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 i  g  h  l  i  g  h  t  s

The  replacement  of  natural  vegeta-
tion to agriculture,  pastures  or  urban
matrices decreased  genetic  diversity
in the Palla’s  long-tongued  bat.
Pallas’s  long-tongued  bat  had  a quasi-
stable range  distribution  since  the
last Glacial  Maximum.
The  Quaternary  climate  changes  had
no  significant  effects  on the  genetic
diversity  of the  Palla’s  long-tongued
bat.
Populations  of the  Palla’s  long-
tongued  bat  was differentiated  by
isolation-by-distance,  but  not  by
environment.
Our  findings  point  to  the  main-
tenance  of large  areas  of  natural
vegetation  to conserve  genetic  diver-
sity in the Palla’s  long-tongued  bat.
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a  b  s  t  r  a  c  t

Species  with  high  mobility  may  have  low  genetic  differentiation  among  populations  due  to  historical
long-distance  dispersal,  but recent  studies  show  that  bat  dispersal  may  be  affected  by  habitat  loss  and
fragmentation.  Here,  we  analyze  the effects  of landscape  contemporary  changes  and  dynamics  in  pale-
odistribution  during  the  Quaternary  on genetic  diversity  and  differentiation  in the Pallas’  long-tongued
bat,  Glossophaga  soricina.  We  sampled  18 populations  in landscapes  with  different  land  cover,  and  used
nine  microsatellite  loci  and  the  sequence  of  a fragment  of  the mitochondrial  gene  cytochrome  b (CYB)  to
obtain  genetic  data.  We  performed  ecological  niche  modelling  and  used  general  linear  mixed  models  and
optimization  of multiple  resistance  surfaces  to analyze  how  landscape  structure  and  climatic  suitability
affect  genetic  diversity  and differentiation.  Our  results  show  that the conversion  of  natural  vegetation,
such  as forests  and  savannas,  to  agriculture,  pastures  or urban  matrices  (unsuitable  habitats)  decreases
genetic  diversity  and  increases  inbreeding,  but  has  no  effect  on  genetic  differentiation  among  popula-

tions,  that  was  likely  affected  by  spatial  distance.  Our  findings  point  to the  importance  of  maintenance  of
large  areas  of  natural  vegetatio
pollinator  in  the Neotropics.
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Animal mobility and dispersal may  be affected by habitat loss
nd fragmentation (e.g. Umetsu et al., 2008; Puttker et al., 2011),
nd there is evidence of deleterious effects of habitat fragmen-
ation on genetic variability and differentiation on common and
idespread vertebrate species with high mobility (Johansson et al.,

007; Delaney et al., 2010; Levy et al., 2019). Landscape structure,
uch as matrix quality and distance among habitats, may  isolate
opulations, limiting their dispersal (Umetsu et al., 2008; Boscolo
nd Metzger, 2011) and thus, population connectivity and genetic
iversity (e.g. Dixo et al., 2009; Balkenhol et al., 2013; Jackson and
ahrig, 2016).

Moreover, climate changes during the Quaternary might also
ave affected species genetic diversity due to the cycles of popu-

ation expansion and contraction (Hewitt, 2000). Population range
ontraction may  decrease effective population size, leading to loss
f genetic diversity due to genetic drift. Shifts in species geographi-
al distributions due to the Quaternary climate changes have played
n important role in shaping the genetic diversity of animal species
n the Cerrado biome (e.g. Miranda et al., 2019). Thus, disentan-
ling contemporary and historical processes leading to population
ffective size reduction and loss of genetic diversity is important
o predict species response to changes in landscape in the Anthro-
ocene.

Bat species are differentially affected by habitat fragmentation
e.g. Gorresen and Willig, 2004; Meyer et al., 2009; Centeno-
uadros et al., 2017). Some bats avoid flying over open areas
Henry et al., 2007), watercourses (Albrecht et al., 2007), and roads
Zurcher et al., 2010). Thus, fragmentation has a potential to iso-
ate bat populations and reduce genetic connectivity (Rossiter et al.,
000) and colonization of new areas (Kerth and Petit, 2005; Russell
t al., 2005). In addition to the barriers imposed by the landscape,
eproductive behavior and historical patterns of colonization may
lso be responsible for restricted gene flow (Wilmer et al., 1999).
lthough highly mobile, bats may  show different dispersal patterns
nd breeding systems, including variation in roosting ecology, and
ocial structures (McCracken and Wilkinson, 2000), that may  affect
enetic structure (e.g. Flanders et al., 2016). Indeed, several stud-
es have shown significant population substructure in bat species
t different spatial scales (e.g. Biollaz et al., 2010; Ripperger et al.,
013; Flanders et al., 2016).

Glossophaga soricina (Pallas 1766) (Glossophaginae), the Pallas’
ong-tongued bat, is one of the most common and widespread nec-
arivorous bats in the Neotropics (Reis et al., 2005), and also feeds
n insects and fruits (Willig et al., 1993), and uses a large variety
f roosts (caves, trees, human-made structures). Adult males may
efend harems and juveniles and both males and females disperse
rom their natal colony (Pink, 1996). Because of its geographical dis-
ribution and natural history, a low effect of habitat fragmentation
n G. soricina genetic diversity may  be expected or even no effect at
ll. However, more than half of the Cerrado biome has been rapidly
ransformed into pastures and crops (Silva et al., 2006), affecting
pecies genetic diversity and inbreeding (e.g. Arruda et al., 2017)
eopardizing species long-term conservation.

Here, we address the effects of contemporary changes in land-
cape structure and paleodistribution during the Quaternary on
enetic diversity and population differentiation in G. soricina in the
errado biome. We  used a multi scale spatial approach to specif-

cally test whether habitat amount (forests and savanna), matrix
unsuitable land covers) type and past climate changes explain
he current genetic diversity and differentiation among popula-

ions. The genetic data were obtained from nuclear bi parentally
nherited microsatellite loci and the maternally inherited mito-
hondrial cytochrome B gene (CYB). Thus, using data from markers
ith different inheritance and evolutionary rates our data may
and Conservation 18 (2020) 169–177

track differences in dispersal between male and female bats and
also differences in time of response to Quaternary climate changes
and current landscape changes. We  expect to find significant rela-
tionships between landscape structure and genetic diversity and
differentiation for microsatellite loci, but not for CYB.  Conversely,
we expect that CYB genetic parameters will be better explained
by climatic changes and historical effective population size due to
lower mutation rate.

Materials and methods

Populations and tissues sampling

We  sampled 18 populations (229 individuals) of G. soricina
throughout the Brazilian Cerrado biome (Fig. 1, Table S1). Pop-
ulations were selected in landscapes with different land use
composition, such as habitat (savanna and forest) amount and
matrix (unsuitable land cover) type. Bats were captured with mist
nets installed at ground level and we sampled approximately 3 mm
of the wing membrane (see details in Supplementary File S1).

Genetic data

For genetic data, DNA was  extracted and individuals were geno-
typed using nine microsatellite loci previously developed for G.
soricina (Oprea et al., 2012). For sequencing, we  used the primers
described by Irwin et al. (1991) to amplify a 1140 bp fragment of
the cytochrome-b mitochondrial gene (CYB). Details of the proto-
cols for genotyping and sequencing are described in Supplementary
File S1.

To obtain genetic parameters for microsatellite loci we
estimated genetic diversity (heterozygosity expected under
Hardy–Weinberg equilibrium, He), inbreeding coefficient (f) and
allelic richness for each population. For population genetic differ-
entiation we estimated Wright’s FST (Wright, 1951), G’ST (Hedrick,
2005) and Jost’s D (Jost, 2008) using PopGenReport package (Gruber
and Adamack, 2019) implemented in R 3.6.1. (R Core team, 2019).

We used a Bayesian clustering method implemented in the soft-
ware Structure 2.3.4 (Pritchard et al., 2000), to identify genetically
homogeneous groups within our samples. We  estimated a pos-
teriori probability of K (number of groups) ranging from 1 to 18
(corresponding to each sampled locality).

For CYB, we estimated nucleotide (�) and haplotype (h) diversity
for each population, and population differentiation (FST ) using the
software Arlequin 3.11 (Excoffier et al., 2005). Population structure
was also assessed using Bayesian clustering implemented in the
software BAPS v6.0 (Corander et al., 2008) with an upper limit of K
= 18.

To understand the geographical distribution and phylogenetic
relationships among mtDNA haplotypes, we inferred a haplotype
network using the software NETWORK 4.6.1.6 (Forster et al., 2004).
Details of genetic analyses are provided in Supplementary File S1.

Effective population size and connectivity

Because genetic diversity may  be an effect of changes in effective
population size we estimated historical and contemporary effec-
tive population sizes (Ne). Contemporary Ne was  calculated for
microsatellite loci for each population with Ne Estimator v. 2.01
(Do et al., 2014) using the molecular coancestry method (Nomura,

2008) to verify the effect of population size on genetic parameters.

We estimated historical Ne using coalescent analysis for both
microsatellite loci and CYB. We  estimated the mutation parame-
ter theta (�) and the number of immigrants per generation among
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Fig. 1. Geographical distribution of the 18 samples of Glossophaga soricina in the Brazilian Cerrado and sampling design for landscape analysis. Two  circular
buffers  delimited each population. The inner buffer has 2 km radius (red line) and the outer (black line) has 5 km radius. Land use categories are in legends.
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ther refers to mixing categories not detectable at the map scale. Land use
ttp://mapas.mma.gov.br/mapas/aplic/probio/datadownload.htm.

ll population pairs using Lamarc 2.1.10 software (Kuhner, 2006).
etails are described in Supplementary File S1.

cological niche modeling

We  obtained 13,069 occurrence records of G. soricina across the
eotropics (Fig. S1). After data filtering, the remaining 2353 occur-

ence records (Table S2) were mapped in a grid of cells of 2.5′ × 2.5′

longitude × latitude), encompassing the Neotropics, to generate
he matrix of presence used to calibrate the ENMs.

The climatic layers were represented by five bioclimatic
ariables: annual mean temperature, mean diurnal range, isother-
ality, precipitation of wettest quarter, and precipitation of driest

uarter, selected by factorial analysis with Varimax rotation from
9 bioclimatic variables obtained in the ecoClimate database
Lima-Ribeiro et al., 2015). Bioclimatic variables were obtained
or pre-industrial (representing current climate conditions), mid-
olocene (6 ka) and Last Glacial Maximum (LGM; 21 ka) from five
tmosphere-Ocean General Circulation Models (AOGCM) (Table
3).

Estimates of the current and past potential distribution of G.
oricina were obtained by modeling its ecological niche using five
lgorithms (Table S4). The ENMs were then built on the current cli-
atic scenario and projected onto the climatic conditions during
oth the mid-Holocene (6 ka) and LGM (21 ka). All ENM procedures
ere run in the integrated computational platform BIOENSEM-
LES, which provides predictions based on the ensemble approach
Diniz-Filho et al., 2009).
 was obtained from the MMA  (Brazilian Ministry of Environment) database

For each algorithm and AOGCM, models were built using 75% of
occurrences and tested against the remaining records (25%). Models
with poor performance were eliminated (TSS < 0.7). The frequency
of predicted presence was used as a measure of consensus suitabil-
ity from 50 initial models.

Finally, the full ensemble was obtained for each time period
using the predictive performances (TSS) to compute a weighted
mean of suitabilities, from which historical refugia were mapped
(i.e. all grid cells with suitability values ≥ 0.5 during the three time
periods). Details are provided in Supplementary File S1.

Landscape and climatic effects on genetic diversity

To analyze the effect of landscape structure on genetic diver-
sity we  quantified landscape variables at node level (Wagner and
Fortin, 2013). We drew landscape-buffers of 2.0 and 5.0 km radius
around each sampled location (Fig. 1) using high-resolution images
available at the map  database of the Geographic Information Sys-
tem in ArcGis v.9.3 (ESRI®a). We  chose these landscape-buffer sizes
because of the home range of G. soricina (e.g. Aguiar et al., 2014).

In each landscape-buffer we  classified the land cover and calcu-
lated the area and the percentage of each land cover type inside
each buffer (Fig. 1, Table S5) using ArcGis v.9.3. We  examined

the correlation among land cover amounts and excluded those
with Pearson’s correlation ≥

∣
∣0.5

∣
∣, to avoid collinearity. We  kept

percentage of natural vegetation remnants (forests and savanna),
representing habitat amount, and for matrix we  used matrix type

http://mapas.mma.gov.br/mapas/aplic/probio/datadownload.htm
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Fig. 2. Bayesian clustering for microsatellite loci and CYB of 18 Glossophaga soricina populations in Brazilian Cerrado. The black full lines indicate possible genetic discontinuity
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etween localities based on Delaunay’s triangulation for microsatellite loci and gre
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pasture, agriculture, urban area, water body, mining and outcrops
nd mixed use).

We used Generalized Linear Mixed Model (GLMM)  to analyze
he effects of landscape structure and paleodistribution on genetic
arameters. We  used as explanatory variables matrix type and per-
entage of natural vegetation remnants, suitability at present day
erived from ENM and climatic stability. We  also used historical
based on coalescence) and contemporary (based on coancestry)
e in each locality as explanatory variables.

We  built several models with combinations of explanatory
ariables and a null model. Analyses were carried out using the
CMCglmm package (Haldfield, 2019) implemented in R 3.6.1. (R

ore team, 2019). To select which model best explains the observed
ariation in genetic parameters among landscapes we calculated
IC corrected for small samples (AICc) and �AICci,  i.e. the dif-

erence between each model (i) and the best models (Burnham
nd Anderson, 2002). Details are provided in Supplementary File
1.

andscape and climatic effects on genetic differentiation

To perform the analysis at the link level (Wagner and Fortin,
013), we used ResistanceGA package (Peterman, 2018), imple-
ented in R 3.6.1. to optimize multiple resistance surfaces

imultaneously. For genetic distance matrix we used the genetic
ifferentiation among all pairs of populations (Tables S6–S9):
ST (for both microsatellites and CYB), and GST ’ and Jost’ D for
icrosatellites. For resistance matrix we extracted the land cover

etween all pairs of populations and converted land use in
esistance surface. We  also used the consensus map  of ENM at
resent-day for resistance due to climate, and the geographical
istance matrix to account for isolation-by-distance. Optimization

as performed with the function gdistance/commuteDistance. To

elect the most likely model, we used �AICci.
We also analyzed genetic discontinuity among populations

sing the Delaunay network (Legendre and Legendre, 1998) imple-
 CYB. Different colors were assigned for each cluster according to the figure legend.
le S1 for population code and locality. Land use map was obtained from the MMA
io/datadownload.htm.

mented in the software SAM v.4 (Rangel et al., 2010), for both
microsatellites and CYB. Details are provided in Supplementary File
S1.

Results

Genetic diversity and population differentiation

Populations had similar levels of genetic diversity and poly-
morphism (Table S10) despite the differences in sample size. The
inbreeding coefficients were significantly different from zero for
most populations (Table S10). Most pairs of populations had low
values of pairwise FST (Table S6), pairwise Jost’s D and pairwise G’ST

(Tables S7 and S9); the only exception was  population 18, which
showed high and significant values for all comparisons. Details of
results are provided in Supplementary File S1.

Bayesian clustering based on microsatellite loci showed that
three clusters (K = 3, Fig. S2, Table S11) were most likely. Clus-
ter 1 (green, Fig. 2) comprised most populations. Cluster 2 (yellow,
Fig. 2) comprised mainly population 18. Populations from South-
east Brazil (14 and 15, Fig. 2) were equally assigned to clusters 1
and 3.

We  found 171 different CYB haplotypes for the 229 individuals
of G. soricina (Table S12). All populations showed high haplotype
and nucleotide diversities and most haplotypes were exclusive to
one population (Tables S101, S12, Fig. S3). Haplotypes from pop-
ulation 18 (H158, Fig. S3), 1 (H01) and 14 (H117) were the most
differentiated and were exclusive to these populations (Fig. S3,
Table S12).

Populations showed high pairwise FST (Table S9). Bayesian clus-
tering showed an optimal partition of K = 3 clusters (Fig. 2, Table
S13), but with no clear geographical pattern.
Contemporary and historical effective population sizes were
low for all populations (Table S10). Overall, the number of migrants
per generation was  high (Nem > 1.0) between all pairs of popula-
tions (Table S14) for both microsatellites and CYB.

http://mapas.mma.gov.br/mapas/aplic/probio/datadownload.htm
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cological niche modeling

Glossophaga soricina showed a clear preference for hot climate
cross the Neotropics (Fig. 3) with high frequency of occurrence in
avannas, seasonally dry and rain forests of the Neotropics. Such
limate space was equally available at the LGM, mid-Holocene and
resent day (Fig. 3, Figs. S4, S5, Table S15), and thus ENMs pre-
icted only a slight difference in G. soricina potential distribution
hrough time, with a slightly larger range size at the LGM (Fig. 3,
ig. S5) compared to both the mid-Holocene and present-day. In
ddition, a wide region across eastern, northeastern Brazil, towards
entral-west Amazonia and northern South America and western
esoAmerica probably acted as historical refugia maintaining pop-
lations of G. soricina during the climate changes throughout the
ast glaciation cycle (Fig. 3). ENMs also showed a range shift in
eographical distribution towards the southeast Brazil, especially
rom the LGM to the mid-Holocene (Fig. 3, Fig. S5). From the mid-
ricina, based on ecological niche modelling during the LGM (21ka), mid-Holocene
resent-day). Red dots are the 18 populations sampled.

Holocene to present-day, ENM showed quasi-stability in G. soricina
geographical range (Fig. 3, Fig. S5). See details in Supplementary
File S1.

Landscape and climatic effects on genetic diversity

Overall, models including matrix type explained better the vari-
ation in genetic parameters for microsatellite loci (Figs. 4A, S6A,
Table S16) and CYB (Fig. 4B, Fig. S6B, Table S16) at both spatial scales.
Although models with effective population size (Ne) and matrix
type had significant coefficients for k and h (Table S16), they were

less likely than models comprising only matrix type (Figs. 4 and
S6). Models including climatic suitability or percentage of natural
vegetation remnants were less likely than models with matrix type
(Table S16).
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andscape and climatic effects on genetic differentiation

Genetic differentiation among populations was not explained by
andscape or climatic resistance to G. soricina dispersal (Table S17,
igs. S7–S10). The null model was the best model for both CYB and
icrosatellites, however geographic distance could not be rejected

s a factor explaining the variation in genetic differentiation among
opulations for microsatellites (Table S17).

We found discontinuity between pairs of populations, i.e.
igher FST than expected by the spatial distance between pairs of
opulations. For microsatellite loci population 18 was  the most dif-
erentiated. We  found evidence for discontinuity between five pairs
f populations: 4–7, 2–18, 3–18, 7–18, and 9–18 (Fig. 2, Table S17).
or CYB, population 17 was the most divergent. We  found discon-
inuity between 4–6, 5–17, 6–17, 7–17, 12–17 and 16–17 (Fig. 2,
able S18).

iscussion

ontemporary changes in landscape and genetic diversity

Our findings show that contemporary changes in landscape
ffects genetic diversity in populations of Glossophaga soricina from

he Cerrrado biome. The replacement of natural vegetation, such as
orests and savannas, to agriculture, pastures or urban areas may
ecrease genetic diversity and increase inbreeding. The influence
ccurs at both spatial scales analyzed here (2 and 5 km buffers).
 microsatellite loci and sequencing of CYB for 18 Glossophaga soricina in Brazilian
ed on wAICc (Akaike’s weight of evidence) and the model coefficients (�) for (A)
s). See Fig. S6 for 5 km spatial scale. He,  genetic diversity; f, inbreeding coefficient;
ty.

The effects of scale on the relationships between landscape
structure and bat occurrence, abundance and population genetic
structure have been reported previously (e.g. Gorresen et al., 2005;
Razgour et al., 2014). The lack of scale effect in our study may  be due
to G. soricina’s dispersal ability and its foraging and mating behav-
ior. The home range of the species is larger than 2 km,  and the
maximum flight distance tracked so far was  3.8 km (Aguiar et al.,
2014). However, G. soricina makes colonies and harems defended
by adult males, which may  constraint dispersal and cause the high
inbreeding observed. In addition, the dispersal constrain due to
mating behavior may  also isolate colonies of G. soricina, explain-
ing the effect of matrix type on inbreeding. Smaller bats, such as
G. soricina, may  be more affected by landscape changes indepen-
dent of the geographical distribution. For instance, genetic diversity
and gene flow in Carollia castanea, a small widely distributed bat
species, are negatively affected by loss of habitat (forests) whereas
the larger Artibeus jamaicencis is not affected by percentage of forest
and matrix (Cleary et al., 2017). Likewise, Carollia perspicillata show
loss of genetic diversity due to habitat fragmentation, contrasting
to Uroderma bilobatum,  a larger more vagile species (Meyer et al.,
2009).

Mating behavior and philopatry may  affect population structure
in bats and increase relatedness within populations and inbreeding

(Biollaz et al., 2010; Ripperger et al., 2013; Flanders et al., 2016).
Our findings show higher genetic differentiation for mitochon-
drial CYB than for nuclear microsatellites, which may  be evidence
of female philopatry, i.e., males disperse more frequently than
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emales. However, it is important to note that the mitochondrial
enome (mtDNA) is maternally inherited without recombination
nd the effective population size of mtDNA is smaller than that of
he nuclear genome, thereby leading to a higher rate of allele fixa-
ion by genetic drift for mtDNA than for nuclear DNA (Birky et al.,
983). Effective population size may  be one of the most impor-
ant factors influencing rates of molecular evolution (Lanfear et al.,
014). Thus, differences between microsatellite loci and CYB may
e due to differences in dispersal behavior but also in evolution-
ry rates. Moreover, genetic differentiation at microsatellite loci
nd CYB showed different responses to geographical distance. CYB
howed no effect of spatial distance likely because males disperse
ore frequently than females.
Here we found no effect of land cover in genetic differentiation

t both CYB and microsatellite loci. However, we found discon-
inuity in several pairs of populations, meaning that some pairs
f populations have higher FST than expected by their geograph-
cal distance. The genetic discontinuity may  be due to the recent
ragmentation and anthropogenic disturbance because populations
howing genetic discontinuity for microsatellite loci are imbedded
n urban areas, agriculture or pasture that may  affect the dispersal
f G. soricina among localities, restricting gene flow and increasing
nbreeding. For instance, population 18 is within a conservation
nit, which has pristine vegetation and a wide variation in food
esources, surrounded by extensive agriculture areas (mainly soy-
ean and corn). The region presents high number of well-preserved
aves, which are used as roosts by the species. All these characteris-
ics may  favor bats staying within the conservation unit, decreasing
he connectivity of this population (18) even with populations at
lose distance, such as populations 2, 3 and 9 (see Fig. 2), leading to

 genetic boundary. In fact, larger and more stable caves and sur-
ounded by natural vegetation can have more bat species and larger
opulations (e.g. Barros et al., 2020). Population 9 is also within a
onservation unit, however, with extensive areas of savanna and
o caves, which may  favor G. soricina dispersal, decreasing discon-
inuity. Population 17 is surrounded by crops and mining industry,
hich may  isolate the G. soricina population.

In addition, CYB showed different patterns of discontinuity and
ayesian clustering compared to microsatellite loci. For instance,
opulation 18 showed high connectivity with other populations
nd no genetic discontinuity for CYB. On the other hand, popula-
ion 17 had high differentiation and discontinuity for CYB, but not
or microsatellites. This result may  be due to different dispersal
attern between males and females or due to differences in evolu-
ionary rates. Microsatellites may  show signals of current landscape
hanges while CYB may  show the effects of historical connectivity
nd paleodistribution (see below). Indeed, bats may  show male-
iased dispersal that can be highly affected by landscape changes
nd habitat loss, leading to loss of genetic diversity (Halczok et al.,
018).

Despite the high level of fragmentation and anthropogenic
isturbances in the Brazilian Cerrado, the studied populations
f G. soricina presented relatively high genetic diversity at both
icrosatellite loci and CYB, similar to the levels of other Phyllosto-
idae bats such as Lophostoma silviculum (He = 0.490; Dechmann

t al., 2002), Carollia brevicauda (He ranging from 0.430 to 0.940;
ardeleben et al., 2007) and Dermanura watsoni (h ranging from
.902 to 0.991, and number of haplotypes ranging from 11 to 21;
ipperger et al., 2013). Our results also show low but significant dif-

erentiation for microsatellite loci (FST = 0.056, P < 0.0001) among
opulations of G. soricina in the Brazilian Cerrado, similar to other
at species, such as Plecotus auritus (FST ranging from 0.011 to

.026; Burland and Wilmer, 2001) and Nyctalus azoreum (FST rang-

ng from 0.009 to 0.036; Salgueiro et al., 2008;). The low genetic
ifferentiation among populations may  be the outcome of historical

ong-distance dispersal. In fact, Bayesian clustering showed three
and Conservation 18 (2020) 169–177 175

genetic groups indicating weak genetic structure among sites with
high levels of gene flow. The only exception was population 18,
which showed high and significant values of pairwise FST for all
comparisons.

Paleodistribution dynamics affected genetic boundaries between
populations

We found no evidence that paleodistribution changes during
the Quaternary significantly affected the genetic parameters ana-
lyzed. The lack of significant effect may  be due to the quasi stability
of G. soricina’s geographical range since the LGM. In fact, our find-
ings show a slightly larger geographical range during the LGM than
at the mid-Holocene or present-day, showing that G. soricina may
have expanded its distribution during the glacial periods of the
Quaternary, when seasonally dry forests and opened vegetation
expanded their distributions (Pennington et al., 2000).

Nevertheless, the large areas of high suitability through the
Quaternary may  have been historical climatic refugia, maintain-
ing populations through time. The historical refugia provided a
source of migrants to colonize new suitable areas while the species
was tracking climatic niche. ENM showed that several populations
of G. soricina in Central Brazil were outside the climatic refugia
(see Fig. 3) from the LGM to present-day, explaining the genetic
discontinuity at CYB between some populations, such as popu-
lation 17. On the other hand, some populations were connected
in the past, such as population 18, and contemporary landscape
changes may  have isolated populations leading to low connec-
tivity and genetic discontinuity at microsatellite loci. Thus, the
genetic boundaries among populations may  be due to both, the
paleodistribution dynamics in the Quaternary, and the contempo-
rary landscape changes.

Concluding remarks

Our findings show loss of genetic diversity in populations of
G. soricina in the Brazilian Cerrado due to contemporary changes
in landscape, despite the high dispersal ability. Our results also
show isolation of populations surrounded by pasture, agriculture
or urban area, increasing inbreeding. Less distance among natu-
ral vegetation remnants may  also increase population connectivity,
decreasing genetic differentiation. Although paleodistribution did
not explain variation in genetic diversity and differentiation among
populations, historical refugia may  explain the patterns of genetic
boundaries between pairs of populations.

Our findings highlight the effects of habitat loss and spatial dis-
tance among remnants in genetic diversity and differentiation of
highly mobile and widely distributed species, such as the Pallas’
long-tongued bat, highlighting the harmful effects of habitat loss for
bat species and genetic diversity (e.g. Meyer et al., 2009; Muylaert
et al., 2016; Cleary et al., 2017) Ecological interactions may  also be
affected in the way  fragmentation affects G. soricina since ecolog-
ical processes, such as pollination and seed dispersal may also be
affected, modifying ecosystem dynamics and regeneration.

Moreover, our results suggest that conservation planning for
G. soricina may  be based on the local pattern of landscape struc-
ture, protecting natural vegetation remnants to increase population
genetic diversity and connectivity.
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NA sequences

CYB sequence data are available at GenBank (https://www.ncbi.
lm.nih.gov/), access number from MN719187 to MN719369.
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