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Bat populations employ rich vocal repertoires for social communication in addition to
emitting sound pulses for echolocation. Acoustic parameters of echolocation pulses
can vary with the context in which they are emitted, and also with the individual and
across populations as a whole. The acoustic parameters of social vocalizations, or
“calls”, also vary with the individual and context, but not much is known about their
variation across populations at different geographic locations. Here, we leveraged the
detailed acoustic classification of social vocalizations available for the Great Himalayan
leaf-nosed bat, Hipposideros armiger, to examine geographic variation in five commonly
emitted simple syllable types. We hypothesized that individuals within geographically
dispersed populations communicate using spectrographically similar constructs or
“syllable types”. We also examined whether call syllables vary discordantly with the
correlation pattern observed for echolocation pulses across those same geographic
regions. Furthermore, we postulated that the acoustic boundaries of a syllable type
are not uniquely constrained to its variation within a particular population of the same
subspecies. To test our hypotheses, we obtained recordings of social calls of H. a.
armiger from nine locations within the oriental region. These locations were consolidated
into five geographic regions based on previously established region-specific differences
in the peak frequency of echolocation pulses. A multivariate cluster analysis established
that unlike echolocation pulses, syllable types exhibit a relatively large variance. Analysis
of this variance showed significant differences in Least Squares Means estimates,
establishing significant population-level differences in the multiparametric means of
individual syllable types across geographic regions. Multivariate discriminant analysis
confirmed the presence of region-specific centroids for different syllable constructs,
but also showed a large overlap of their multiparametric boundaries across geographic
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regions. We propose that despite differences in the population-specific core construct
of a syllable type, bats maximize acoustic variation across individuals within a population
irrespective of its overflow and overlap with other populations.

Keywords: bioacoustic signals, social communication, echolocating bats, population divergence, vocalizations,
dialects, geographic variation, speech

INTRODUCTION

Morphometric variation is a key substrate for natural selection
(Darwin, 1859). Similarly, acoustic variation for audiovocal social
communication has also been useful for determining whether
a population represents a subspecies or an acoustically isolated,
separate species (Wright, 1996; MacDougall-Shackleton and
MacDougall-Shackleton, 2001; Hoskin et al., 2005; Puechmaille
et al, 2011; Toews, 2017; Liu et al, 2019; Garcia et al,
2020). Non-verbal aspects of variations in speech sounds in
humans, identified as dialects, are an example of population-level
differences, resulting from the rapid and geographically diverse
diaspora of humankind (Lee and Hasegawa, 2014; Hua et al,
2019). In songbirds, the ecological and evolutionary advantages
of the presence of dialects and variations in song production
across different populations have been elucidated in a few species
(Krebs and Kroodsma, 1980; Naguib et al., 2009), but rarely
quantified within a statistical framework. In gray mouse lemurs,
a nocturnal primate species, advertisement calls diverge but also
overlap among sympatric and allopatric species (Braune et al,
2008).

Studies of systematic variation in acoustic characteristics of
human-imperceptible, ultrasonic communication sounds, such
as those emitted by whales, dolphins and bats, have lagged behind
the description of human-perceptible vocalization of non-human
species. It can be challenging to both record and quantify social
vocalizations in bat species given the many call types and their
relatively infrequent emission within a colony of hundreds to
thousands of bats roosting in locations that are difficult to access.
Advances in high bandwidth sampling and mobile technologies
and the computational power affording ease of analyses within a
multivariate statistical framework have only recently opened the
possibility of examining ecological and evolutionary mechanisms
at play in bat species vocalizing in the ultrasonic range (Bradbury
and Vehrencamp, 2011). We are, therefore, now in a position to
examine the presence of geographic variation in acoustic traits for
ultrasonic social vocal communication.

Among mammals, many bat species show a wide geographic
distribution under varying climatic and physical conditions
owing to flight (Fleming and Eby, 2003; Luo et al., 2019). Their
wide-bandwidth vocalizations extend to the ultrasonic range
and are used for echolocation as well as social communication.
Bats continuously emit echolocation pulses during foraging and
in other contexts so as to visualize their environment. A vast
number of studies in many bat species demonstrate acoustic
diversity and variation in the echolocation pulses (produced for
navigation and foraging) at the individual level (Kazial et al., 2001;
Hiryu et al., 2006; Luo et al., 2012; Matthew et al., 2014; Wu et al.,
2021), and most recently at the population/geographic levels

(Gillam and McCracken, 2007; Yoshino et al., 2008; Jiang et al.,
2010; Lin et al., 2015a; Zhang et al., 2018; Lopez-Bosch et al., 2021;
Rossoni et al., 2021). Sounds emitted for social communication
also vary with the individual, the specific audience or context,
the physiological/emotional state of the emitter and the time
of day in which they are emitted (Behr and von Helversen,
2004; Bohn et al., 2008, 2009). Acoustic characteristics of social
vocalizations may also correlate with phenotypic variation across
geographically isolated populations. Only in the last few years, the
communication sounds made by a few different species of bats
have been recorded, identified and systematically characterized
from an acoustics standpoint (Kanwal et al., 1994; Davidson
and Wilkinson, 2002; Behr and von Helversen, 2004; Ma et al.,
2006; Melendez et al., 2006; Bohn et al., 2008; Gadziola et al.,
2012; Lin et al., 2015b), making it now possible to examine their
geographic variation.

The Great Himalayan leaf-nosed bat, Hipposideros armiger
(Chiroptera: Hipposideridae) emits echolocation pulses that are
characterized by a constant frequency (CF) component followed
by a downward frequency modulation (FM) component. This
species is widely distributed in South China (IUCN, 2014),
where they are characterized by a high degree of environmental
heterogeneity. From a morphological characterization of 16
external measurements, including forearm length, 25 skull
measurements and the sequence analysis of two mitochondrial
genes (cytochrome-b and D-loop), it has been established that
H. armiger is represented in China by only one subspecies,
H. a. armiger (Bu et al., 2017). Substantial gene flow is
present across populations from different geographic regions
(Lin et al, 2014). Our previous study demonstrated that the
structural diversity of communicative vocalizations in H. armiger
rival those of the most vocal bat species (Lin et al, 2016).
Its well-organized syllabic repertoire consists of 35 distinct
“syllable types” with 18 being classified as simple syllables and
17 as composites. Simple syllables contained 4 CF syllables,
13 FM syllables, and 1 noise burst type syllable. H. armiger
usually strings together either the same (as in a syllable
train) or different syllable types when vocalizing for social
communication. The syntactic rules for these combinations
have not been systematically studied. From a purely subspecies
standpoint, no statistically significant geographic differences
in multiparametric acoustic boundaries are expected for
any syllable type.

Here we leverage the spectrographic diversity of social
vocalizations in H. armiger and the quantitative data available
on the statistically verifiable acoustic classifiers of syllable types
(Lin et al., 2016) to test the hypothesis that individuals within
and across geographically isolated populations communicate
using the same syllable set. Toward this end, we recorded
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daytime social vocalizations and retrieved similar data on
echolocation vocalizations within each population. We were
interested in knowing whether communication and echolocation
vocalizations vary discordantly across populations. More
importantly, we wanted to test (1) that individuals within
geographically separate regions communicate using acoustically
similar constructs or syllable types, and (2) the acoustic
variation in each syllable type is universal across populations,
i.e., the multiparametric acoustic centroids and upper bounds
of a particular syllable type are not uniquely constrained
within a parent population (null hypothesis). Alternately, the
geographic variation of acoustic parameters within a syllable
type may be regionally constrained and originate from an
acoustic structure that is unique to each population. Given
the constraints elaborated above, this is the first systematic
and in-depth analysis of geographic variation in multiple
syllable types in a bat subspecies. The results of this study
pave the way for a deeper understanding of the ecologic,
genetic, morphologic, and physiologic factors influencing
acoustic variation for audiovocal communication in mammals,
including humans.

MATERIALS AND METHODS

Sound Recordings

This study builds on the data on echolocation vocalizations
within the same populations in H. a. armiger (Lin et al., 2015a).
Briefly, bats from each population were collected and taken into
a temporary laboratory (9 m long x 9 m wide x 5 m high)
set up near the roost. A total of 139 individuals from nine
localities were collected for sound recording, with 19, 20, 11, 15,
13,9, 19, 23, and 10 for Anlong (AL), Beichuan (BC), Chongyi
(CY), Fanchang (FC), Guilin (GL), Lingshui (LS), Hanzhong
(HZ), Jiangkou (JK), and Simao (SM), respectively. Resting
echolocation pulses were recorded for all individuals, with the
microphone located at ~2 m from the bat. Pulses were recorded
using the UltraSoundGate 116, with a sample rate of 375 kHz
at 16 bits/sample.

During March to June 2011, vocalizations of H. armiger
were recorded from nine localities in China, i.e., AL, BC, CY,
FC, GL, LS, HZ, JK, and SM (Figure 1A inset), from where
echolocation vocalizations of this species have been reported
by Lin et al. (2015a). We conducted sound recordings in caves
during 16:30-19:50 h when the bats were the most active
prior to their nightly emergence from caves. Vocalizations were
recorded using an ultrasound recording system (UltraSoundGate
116, Avisoft Bioacoustics, Berlin, Germany), with a sample rate
of 375 kHz at 16 bits/sample. A microphone was positioned
with a distance 3-7 m far from bat colonies, and the
microphone position was changed every day to minimize the
possibility of obtaining recordings from the same group of
bats each time. Vocalizations were recorded every 2-3 days,
to achieve a total of 7-10 days of recordings for each locality.
This study followed ASM guidelines and was approved by
National Animal Research Authority in Northeast Normal
University, China.

Analysis of Acoustic Structure

A syllable is defined as a discrete part of a call which is surrounded
by periods of silence (Kanwal et al.,, 1994). It is the smallest
unit of a bat communication call. A simple syllable consists of
a single predominant sound element, and a composite syllable
is made up of two or more types of distinct components.
The classification of simple syllabic calls followed the scheme
introduced by Kanwal et al. (1994) that was based on quantitative
and geometric descriptions of the sound spectrograms. We
previously selected the vocalizations of the population in AL
for syllable identification and classification (Lin et al., 2016).
We selected the same syllable type from a daily dataset of
vocalizations with recordings obtained as far apart in time
as possible. We selected only one high-quality (signal-to-noise
ratio > 40 dB) example from a call sequence. This minimized
the possibility of pseudo-replication given that each vocal sample
could not be unambiguously matched to an individual. Each
syllable analyzed was initially normalized to amplitudes of 0.75v.
We determined the duration, peak frequency (fpeqr), minimum
frequency (fmin), maximum frequency (fmax), and bandwidth,
and calculated center frequency (fcent = fmax-bandwidth/2) of
the first harmonic of each syllable using Avisoft SASLab pro
software (Lin et al., 2016). Frequency parameters were measured
from spectrograms using a sample rate of 250 kHz with a
1,024 pt. FFT (Hamming window, 93.75% overlap), resulting in a
frequency resolution of 244 Hz, and duration was measured from
the oscillogram.

Statistical Analysis of Geographic

Variation

Earlier, echolocation pulse parameters were characterized for
local populations. Mean peak frequencies of echolocation pulses
with a maximum variation of about 6 kHz (66.80-72.51 kHz),
showed significant differences across populations, clustering
into three distinct groups: Eastern and Western China, Hainan
(HN), and Southern Yunnan (SY). This geographic distinction
across populations was shown to result from the action of
both indirect ecological selection and cultural drift (Lin et al,
2015a). Some populations of H. armiger were grouped together,
however, within wider geographic regions based purely on either
maternally inherited markers (HN and EC populations) or on bi-
parentally inherited markers (HN and WC populations; Lin et al.,
2014).

Using location proximity from a multidimensional scaling
(MDS) analysis of the echolocation pulse data (variation in peak
frequency values) available from the 17 original locations; Lin
et al., 2015a), we grouped the nine populations relevant for this
study into five non-overlapping regions/zones represented on
the first dimension of the MDS plot (see Figure 2 in Lin et al,,
2015a). These regions include Northeastern China (FC), Central
South China (SC; AL and JK populations in the West and those
of GL and CY in the East), Northern China (NC; BC and HZ
populations), Southwestern Yunnan (SM), and Hainan-island
(LS). Syllable types that were the most frequently observed and
shared among these five regions were selected for geographic
variation analysis.
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The variation of the syllables derives from three levels, i.e.,
the region level, population (or location) level, and individual
level (irrespective of region or location). Multivariate K-means
cluster analysis was used to compare the variation between
syllable types within each region and between syllables and pulses
and the multivariate distances within syllable types and between
syllables and echolocation pulses for each region. To determine
whether the nine populations differed significantly in the basic
construction of syllable types, we first performed cluster analysis
followed by independent principal component analysis (PCA)
with the eight spectro-temporal parameters (fpears fmin> fmax
fcent, duration, bandwidth, and FM rate and direction), and
used the obtained PCA scores to perform discriminant function
analysis (DFA) for each syllable type.

We also calculated acoustic Euclidean distance between
population mean values of each acoustic parameter for each
syllable type using JMP Pro software (v. 16.2; SAS Institute
Inc., United States) to test geographic effects for syllable types,
following a comparison of means for individual parameters
(fpeak and duration) across the five geographic locations. These
parameters showed high factor loadings for the first two factors
in acoustic factor analysis of the five simple syllable types.
Since General Linear Model analysis for fpe.x in echolocation
pulses revealed a significant effect for geographic location but
not for sex (Lin et al, 2015a), we used the same parameter
(fpeak) together with syllable duration (from Factor analysis) for
performing analysis of variance (ANOVA) using Least Squares
Fit to test for an effect of geographic region for each of five
simple syllabic calls for which we had data from populations at
all nine locations.

To compare the extent of geographic variation in
communication vs. echolocation vocalizations, we calculated and
statistically compared the overall coefficients of variation (CV;
irrespective of localities) and percentages of variation attributed
to geographic differences of each acoustic parameter of these two
kinds of sounds. Significance of the differences was evaluated
based on One Sample T-tests. Multivariate ANOVA (using Least
Squares Means), based on the f e, and duration parameters, was
used to test if syllable type distribution patterns were discordant
from those of echolocation pulses and their correlation with
geographic distances and body size (forearm length measures)
across the five geographic regions using Mantel tests performed
in PASSaGE v 2 (Rosenberg and Anderson, 2011). To test
whether communication and echolocation vocalizations would
vary in discordance geographically, we used Mantel tests to
test the correlations between matrices of acoustic Euclidean
distance between populations of each syllable type and of
echolocation pulses. Moreover, we used simple linear regression
models to test the correlations between acoustic parameters of
echolocation pulses and those of common syllable types. Multiple
Correspondence (XLSTAT, Addinsoft, Inc.) was used to produce
a simplified (low- dimensional) representation of the acoustic
information in a Burt table. MDS (JMP Pro v. 16.2; SAS Institute
Inc., United States) analysis was performed to compute acoustic
distances between geographic locations and show their proximity
to each other as well as how they parse across larger regions.
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FIGURE 1 | (A) Spectrographic patterns plotted to scale and labeled by name
and marker (in parenthesis as used in B) for each syllable. (B) Scatterplot of
the first two canonical variables capturing the multiparametric variation for
each of the five syllable types recorded for all locations within the South China
region. The discriminant analysis tested for misclassification of observations
for the syllable types. The point corresponding to each multivariate mean is
denoted by a plus (“+”) marker. Bold lines denote the 95% confidence ellipses
and dashed lines indicate boundaries containing ~50% of the observations.
Inset: Map of geographic locations of different habitats from where sound
recordings were obtained from different bat populations. (C) A scatterplot of
the first two principal components from a K-means cluster analysis of acoustic
parameters in the five syllable types and echolocation pulses. A best fit was
obtained for the four color-coded clusters shown (numbers in parentheses in
the key indicate syllable count in each cluster). Numbers as marker labels
represent different syllable types illustrated by their spectrograms. Cluster 2
(green) was made up entirely of echolocation pulses, whereas clusters 1, 3,
and 4 represent the five syllable types within social vocalizations. The
scatterplots indicate the larger variation captured by each syllable cluster
compared to the pulses and also the relatively large distance in multivariate
acoustic space between acoustic characteristics of pulses vs. syllables.
Centroids for each cluster are indicated by bold ellipses and dashed lines
represent boundaries of 50% confidence ellipses. Numbers in parenthesis in
the legend indicate the number of observations placed within each cluster.
Numbers as marker labels correspond to each syllable type (“1” to “5” and
“14” for echolocation pulse). A spectrographic plot of the echolocation pulse
is also included.
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RESULTS

Classification of Social Vocalizations

As reported earlier, H. armiger exhibits a diversity of syllable types
within their social vocalizations. The frequency band carrying the
predominant energy in the five FM commonly emitted syllable
types, ie., upward chevron FM (uCFM), upward paraboloid
FM (uPFM), bent upward FM (bUFM), linear upward FM
(IUFM), and plateaued paraboloid FM (pPFM), used for analysis
of geographic variation was typically in the second or third
harmonic with peak frequencies > 50 kHz. The basic forms of the
spectrographic patterns are shown in Figure 1A (for quantitative
details, see Lin et al., 2016). For this study, a total of 2,768
examples of the five syllable types were recorded with the number
of samples for each syllable type analyzed ranging from 224 to 417
syllables. Altogether, these syllables represented more than 80% of
the vocalizations recorded, and were commonly present within
the nine populations. Acoustic parameters for each syllable type
exhibited remarkable variation. We investigated the classification
accuracy of the five syllable types at each of the five geographic
regions. In each case, discriminant analysis showed a perfect to
near-perfect fit for each syllable type (misclassification < 0.5%)
when mapping the variance based upon the six measured syllable
parameters as well as FM rate [computed from (fmax-fmin)/FM
duration for the predominant direction of FM and its typical
duration] and categorically encoded FM direction (Figure 1B).

Parametric Variation for Social

Vocalizations

For call syllables, the bandwidth parameter showed the highest
overall variation across all locations with a mean coefficient
of variation of 27.20%, ranging from 17.36 to 37.15% (see
Supplementary Table 1). CV for fpex (21.18%) and fumin
(21.54%) were also relatively high. The f,.x parameter (together
with fcent) showed the lowest overall variation, with the mean
CV of 14.21%, ranging from 5.72 to 18.14%. Overall, all six
directly measured acoustic parameters (FM rate and direction
excluded) in these syllables exhibited a greater variation than in
echolocation pulses. One Sample T-tests indicated that the overall
CVs of each acoustic parameter were significantly greater in
syllable types than in echolocation pulses (all P < 0.01), indicating
greater variability and lower regional parsing of geographic
variation in social vocalizations.

To get a general sense of how the variation in vocalizations
is distributed across all acoustic parameters for syllable types
vs. echolocation pulses, we performed K-means cluster analysis
using data on the seven acoustic parameters for both echolocation
and social vocalizations. We obtained a best fit for 4 clusters,
which clearly separated echolocation vocalizations from those
of calls within a biplot of the first two principal components
(Figure 1C). The other three clusters were in closer proximity
to each other (with clusters 1 and 3 showing a minor overlap)
compared to the echolocation cluster and exhibited a much
larger parametric variation. Cluster 1 clearly separated the uCFM
syllable from other syllable types. Cluster 4 included all examples
of the simple syllabic, uPFM syllable that was routinely emitted as

a train of syllables, and also included examples of the structurally
similar pPFM syllable type. This analysis allowed us to establish
that simple syllables within social vocalizations form their own
parametric acoustic boundaries and therefore might not follow
geographic variation patterns established for echolocation sounds
(Lin et al., 2015a).

Factor analysis revealed the underlying acoustic structure in
calls by extracting parametric combinations that represent the
common variability across observed variables. Across all syllables
tested, maximum likelihood estimates indicated that the first
factor captured nearly 43% of the variation ranging from a high
of 68.9% for bUFM and a low of 33.0% for both ITUFM and
uCFM. The average variation explained by the second factor was
approximately 26.6% with a max of 32.3% for uPFM and a low of
16.3% in case of bUFM. Overall, fnax and fcent had the highest
factor loadings and FM rate had the lowest. It should be noted
that the contribution of the acoustic parameters to the first two
factors varied with the syllable type and also the relative factor
loadings of each parameter for the same syllable type across the
five geographic regions. The first factor was typically made up
of frequency parameters (fcent> fmax> fmin, and fpeak) and the
second (orthogonal) factor included syllable duration and either
FM rate or bandwidth for most syllables though duration also
contributed predominantly to a third factor, which across all
syllables explained 14.4% of the variation. Since fpeq exhibited
a relatively high variance in syllable types and was also tested for
geographic variation in echolocation pulses, we first focused on
the geographic variation for f ¢,k and duration parameters across
the geographic regions sampled.

Geographic Divergence Between the
Echolocation Pulse and Common
Syllable Types

Given the various ways in which acoustic variation may be parsed
across recorded locations, we used a non-parametric statistical
approach to first test whether call syllables followed a concordant
pattern of geographic variation across the same populations
targeted for echolocation sounds. Figure 2 shows box plots for
comparing the means for fpcx and duration for each of the
five syllable types across the five geographic regions. Our results
for fpeak across these geographic locations revealed a significant
effect [F4, = 21.28, 4.77, 4.53, and 8.29 for bUFM, 1UFM,
uCFM, and uPFM syllable types, respectively (p < 0.001), but an
insignificant one for pPFM (F4 = 0.903, P = 0.462)]. However,
pPFM showed a significant effect (F4 = 9.725, P < 0.001) for
the duration parameter across the same geographic locations.
In fact, duration revealed a significant effect (P < 0.001) across
all locations for this syllable type. A comparison of means of
fpeak across all pairs revealed significant separation between SC,
FC, and SM regions for bUFM, between SC, and NC for IUFM,
between FC and SC regions for uCFM, and between NC, LS, and
SC regions for the uPFM syllable type, and no separation between
regions for pPFM (see Table 1). Similarly, a comparison of
means of the duration parameter revealed significant differences
between LS, SC, NC, and SM regions for bUFM, between FC and
NC regions for IUFM, only the FC region for pPFM, between
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LS and SC regions for uCFM, and between LS and FC regions
for uPEM syllable type. All comparisons were tested for all pairs
using the non-parametric Tukey-Kramer HSD (P < 0.001). These
results demonstrated that the acoustic variance in syllable types
within at least some regions was largely constrained by the
geographic boundaries of that region.

Fpeak in the echolocation pulse varied with morphological
features, particularly body size characterized by forearm length
(Lin et al., 2015a). Therefore, we also tested each of the simple
syllabic calls to examine any correlation with forearm length.
We computed the first principal component as a composite
index for fpca and duration parameters together because they
capture the maximum independent sources of acoustic variation
in all vocalizations. Moreover, both of these parameters require
more energy and ventilatory volume to produce a vocalization
and therefore may correlate with body size that is known to
vary across geographic populations. For the same geographic
regions, the echolocation pulse showed a significant (P < 0.05)
correlation with forearm length and 60% of the variation was
explained by forearm length. None of the syllable types, however,
showed a significant (P > 0.05) correlation with forearm length.
The bUEM, pPEM, and uPEM syllable types showed a trend
of change in the same direction as the pulse, but uCFM and
IUFM calls exhibited a trend to change in the opposite direction
with increase in forearm length, as indicated by the regression
plot in Figure 3A. Also, only 15% to 33% of the variation
in syllables was accounted for with forearm length as the
regressor. None of the variation was explained for the IUFM
syllable. Mantel tests also revealed that the matrix of acoustic
distance for syllables and that for body size between populations
were not significantly correlated (Figure 3B). These analyses
demonstrated that geographic variation in syllabic parameters
was discordant with the pattern of parsing variation in acoustic
parameters for echolocation pulses when tested across the same
set of geographic regions. Correlation in syllabic variation was

TABLE 1 | A comparison of the means of fyeax and duration in syllable types
across all pairs showing statistical significance (P < 0.001) of differences,
indicated by asterisks, between geographic regions.

Parameter/Syllable Geographic regions

type

foeak FC LS NC SC SM
bUFM . _ _ .. ..
JUFM _ _ . . _

pPFM - - - - -

UCFM . _ _ - _

UPFM _ . . . _

Duration

bUFM _ - ok - ik
JUFM . _ . _ _

pPFM o - - - -

uCFM _ - _ —_— _

UPFM ok . _ _ _

2
A ® Training set(bUFM) ~—— Model(bUFM)
® Training set(pPFM) —— Model(pPFM)
15 ® Training set(uCFM) —— Model(uCFM)
- ® Training set(lUFM) —— Model(IlUFM)
@ Training set(pulse) —— Model(pulse)
® Training zet(uPFM train) —— Model(uPFM train)
1

PC1 (fpeak + duration)
o
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FIGURE 3 | (A) Scatterplot of data points and regression line plots for model
fit with body size (forearm length), incorporating all acoustic parameters
measured for each syllable type at different geographic locations. (B)
Scatterplot for Mantel test of correspondence between the matrix of acoustic
distances for echolocation pulses and that of multiparametric acoustic
distances for all syllable types. No significant correspondence was observed
between the two acoustic distance matrices.

All comparisons were tested for all pairs using the non-parametric Tukey-
Kramer HSD.

also not significant (P > 0.05) for either acoustic vs. geographic
or acoustic vs. genetic distances.

Tests for Geographic Divergence in Call
Syllables

For non-parametric tests of geographic divergence and
visualization of geographic variance in each syllable type, we
performed Discriminant analysis (using Mahalonobis distances)
based on all six acoustic parameters. Here the geographic
location of a syllable cluster is represented by the mean of all
emissions at that location as well as from the group mean that
they are actually closest to. This gives an estimate of how well a
syllable type matched its geographic identity. When testing for
syllabic classification (cluster boundaries for individual syllable
types) discriminant analysis revealed a near-perfect match with
<0.05% of the syllables showing a misclassification at any one
or when tested for all geographic locations combined (Wilks’
lambda < 0.0001).

Discriminant analysis (quadratic method with different co-
variances) performed for the five aforementioned regions
revealed that the centroids of echolocation pulses were clearly
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FIGURE 4 | Scatterplot of the first two canonical variables capturing the multiparametric variation for echolocation pulses and each of the five syllable types recorded
for all geographic regions. The discriminant analysis tested for misclassification of observations for each geographic region. The point corresponding to each
multivariate mean is denoted by a plus (“+”) marker. Bold lines denote the 95% confidence ellipses and dashed lines indicate boundaries containing ~ 50% of the
observations. Echolocation pulses and three syllables show good separation between FC (red ellipses) and SM regions (bluish-green ellipses).
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FIGURE 5 | A symmetric, two-dimensional multiple correspondence plot mixing observations (parametric values) with variables (geographic regions) to explain the
acoustic basis of regional proximity. The five geographic regions are well separated into four quadrants of the plot contingent upon the values of the acoustic
parameters placed in the same quadrant. Proximity of parameters and geographic locations are governed by the inertia determined by the commonality of the values
or rankings for each level of a variable. Proximity of acoustic variables is highlighted gray ellipses enclosing red dots with corresponding parameters labeled. Negative
values of a parameter indicate lower than expected proportion of contribution of that parameter.

segregated across regions (Wilks’ lambda < 0.0001). However,
partially overlapping representation of the centroids of acoustic
parameters across the five locations for the simple syllabic
types showed a high level of misclassification across the same
aggregated locations (Figure 4). Percent misclassification for
echolocation pulses was 23.74%, whereas that for calls ranged
from 34.69% (for uPFM) to 68.97% (for bUFM). Compared
to a -2LogLikelihood estimate of 188.024 for echolocation
pulses, that for each syllable type was 3668.1 for bUFM, 110.19
for IUFM, 11174 for pPFM, 19210.6 for uCFM and 556.2
for uPFM. ROC curves indicated the poorest sensitivity for
uCFM, with area under the curve averaging <0.5 for different
locations despite a significant difference between the centroids
or multiparametric means (Wilks’ lambda < 0.0001; F = 4.83,
P < 0.0001 for first eigenvalue capturing 77.75% of the variance)
for different geographic locations. ROC curves for other syllable
types showed a high level of sensitivity and specificity with respect
to geographic location.

Acoustics-Derived Geographic Proximity

Although Multiple Correspondence analysis is typically used for
dimensional reduction of categorical variables, here we used
an algorithm for ranking continuous data (JMP Pro software,
v. 16.2; SAS Institute Inc., United States), which revealed a two-
dimensional plot showing the proximity of different geographic
regions within acoustic space and how the acoustic parameters
contributed to the inertia keeping populations’ relative placement

in close proximity (Figure 5). Thus, FC and LS were placed in the
same quadrant with f},eq, and FM rate contributing to the inertia,
whereas SC and SM, placed close together, were distanced largely
by frequency parameters (f max and f cent), and NC and FC regions
were placed far apart because of f ¢,k and bandwidth. Bandwidth
contribution varied largely along the first dimension, whereas
the duration parameter contributed to acoustic separation of
geographic regions along both dimensions. A large part of the
inertia (64.7%) was captured by the first dimension; the second
dimension captured 18.6% of the inertia and the third dimension
(not shown) captured another 10.7%. Among geographic regions,
LS and NC contributed the most to the inertia for the first
dimension, FC contributed the most to the second dimension
and SM contributed the most to the third dimension. Statistical
tests using likelihood ratios and Pearson’s correlation coefficient
revealed a high level of independence (P < 0.0001).

Finally, we performed MDS to estimate the acoustic
dissimilarity among all original geographic locations of
populations from which calls were recorded. The final
configuration provided a good fit (R*> = 0.999) with the data
(Figure 6). Most populations showed a clear spatial separation,
though groupings obtained from MDS of echolocation pulses
(encircled with dashed lines; Lin et al., 2015a) did not conform
well with those obtained for calls. In terms of acoustic distances,
our data suggested potentially five geographic clusters (gray
ovals), somewhat different from those used to test main effect
of location on population means based on the divergence for
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FIGURE 6 | A MDS plot showing acoustic proximity of all nine geographic
populations in two-dimensional space organized according to acoustic
distance between syllable types estimated from all measured parameters.
Boundaries indicated by dashed lines enclose the five geographic regions
tested for independence (significant differences between means of multiple
parameters). Gray ellipses indicate relatively close proximity visualized in two
dimensions based on the correlations between the means of the seven
continuous parameters representing each syllable type.

echolocation pulse in the previous study (Lin et al., 2015a) and
tested here using ANOVA for individual parameters (fpeqr and
duration; see Figure 2) and composite parameters in the DFA for
syllable types (see Figure 3). Based on acoustic parameters for
syllable types, BC and HZ locations in the north and SM location
in the southwest were all grouped surprisingly close to each
other. GL and CY locations were relatively close as expected,
but JK and FC locations were relatively closer than indicated by
their geographic distance and acoustic distance estimated from
fpeak in echolocation pulses. The AL location appeared relatively
isolated acoustically even though geographically it is close to
the JK and GL location and the LS location kept its distance as
expected from H. armiger populations at other locations.

DISCUSSION

Echolocation vs. Social Vocalizations

Communication and echolocation are acoustically, behaviorally
and functionally distinct, requiring the production and
auditory processing of complex sounds expressed as two
distinct phenotypic-acoustic traits. The acoustic parameters of
echolocation vocalizations have been extensively studied for
characterizing variation across species and within a species
during foraging behavior and other physiologic, climatic and
geographic factors (Kazial et al., 2001; Hiryu et al., 2006;
Gillam and McCracken, 2007; Yoshino et al., 2008; Jiang et al.,

2010; Luo et al., 2012; Matthew et al., 2014; Lin et al., 2015a;
Zhang et al., 2018; Lopez-Bosch et al., 2021; Rossoni et al., 2021;
Wu et al,, 2021). This study provided a window into how the two
types of vocalizations (communication vs. echolocation) co-vary
or not with geographic region in the same subspecies. Our results
can offer new insights into the plasticity of the vocal apparatus
and the neural circuits controlling vocalizations and factors that
influence acoustic divergence.

Geographic Variation in Echolocation
Vocalizations

The patterns and causes of geographic variation in echolocation
pulses have been uncovered for more than two dozen species
of bats and depend on species-specific morphological and/or
environmental characteristics (reviewed in Lameira et al,
2010; Jiang et al., 2015). Thus, empirical studies have shown
remarkable geographic variation in echolocation pulses of
many bat species, with peak frequency spread over a range
of 5 to 10 kHz among individuals within a species, such
as Hipposideros larvatus (84.5-91.8 kHz, Jiang et al., 2010),
Tadarida brasiliensis (25.2-30.5 kHz, Gillam and McCracken,
2007), Craseonycteris thonglongyai (70.1-83.6 kHz, Puechmaille
etal, 2011), and Rhinolophus cornutus pumilus (105.9-118.9 kHz,
Yoshino et al., 2008). The results of the earlier study in
Himalayan Leaf-nosed bats were consistent with these findings
(Lin et al., 2015a).

The geographic variation in echolocation pulses of H. armiger
resulted from population differences in body size, which resulted
from adaptation to local ecological conditions (Lin et al., 2015a).
The spectrotemporal structure of bat echolocation vocalizations
are shaped both by evolutionary constraints on the vocal
structure and by physiological mechanisms influencing sound
structure. Especially in CF-bats, the frequencies of echolocation
pulses are strictly constrained to maintain their echo within
the acoustic fovea in the cochlea (Neuweiler, 1980; Riibsamen
et al, 1988). Population divergence in morphological traits
correlated with sound-producing structures can thus result in
geographic variation in echolocation vocalizations, as observed
in many bat species (reviewed in Lameira et al., 2010; Jiang et al.,
2015). In H. armiger, variation in body size among and within
populations can explain the variation of echolocation pulses
among populations but not the observed pattern of acoustic
proximity across geographic locations for syllable types.

Geographic Variation in Simple Syllables

Geographic variation in social vocalizations in bats has been
reported only in a few species and limited to only one or
two call types, i.e., Phyllostomus hastatus (Boughman and
Wilkinson, 1998), Phyllostomus discolor (Esser and Schubert,
1998), Saccopteryx bilineata (Davidson and Wilkinson, 2002), and
T. brasiliensis (Bohn et al., 2009). In the former three species,
screech calls and maternal directive calls were significantly
divergent. In T. brasiliensis, features of advertisement songs
were similar across regions, i.e., exhibited almost no geographic
variation, but varied within and among individuals. Our results
closely follow these findings though only of the population as
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a whole since we were unable to examine within individual
variation due to limitations of field recordings.

More broadly, geographic variation in calls has been
documented in a wide array of taxa, spanning arthropod (e.g.,
Claridge et al,, 1985; Lampe et al, 2014), amphibian (e.g.,
Prohl et al., 2007; Jang et al, 2011; Veldsquez et al, 2014),
birds (e.g., Marler and Tamura, 1962; Irwin, 2000; Robin et al.,
2011), and a few species of mammals (e.g., Mitani et al,
1999; Eiler and Banack, 2004; Amano et al.,, 2014), but rarely
reported in bats though they have rich vocal repertoires for
communication. The studies available on bats showed that only
a few types of communication vocalizations were divergent
across populations/groups (Boughman and Wilkinson, 1998;
Esser and Schubert, 1998; Davidson and Wilkinson, 2002; Bohn
et al., 2009; Sun et al, 2020). In this study, we found that
the most frequent syllable types exhibited significant population
divergence, suggesting that geographic variation could be
commonly observed in the communication vocalizations of bats.

In the five syllable types tested in this study, inter-population
multiparametric variation was greater, but not by far, than
intrapopulation variation. Based on the multiparametric means,
indicated by their centroids, syllables were significantly different
across several populations. The multiparametric boundaries at
the 50% confidence interval, however, were largely overlapping.
Geographic variation can result from the action of various
evolutionary forces such as ecological selection, sex selection,
genetic drift, cultural drift, or a combination of these factors
(Podos and Warren, 2007; Wilkins et al., 2013; Jiang et al,
2015). Significant variation in morphological traits constrained
by geographic boundaries can result in reproductive isolation
between diverging populations and eventually contribute to
speciation (Gould and Johnston, 1972; Endler, 1977; Boughman,
2002). The trait of social vocalizations is of particular interest
in this respect because sound characteristics are not only
influenced by morphometric parameters of the vocalization
apparatus of the emitter, but also depend upon the physical
characteristics of the hearing apparatus of the receiver as well
as attributes of the physical environment through which sound
must be propagated before it reaches the receiver. These emitter-
receiver characteristics are a hallmark of social audiovocal
communication in any species.

Our results overall supported the hypothesis that
communication vocalizations exhibit lower geographically
classifiable divergence than echolocation vocalizations. The
acoustic variation within calls in H. armiger was largely
attributed to differences within rather than across the geographic
regions tested. This is consistent with observations in Brazilian
free-tailed bat, T. brasiliensis (Bohn et al., 2009), Thick-billed
Parrot, Rhynchopsitta pachyrhyncha (Guerra et al., 2008), and
Eastern Phoebes, Sayornis phoebe (Foote et al., 2013). One reason
for why across-population variation accounts for a relatively
small percentage of the total variation in calls in H. armiger
may be the frequent dispersal among populations. Significant
gene flow has been detected between populations from different
regions in H. armiger (Lin et al., 2014). Mixing during dispersal
could reduce vocal differences among populations, particularly
if vocalizations play a significant role in mediating social

behaviors (e.g., Ellers and Slabbekoorn, 2003; Wright et al., 2005;
Guerra et al., 2008; Papale et al., 2014). Regardless, gene flow
applies equally to both echolocation and social vocalizations
and echolocation pulses do show divergence among different
geographic regions. Another possibility is that convergence
in the acoustic structure of social vocalizations among
populations reduces errors in detection and/or interpretation by
a migrant or visiting receiver, ensuring effective communication
between individuals from different populations (Anholt and
Mackay, 2009). Stability of signals is necessary for individual
recognition and unambiguous communication, which may be
important for species such as H. armiger with frequent dispersals
across populations.

Traits with similar functions, commonly assumed to respond
to similar selection pressures, may follow similar patterns
of spatial variation, whereas those with distinct functions
may exhibit discordant patterns. This happens because each
functional trait is sensitive to a different set of selection pressures
(Armbruster and Schwaegerle, 1996; Byers, 1996; Baker, 2011). In
this study, we found that most syllable types varied discordantly
with echolocation pulses across populations in H. armiger.
The patterns of geographic variation in phenotypic traits are
associated with the evolutionary forces driving trait divergence
(Gould and Johnston, 1972; Endler, 1977; Podos and Warren,
2007; Wilkins et al., 2013; Jiang et al., 2015). A previous
study found that population divergence in echolocation pulses
of H. armiger resulted from morphological variation (due
to ecological selection) and cultural drift (Lin et al, 2015a).
Although little is known about the evolutionary forces driving
population divergence in social calls of H. armiger, the results
found here suggest that morphological variation and cultural
drift may not be the primary causes contributing to geographic
variation in most of the syllables. Further studies are necessary
to determine the causes of geographic divergence in calls vs.
echolocation vocalizations.

Acoustic, Structural-Functional, and

Neural Constraints

In songbirds, song and other territorial calls may develop or
be modified during the mating season because of hormonal
changes and a surge of growth of the song nucleus in the brain
(DeVoogd and Nottebohm, 1981; Mooney and Prather, 2005).
Echolocation pulses in bats are also known to vary with season.
For example, weather conditions can affect the echolocation
signals via their effects on body temperature and on atmospheric
attenuation (Wiley and Richards, 1978; Wu et al, 2021). In
addition to age and season, echolocation pulses are known to
change non-seasonally, depending on audio-vocal feedback from
conspecific echolocation pulses and contribute to short- or long-
term intra-individual variation in the resting frequency (Hiryu
et al., 2006). There is no evidence as yet of variations in social
calls, particularly syllable types, with season though new calls
may emerge during the mating season (Sun et al., 2021). Our
recordings were obtained over a short interval of a few weeks
from all geographic locations. Therefore, we could not address
this potential source of acoustic variation in this study.
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Echolocation sound pulses are produced by tracheal chambers
and in some species via nasal passages (Suthers et al., 1988)
that are anatomically less elaborate than the laryngeal and
oropharyngeal structures responsible for shaping the final
acoustic form of a social call (Kanwal et al, 1994; Bohn
et al., 2008, 2009; Lin et al., 2015b). Therefore, body size may
affect echolocation pulses differently than syllable types. This
may partly explain why the vocal trajectories of echolocation
and social vocalizations differ for geographical distribution
despite a morphologic and partial anatomic overlap in their
production apparatus (Liu et al., 2013).

Unlike the relatively homogenous bony and muscular tissues,
the cellular organization and connectivity in the nervous system
can change rapidly with experience at multiple time scales, from
seconds to years (Ji and Suga, 2008; Jiang et al., 2019; Kanwal
et al., 2021). Differences in the contribution (factor loadings)
of individual parameters across geographic regions point to
different trajectories for modifying syllable types within a location
or region. This indicates plasticity in brain networks contributing
to different vocal motor trajectories for the construction of a
syllable type. These differences in vocal motor trajectories within
syllable types across geographic regions and between syllable
types and echolocation pulses are directly influenced by vocal
control circuits within the frontal, limbic and brainstem vocal
premotor networks and auditory feedback loops (Smotherman
and Metzner, 2005; Fenzl and Schuller, 2007; Kanwal, 2021).
Therefore, our findings on geographic variation reported here
may provide new insights into the brain mechanisms for
controlling variation in the production of call syllables vs.
echolocation pulses in bats.

In summary, our data show that all syllable types varied
discordantly with echolocation pulses across geographically
separated populations of Great Himalayan leaf-nosed bats.
Our data suggest that the acoustic boundaries defining
a geographically isolated population of H. a. armiger
are largely parsimonious such that the acoustic variation
of most simple syllable types is maximized within each
population, reducing heterogeneity between populations.
The core construct of simple syllable types within their
social calls is significantly different within at least half of all
possible regional comparisons. This may happen because
the multiparametric nucleus of a syllable is learned from
either a parental (Esser, 1994; Esser and Schmidt, 2010) or
a social group template (Prat et al., 2017). As in songbirds,
this template may gradually be modified with the growth of
each individual, depending on morphological, hormonal and
other factors and thus contribute to individual identity via
group-distinctive calls (Whaling et al., 1995; Boughman and
Wilkinson, 1998; Kanwal, 2021). This divergence, however,
can cause an overflow of the upper bounds of acoustic
variance to another population and geographic region despite
population-specific differences in body size and climatic
conditions. This is not surprising given that the nature of social
interactions is the same across populations. Both migration
and conspecific feedback may also contribute to overlap and
convergence of acoustic variance across neighboring populations
(Boughman, 1998).

CONCLUSION

This study revealed the presence of diffuse boundaries across
large geographic regions and relatively isolated populations for
acoustic parameters defining simple syllable types that are key
components of social calls in the Great Himalayan leaf-nosed
bats, H. a. armiger. Our results also showed that acoustic variation
in simple syllable types develops discordantly from that observed
for echolocation pulses. In general, our results provide insights
into vocal plasticity and its neural control at the individual,
population and evolutionary levels in mammalian species. We
conclude that together with behavioral interactions within and
across geographically distributed populations, morphology of the
vocal apparatus and developmental changes in it as well as vocal
learning can play a role in the dynamics of variation in the
acoustic constructs for social communication, which is critical
for survival and reproduction. The potential contribution of
multiple factors governing natural variation in the construction
of social calls stresses the importance of maintaining the delicate
balance between ecological, morphological, neurohormonal and
behavioral factors, including an animal’s internal state (Kanwal,
2021; Kanwal et al., 2021). A sudden disruption in this balance
via introduction of harmful chemicals in the environment and
climate change that affect normal growth, call production or
social behavior can negatively impact the survival of any species.
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