commuting or hunting at
high altitude, and can be recorded from a relative long distance
because their low frequency calls do not attenuate as rapidly as
the higher pithed calls of other families (Rodriguez-Aguilar et al.,
2017; Arias-Aguilar et al., 2018; Hintze et al., 2020). We suggest
this, and their large home ranges, may be one of the reasons why
molossids appear to be overrepresented in the data. The abundant
occurrence of the Molossidae in bioacoustic datasets, in terms
of both abundance and the number of species is not atypical
for most Neotropical biomes (Jung and Kalko, 2011; Rodriguez-
Aguilar et al,, 2017; Hintze et al., 2020). This not only reflects
their relative diversity and tolerance to disturbance, but also the
comparative effectiveness of bioacoustics in capturing molossid
calls (Jung and Kalko, 2010; Ballesteros-Correa and Pérez-Torres,
2022; Mancini et al., 2022). Additionally, the sound analysis
program in use (Animal Sound Identifier, ASI; Ovaskainen
et al., 2018) is based on machine learning, and therefore the
species identification skills of the user also affect the outcome.
However, the results of model validation, where the classification
probabilities are evaluated against independent validation data in
terms of their precision, was deemed satisfactory.

CONCLUSION

Given the widespread threat to the conservation of the Brazilian
Caatinga represented by intensive cultivation and grazing from
livestock, the assessment of the effects of anthropogenic changes
on the structure of bat assemblages may produce practical results
useful for conservation and restoration. It is also worth noticing
that of the tropical forests, rainforests have been much more
widely studied than dry forests even though approximately
40% of tropical forests around the world are considered dry
(Murphy and Lugo, 1986; Miles et al., 2006). Our study shows
that insectivorous Caatinga bat fauna, in general, was not
highly affected by the gradient of human disturbance. Our
results indicate that species richness is higher at sites with
higher human disturbance, while relative activity decreases as
human disturbance increases. Additionally, we detected essential
species-specific and group-specific responses, with Molossus
molossus having a positive response to human disturbance, and
Myotis species having a negative response. While represented
by relatively few species, the molossids were the predominant
group during the whole study periods, specifically in terms of
activity, and their responses were largely positively associated
with human-used areas. We conclude that the effects of chronic
anthropogenic disturbance on the bat fauna in the Caatinga

are not homogeneous and that the study of human impacts
on this biota will require species-specific approaches. Studies
using different methods for bat inventories (specifically mistnet
sampling versus bioacoustic inventory) yield results that differ
from each other (Mancini et al., 2022). The bioacoustics approach
we chose is almost exclusively suitable only for the study of
insectivores, and should be complemented with other methods
in order to obtain a more complete picture of bat communities.
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