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Acoustic recording is rarely applied in studying Philippine bats, which is reflected by the scarcity of
related publications in the country. As a result, the echolocation calls of many local bat species are
still unknown, and a reliable bat call library does not exist. Here, we described the echolocation call
of some insectivorous bats in Polillo Island and used the call characteristics to define each species. We
captured and recorded the echolocation calls of cave-dwelling bats in Puting Bato Cave 5 in October
and November 2019. Using BatSound, we measured the spectral and temporal call characteristics and
determined the call structure and duty cycle of all recorded individuals. Then, we applied multivariate
discriminant function analysis (DFA) to classify the calls into species and identify the call parameter
with the highest discriminating power. In total, we recorded 104 individual bats from five species
belonging to four families. All species from families Miniopteridae and Vespertilionidae produced
steep frequency-modulated (FM) sweeps, while the species belonging to families Hipposideridae and
Rhinolophidae emitted calls with constant frequency and FM components. Among the recorded
species, Hipposideros coronatus had the highest peak frequency record (> 150 kHz), while Myotis
macrotarsus had the lowest (< 40 kHz). Meanwhile, the longest call duration was recorded from
Rhinolophus arcuatus (> 40 ms), while Miniopterus paululus produced the shortest call (< 3 ms).
The DFA perfectly classified the calls into the correct species and peak frequency was the most
important predictor among the call parameters measured. Our results provide strong evidence that
insectivorous bats in Puting Bato Cave 5 produce species-specific echolocation calls, and acoustic
recording can be a reliable method to enhance research on these cave-dwelling bats.
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INTRODUCTION
Mist nets and harp traps are the standard live capture
methods used in bat sampling (Sikes et al. 2011). Mist
nets are light and can be set in different environments,
whereas harp traps have an easier retrieval mechanism.
Despite the convenience of using nets, these traditional
*Corresponding Author: kjtaray@up.edu.ph

methods were found to be insufficient in recording all
species when used alone, or even combined, in bat surveys
(Berry et al. 2004; Flaquer et al. 2007; Larsen et al. 2007;
Pech-Canche et al. 2011). Bats appear to learn the position
of the nets particularly when placed at the same location
for consecutive days, and echolocating bats – mainly the
high-frequency call producers – effectively evade the
nets. Net avoidance results in a decrease in the number of
1723

Philippine Journal of Science
Vol. 150 No. 6B, December 2021

captures, which often leads to underestimations of species
diversity, richness, and activity.
Aside from the conventional netting methods, acoustic
recording is also used in studying bats (Frick 2013).
Echolocation call recording provides more non-invasive
and passive monitoring of bats and their activity. Currently,
bat detectors and ultrasonic recorders are becoming more
sophisticated and reliable in documenting bat presence and
activity (Frick 2013; Hogue and McGowan 2018; Banner
et al. 2018). The use of echolocation calls in identifying
species has shown promising results, as demonstrated in
studies with high rates of correct classification of calls
to species (Russo and Jones 2002; Carter et al. 2012;
Rodriguez–San Pedro and Simonetti 2013; Mifsud and
Vella 2019). In addition, certain call characters were
found to be species-specific and contribute largely to the
accurate classification of species through call analysis
(Vaughan et al. 1997; Murray et al. 2001; Wordley et
al. 2014; Zamora-Gutierrez et al. 2016). Furthermore,
acoustic recordings were also effective in documenting
bat activities – including roost emergence (Reiter et al.
2008), feeding (Griffin 2001), and migration (Ijas et al.
2017). Given the advantages of acoustic recording, certain
information cannot be derived from call recordings –
including actual counts, physical condition, and biological
data such as sex, age, and morphometrics – which are
essential in studying population estimates.
Neither of the given methods provides complete
information on bats; therefore, the use of both netting
and acoustic recording is recommended to maximize
species documentation (Flaquer et al. 2007; Francl
et al. 2011; Wordley et al. 2018). These methods are
simultaneously used in other countries, but only netting is
still being largely utilized in the Philippines. Bat surveys
with acoustic recording are very limited (Sedlock 2001,
2002; Mould 2012; Sedlock et al. 2014) and acoustic
monitoring of bat activities are seldom performed in the
country (Dimaculangan et al. 2019; Sedlock et al. 2019).
Moreover, studies that focused on the echolocation calls
of Philippine bats were not available until the recent
publication of Amberong et al. (2021).
The lack of comprehensive call libraries hampers the use
of bioacoustics in studying Philippine bats. The country
hosts 79 bat species, and around 54 species potentially use
laryngeal echolocation (Heaney et al. 2010). Several of
these species are also very cryptic (Heaney et al. 2010),
and netting alone might not be sufficient to document their
presence and activity. Acoustic recording can account
for these bats that are difficult to capture, especially the
echolocating species, which rely mostly on sound to move
and forage. The establishment of local bat call libraries
will support the use of acoustic recording in bat studies
and promote bat acoustics research in the Philippines.
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However, extensive acoustic records, call description,
and locality-based information are needed to build a call
library for Philippine bats.
Thus, here we provide an elaborate description of the
echolocation calls of five insectivorous bat species
occurring in Puting Bato Cave 5, Polillo Island, Quezon,
Philippines with information on the structure and the
spectral and temporal characteristics of their call. We
performed a DFA to test the ability of the call characters
to separate the species and determined the discriminating
power of each call parameter measured. This information
contributes to our current understanding of the acoustic
diversity of laryngeal echolocating bats in the Philippines
and highlights the need for bat acoustics research in the
country. Our results would be helpful in the development
of a local bat call library and may serve as a helpful guide
to future researchers interested in studying Philippine bats.

MATERIALS AND METHODS
Study Area
We collected reference echolocation calls from
insectivorous bats inhabiting Puting Bato Cave 5. It is
one of the four identified caves in the Puting Bato cave
system located near the beach shores of Brgy. Aluyon,
Burdeos, Polillo Island (14º 54’ 56.5” N, 121º 59’ 59” E).
Puting Bato Cave 5 is the smallest among the surveyed
caves in Sitio Puting Bato, Polillo Island in terms of cave
length (51.2 m) and entrance size (2.66 m2). There is only
one entrance with two openings where the larger opening
is mainly utilized by bats and swiftlets. Five out of 16
insectivorous bat species occurring in Polillo Island inhabit
Puting Bato Cave 5 (Alviola 2000; Heaney et al. 2010)
with an estimated population size of < 500 individuals
inside the cave. These five species include Hipposideros
coronatus, Miniopterus paululus, M. eschscholtzii, Myotis
macrotarsus, and Rhinolophus arcuatus.
Puting Bato Cave 5 is situated in a secondary lowland
forest over limestone where the tallest vegetation consists
of Dendrocnide meyeniana, Ficus pseudopalma, Caryota
sp., and Macaranga sp. The understorey is a mixture of
saplings, bamboos (Bambusa sp.), pandan (Pandanus sp.),
aroids (Alocasia sp., Homalonema sp., Rhaphidophora
sp.), ferns and allies (Asplenium subnormale, Lygodium
auriculatum, Selaginella fenixii), and several shrubs
(Clerodendrum sp., Leea sp.).
Voucher Call Recording
We captured cave-dwelling bats in Puting Bato Cave 5
to assess species identification and to record reference
echolocation calls. A mist net was set 2 m from the cave
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entrance at dawn between 04:00–05:30 AM during our
fieldwork in October and November 2019. Identification
of captured individuals was facilitated by a field guide
(Ingle and Heaney 1992) and the updated identification
following the Mammal Diversity Database (MMD 2021).
We adapted the designation of Miniopterus eschscholtzii
as a full species from being a subspecies of Miniopterus
schreibersii found in the Philippines (MDD 2021). We
also followed the designation of Miniopterus paululus as
a full species distributed in the Philippines, Indonesia, and
Malaysia after being separated from Miniopterus australis
(MDD 2021). Important biological information – including
sex, age, and basic morphometrics – were also recorded.
After the individual assessment, we recorded a reference
echolocation call for each captured bat. Recordings
were made using a Pettersson M500 USB Ultrasonic
Microphone (Pettersson Elektronik AB, Uppsala, Sweden)
connected to a computer with BatSound Touch Lite
1.2 (Pettersson Elektronik AB, Uppsala, Sweden). The
majority of the bats were temporarily released inside
an enclosure (2.13 m x 1.80 m x 1.20 m) during call
recording. Meanwhile, horseshoe bats were hand-held
around 30 cm from the ultrasonic microphone to record
their calls. Since the quality of calls emitted and the
consistency of call production varied greatly between
individual bats, the resulting recordings had different
durations. After each recording, the voucher call was saved
as a waveform audio file (.wav) for analysis. Each file
represented one individual bat. Finally, we individually
released the bats after recording.
Animal handling and sample collection procedures were
patterned from the standards of the American Society of
Mammalogists (Sikes and ACUC-ASM 2016) and were
approved by the animal care and use committee of the
University of the Philippines Los Baños (UPLB).
Call Characterization
We used BatSound v.4.03 (Pettersson Elektronik AB,
Uppsala, Sweden) program to examine the call recordings
with the following spectrogram setting: Hanning window,
512-point fast Fourier transform (FFT), and 95% FFT
overlap. In each recording file, we randomly selected six
consecutive call pulses with a high signal-to-noise ratio to
be characterized. We measured seven call characteristics
as parameters in each call pulse. In this study, we define
each call characteristic measured as follows: start frequency
(SF) is the frequency at the onset of the call, end frequency
(EF) is the frequency at the end of the call, peak frequency
(PF) is the frequency containing the most energy in the call,
minimum frequency (FMIN) is the lowest frequency in a
call, maximum frequency (FMAX) is the highest frequency
in a call, duration (DUR) is the time between the SF and
EF of the call, and inter-pulse interval (IPI) is the time
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between the EF of a call and the SF of the succeeding call.
Frequency parameters were measured in kilohertz (kHz),
while time parameters were measured in milliseconds (ms).
Both SF and EF were determined by measuring the point
at which the power began to rise above the background
noise consistently (Kingston et al. 2003) (i.e. on average,
–30 dB from the PF for FM calls while –20 dB from the
PF for calls with CF component). Meanwhile, PF was
extracted from the power spectrum of the call. On the other
hand, FMIN, FMAX, and DUR were derived from the
pulse characteristic analysis of the program with a pulse
detection threshold of –60 dB [modified from Fenton et al.
(2002)]. Then, IPI was manually calculated from the time
records of SFs and EFs in the call sequence being analyzed.
After measuring the call parameters from each call pulse,
we calculated the mean and standard deviation of all call
parameters from the six pulses and used them to represent
the individual bats in the statistical tests. We also noted the
structure of the echolocation call and the duty cycle (i.e.
the percent of time spent emitting calls given a certain time
period; DUR / IPI x 100) of all individuals. In this study, we
considered calls emitted ≤ 20% of the time to be low duty
cycle (LDC), while those produced > 20% of the time were
high duty cycle (HDC) calls [modified from Jones (1999)].
Statistical Analysis
For each species, we determined the mean, standard
deviation, and range of all call parameters. Results of
Shapiro-Wilks and Levene’s tests revealed that the call
parameters of all species were not normally distributed
and have unequal variances. With the condition of the data,
we used Kruskal-Wallis H with Bonferroni correction
in pairwise comparison to species sharing a similar call
structure to test for differences in the call parameters.
To test the species-specific characteristic of bat
echolocation calls, we applied a multivariate DFA
with cross-validation using a stepwise method to call
parameters from all species. In addition to the nonnormal distribution of all call parameters, their covariance
matrices were also heterogeneous (Box’s M = 791.66,
F112, 653.35 = 3.714, p < 0.0001), which violates the
assumptions of DFA. However, multivariate tests such as
DFA are not very sensitive to deviations given the large
sample size and the absence of outliers (McDonald 2014).
Wilks’ λ values obtained from MANOVA were used to test
the significance of the DFA models and the discriminating
power of each call parameter. A classification matrix was
also produced to determine the grouping accuracy of calls
to species. We also performed Spearman’s rank correlation
to assess the relationship between the call parameters. All
tests were performed in IBM SPSS Statistics v.20.0 (IBM
Corp., Armonk, NY, USA), and values of p < 0.05 were
considered significant in all tests.
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RESULTS
In total, we characterized 624 echolocation calls of 104
individuals from five insectivorous bat species belonging
to four families (Miniopteridae, Vespertilionidae,
Hipposideridae, and Rhinolophidae) inhabiting Puting
Bato Cave 5 (Table 1). We observed two types of frequency
components in the structure of their echolocation calls:
FM and CF (constant frequency). FM components are
frequency fluctuations that can begin from a lower
frequency to a higher frequency, or vice versa, over a very
short period. On the other hand, CF components have very
narrow bandwidths or an almost fixed frequency value
throughout the long duration of the call. Overall, there
were three different call designs each associated with at
least one bat family (Figure 1).
FM Calls: Miniopteridae and Vespertilionidae
We characterized 294 FM calls from 25 Miniopterus
paululus, four Miniopterus eschscholtzii, and 20 Myotis
macrotarsus individuals. All three species emit calls at
LDC (M. paululus: 6.28%; M. eschscholtzii: 6.01%;
M. macrotarsus: 3.31%). Among the three species,
the echolocation calls of M. paululus have the highest
average measurement values for all frequency-related
parameters, while those of M. macrotarsus have the
lowest (Table 1). In contrast, the longest average call
DUR and IPI were recorded from M. macrotarsus (DUR
= 3.56 ± 0.48 ms; IPI = 107.65 ± 53.77 ms), while the
lowest ones were from M. paululus (DUR = 2.85 ± 0.35

ms; IPI = 45.34 ± 15.03 ms). All call characteristics of
M. eschscholtzii were in between the other two species
(Table 1).
A Kruskal-Wallis test showed that all call parameters
of the three species were significantly different (all
p < 0.001). However, the pairwise comparison with
Bonferroni correction indicated that differences in
the call characteristics were only significant between
M. paululus and M. macrotarsus (all adjusted p <
0.001). The difference in the call characteristics of M.
eschscholtzii paired to M. paululus (SF, EF, PF, FMIN:
adjusted p = 0.178; FMAX: adjusted p = 0.179; DUR,
IPI: adjusted p = 1.00) and M. macrotarsus (SF, EF,
FMIN: adjusted p = 0.375; PF, FMAX: adjusted p =
0.376; DUR: adjusted p = 0.471; IPI: adjusted p = 0.178)
were not significant.
CF-FM Calls: Hipposideridae
A total of 156 calls from 26 Hipposideros coronatus
individuals were characterized. The call of the species
was distinct with each pulse beginning in a short CF
component that terminates into a long FM drop (Figure
1). On average, H. coronatus produced calls at HDC
(23.78%). The average bandwidth of the FM component
for this species was 66.0 kHz. Moreover, the echolocation
calls of the H. coronatus registered the highest frequency
among the five species acoustically recorded (Table 1). We
also noted that the call of this species is usually produced
in a sequence containing three pulses.

Table 1. Descriptive statistics (mean ± standard deviation, range) of each echolocation call characteristic from insectivorous bats in Puting
Bato Cave 5, Polillo Island, Philippines. n is the number of individuals recorded for each species.
Species (n)

SF (kHz)

EF (kHz)

PF (kHz)

FMIN (kHz)

FMAX (kHz)

DUR (ms)

IPI (ms)

158.25 ± 0.90

92.69 ± 0.95

150.79 ± 2.94

96.08 ± 1.42

145.57 ± 6.00

3.22 ± 0.13

13.54 ± 1.53

(154.33–160.17)

(90.83–94.67)

(146.65–160.32)

(93.10–97.98)

(128.26–161.95)

(2.76–3.58)

(8.76–15.98)

122.45 ± 5.19

59.45 ± 1.61

69.68 ± 2.14

58.29 ± 1.86

125.35 ± 5.72

2.85 ± 0.35

45.34 ± 15.03

(108.33–129.50)

(56.33–62.50)

(66.24–74.06)

(53.71–60.71)

(112.14–136.39)

(2.27–3.40)

(24.57–81.88)

96.45 ± 1.07

43.04 ± 1.13

51.68 ± 1.08

41.99 ± 1.47

100.42 ± 3.63

3.09 ± 0.25

51.41 ± 23.84

(95.67–98)

(41.83–44.17)

(50.62–52.90)

(39.88–43.29)

(97.49–105.31)

(2.79–3.34)

(30.29–76.89)

69.90 ± 4.42

25.63 ± 1.52

39.21 ± 2.10

24.78 ± 1.50

73.65 ± 6.50

3.56 ± 0.48

107.65 ± 53.77

(62.17–78)

(22.83–29.17)

(36.46–44.11)

(22.14–28.16)

(64.45–90.66)

(2.65–4.25)

(22.66–245.23)

56.73 ± 1.68

55.43 ± 1.51

66.81 ± 2.04

53.62 ± 1.63

71.31 ± 1.91

44.10 ± 4.61

67.78 ± 14.69

(53.50–60.33)

(52.50–58.83)

(62.17–69.34)

(49.64–56.64)

(67.22–74.54)

(37–57.54)

(40.43–110.68)

Hipposideridae
Hipposideros
coronatus (26)
Miniopteridae
Miniopterus
paululus (25)
Miniopterus
eschscholtzii (4)
Vespertilionidae
Myotis
macrotarsus (20)
Rhinolophidae
Rhinolophus
arcuatus (29)
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Figure 1. Echolocation calls of cave-dwelling insectivorous bats in Puting Bato Cave 5: HC – Hipposideros coronatus; MP – Miniopterus
paululus; ME – Miniopterus eschscholtzii; MM – Myotis macrotarsus; RA – Rhinolophus arcuatus. Color spectrum indicates
relative sound pressure levels. Calls were visualized in the same plot size and their shape and size are relative to each other. Gaps
between calls do not represent IPIs.

FM-CF-FM Calls: Rhinolophidae
Among the five species, only Rhinolophus arcuatus
produced calls with an FM-CF-FM structure, and 174
echolocation calls from 29 individuals of the species
were characterized. Generally, the call of R. arcuatus
starts in a short FM rise, followed by the CF component,
and ends in an equally short FM drop (Figure 1). The
long CF component in the call of R. arcuatus easily
distinguishes the species from the rest of the bats
inhabiting Puting Bato Cave 5. Moreover, the long CF
component granted the species to have the longest call
DUR recorded among the species examined (Table 1). In
addition, the species also emits calls at HDC (65.06%)
similar to H. coronatus.

first two discriminant functions (df) explained most of
the variation in the DFA (df 1 = 75.1%, df 2 = 20.6%).
All functions combined showed a high discriminating
ability; however, df 4 alone was weak (Wilks’ λ = 0.997,
χ2 = 0.342, p = 0.559). In all function except df 4, the call
parameters also have nearly perfect correlation with each
other (canonical correlation coefficients: df 1 = 0.999, df
2 = 0.996, and df 3 = 0.980). PF and call DUR have the
highest variable effect in df 1 (PF = 0.872) and df 2 (DUR
= 0.663), respectively. The group centroid (i.e. mean
discriminant function score) of each species was unique
and spread distantly from each other, which suggests the
complete separation of species and the distinctness of
their calls (Figure 2).

DFA
All five species were included in the DFA. The small
sample size of M. eschscholtzii did not have a significant
effect on the overall classification. Out of the seven call
parameters measured, only SF, EF, PF, and DUR were
included in the final model. Call parameters FMAX,
FMIN, and IPI failed the tolerance test of DFA (partial F
< 3.84), which measures the significance of predictors (i.e.
the call parameters) in the classification model.

The increasing Wilks’ λ value of the call parameters was
illustrated in the following order: IPI > FMAX > DUR >
SF > FMIN = EF > PF. In this case, PF has the strongest
discriminating power (Wilks’ λ = 0.003, p < 0.001),
while the weakest predictor was IPI (Wilks’ λ = 0.389, p
< 0.001). Correlation analysis indicated that most of the
call parameters were strongly correlated with each other
(Table 3). Frequency-related parameters were positively
correlated to other frequency-related parameters,
while they were negatively correlated to time-related
parameters, and vice versa.

The best model produced 100% correct classification
in both original and cross-validated group membership
(Table 2). A MANOVA indicated that the discrimination
of the data was significantly different from random (Wilks’
λ = 8.116 x 10–7, F16, 293.9 = 1, 792, p < 0.0001), and the
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Table 2. Classification matrix for all species. Overall classification rate was 100% (n = 104) for both the original and cross-validated group
memberships.
Model
Original

Cross-validated

True groups

Predicted group membership
H. coronatus

M. paululus

M. eschscholtzii

M. macrotarsus

R. arcuatus

H. coronatus

26

0

0

0

0

M. paululus

0

25

0

0

0

M. eschscholtzii

0

0

4

0

0

M. macrotarsus

0

0

0

20

0

R. arcuatus

0

0

0

0

29

Total n

26

25

4

20

29

n correct

26

25

4

20

29

% correct

100

100

100

100

100

H. coronatus

26

0

0

0

0

M. paululus

0

25

0

0

0

M. eschscholtzii

0

0

4

0

0

M. macrotarsus

0

0

0

20

0

R. arcuatus

0

0

0

0

29

Total n

26

25

4

20

29

n correct

26

25

4

20

29

% correct

100

100

100

100

100

Figure 2. Canonical discriminant function biplot showing group
centroid of each cave-dwelling insectivorous bat
species sampled in Puting Bato Cave 5, Polillo Island,
Philippines.

DISCUSSION
Effect of Recording Method on Echolocation Calls
Bats vary their echolocation calls depending on the
amount of clutter in their environment (Schnitzler and
1728

Kalko 2001). However, the extent of variation between
calls recorded in different clutter conditions still depends
on the type of echolocation calls produced by the bat
species. Calls dominated by an FM component, similar
to the signals of species from family Miniopteridae and
Vespertilionidae in this study, are produced at LDC. To
avoid forward masking, LDC bats do not emit calls and
listen to returning echoes simultaneously. Instead, they
produce short duration calls at long intervals and wait
for the returning echo before emitting another call thus
separating the pulse and target echo in time (Fenton et
al. 2012). The LDC bats in this study are associated
with edge spaces (Sedlock et al. 2019) where clutter is
minimal; however, the conditions of the enclosure where
their calls are recorded simulate a narrow or cluttered
environment (Siemers 2004). To adapt to increasing
clutter, bats modify their call by increasing the frequency
ranges and shortening the call duration and inter-pulse
interval (Schnitzler and Kalko 2001; Jones and Holderied
2007). This is to compensate for the rapid return of target
echo and avoid self-deafening. Thus, only the calls used
by these bats in cluttered environments were recorded,
and differences in the echolocation call features and
characteristics may be observed when compared to bat
individuals recorded in free flight.
On the other hand, echolocation calls with a CF component
like those produced by Hipposideros coronatus and
Rhinolophus arcuatus in this study are emitted at HDC. HDC
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Table 3. Spearman’s rank correlation coefficient for parameters used in DFA models. Values indicate the magnitude of correlation between call
parameters (approaching 1 – strong, approaching 0 – weak). Sign determines directionality of correlation.
SF

EF

EF

0.7395

PF

0.6955

0.9533

FMIN

0.7474

0.9804

PF

FMIN

FMAX

0.9459

FMAX

0.9177

0.8270

0.8177

0.8157

DUR

–0.6597

–0.3705

–0.3543

–0.3795

–0.5600

IPI

–0.7587

–0.8018

–0.8116

–0.8071

–0.7924

bats have evolved anatomical modifications, especially the
cochlea of their ear and the neuronal system responsible for
processing acoustic information to detect sounds within a
specific and narrow frequency range (Fenton et al. 2012).
In addition, HDC bats can listen to returning echoes while
emitting acoustic signals since self-generated call pulses and
target echoes are separated in frequency. By lowering the
frequency of the emitted calls, HDC bats compensate for the
Doppler-induced increase in the frequency of the returning
echo to match the frequency range that the species can
detect (Schnitzler and Kalko 2001; Fenton et al. 2012). The
ability of HDC bats to compensate for the Doppler effect
also allows them to be unaffected by masking problems,
especially for species with long CF components in their call
(Schnitzler and Kalko 2001). Recording calls from these
species inside an enclosure will generate relatively shorter
call durations due to the short travel distance of the signal
but their CF components, which contain the frequency
mainly used to acoustically identify species in this group,
will not be affected or significantly change (Siemers 2004).
Therefore, echolocation calls recorded from HDC bat
individuals released in an enclosure or hand-held can still
be used as a reliable reference in acoustic identification of
these species in the field.
FM Calls: Miniopteridae and Vespertilionidae
Species producing FM calls in our study exhibited acoustic
distinctness between each other; however, statistical
analysis showed no significant difference between the call
characteristics of Miniopterus eschscholtzii and the other two
species. Particularly, the call characters of M. eschscholtzii
overlapped with the other two FM-producing bats. Studies of
Vaughan et al. (1997), Russo and Jones (2002), and Wordley
et al. (2014) also observed overlaps in the call characters
of other FM-producing bats. Though our study identified
peak frequency as the strongest call predictor, we also
found end frequency as one of the strongest call characters
in differentiating the species. This was similar to the reports
of previous studies along with other call characters such as
start and peak frequencies, and call duration (Vaughan et al.
1997; Russo and Jones 2002; Wordley et al. 2014).

DUR

0.4776

Most of the measured call characteristics in these species
were similar to the records of previous studies in the
Philippines (Sedlock 2001; Sedlock et al. 2019; Amberong
et al. 2021). The call peak frequency of Miniopterus
paululus in our study (66.24–74.06 kHz) was comparable
to the peak frequency of the same species recorded
by Sedlock et al. (2019) in Laguna (62.0–73.0 kHz)
(identified as Miniopterus australis) and by Amberong
et al. (2021) in Bulacan with a slightly wider range
(63.7–90.0 kHz). Moreover, the call duration of the species
in Laguna had a wider range (2.5–13.0 ms) compared
to the records in Bulacan (2.0–3.7 ms) and in our study
(2.27–3.4 ms), which might be attributed to the difference
in the recording methods employed. Echolocation calls
of M. paululus in Laguna were recorded from free-flying
bats (Sedlock et al. 2019), while the calls of the species
from Bulacan (Amberong et al. 2021) and in our study
were recorded from individuals released in enclosures.
Recording FM-dominated calls inside enclosures or
flight cages usually result in calls that are produced by
bats in cluttered environments having shorter duration
and higher frequency range (Siemers 2004). Meanwhile,
the minimum frequency of M. eschscholtzii in our study
(41.99 ± 1.47 kHz) was almost similar to the records of
the same species in Laguna (45.6 ± 0.7 kHz) (identified
as Miniopterus schreibersii) and Bulacan (44.3 ± 0.6
kHz) (Sedlock 2001; Sedlock et al. 2019; Amberong et
al. 2021). On the other hand, the echolocation calls of
Myotis macrotarsus is not mentioned in any literature,
and – to our knowledge – our study is the first to document
and characterize the echolocation call of this species.
Myotis macrotarsus is distributed across Malaysia and
the Philippines (Duya et al. 2019), and intraspecific call
variation in this species can be potentially high.
CF-FM Calls: Hipposideridae
The CF in the call of roundleaf bats is distinguishable from
other families and their CF-FM call design separates them
from other bats that also produce calls with CF component.
Members of the family Hipposideridae typically produce
calls with a prominent CF component (Hughes et al. 2010;
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Webala et al. 2019; Amberong et al. 2021); however,
the echolocation call of Hipposideros coronatus does
not follow this form. Comparing spectrograms and call
duration records, the CF component in the echolocation
call of H. coronatus is the shortest in duration among other
roundleaf bat species recorded in the Philippines (Sedlock
2001; Mould 2012; Sedlock et al. 2019; Amberong et
al. 2021). The call duration of H. coronatus was even
shorter than our records of Myotis macrotarsus, which
produces only pure FM calls. In addition, the call peak
frequency of H. coronatus recorded by Sedlock et al.
(2014) in Bohol (156 kHz) is within the range of our
records (146.65–160.32 kHz) of this species. Thus, H.
coronatus currently has the shortest call duration among
Philippine Hipposideros species and the highest frequency
call record among all bat species with echolocation call
record in the country.
FM-CF-FM Calls: Rhinolophidae
The horseshoe bat Rhinolophus arcuatus is the only
species we recorded with FM-CF-FM call design. Typical
for horseshoe bats, the long CF in their call mainly
contributes to their long call duration (Vaughan et al.
1997; Russo and Jones 2002; Hughes et al. 2010; Hackett
et al. 2017). The call of R. arcuatus is the longest among
the echolocation calls characterized in our study and
was comparable to the records of the species in Bulacan
(34.7–56.2 ms) (Amberong et al. 2021). In terms of call
frequencies, the peak frequency of R. arcuatus recorded in
our study in Polillo Island (66.81 ± 2.04 kHz) is close to
the values reported in Bohol (68.7 ± 1.4 kHz) and Bulacan
(65.0 ± 1.8 kHz) (Sedlock et al. 2014; Amberong et al.
2021). The peak frequency of the individuals recorded in
Mt. Makiling (71.2 ± 0.4 kHz) is slightly higher than the
other existing records (Sedlock 2001).
Call Frequency and Morphometric Correlation
Interspecific and intraspecific call variations are observed
in many bat species worldwide. Apart from geographic
location, the differences in call characteristics and design
among and within species might also be affected by
environmental features (Fawcett et al. 2015; Chaverri
and Quiros 2017) and morphometric differences (Huihua
et al. 2003; Wu et al. 2015). Thiagavel and colleagues
(2017) determined that forearm length is negatively
correlated with call PF in evening bats (Vespertilionidae).
Similarly, Hughes et al. (2010) also observed this inverse
relationship on species from families Rhinolophidae
and Hipposideridae in Thailand. Both studies noticed
the decreasing trend in call frequencies across species
with increasing forearm length. We observe the same
pattern in the FM-producing species in our study if the
application of Thiagavel et al.’s observations extends to
long-fingered bats (Miniopteridae) as being closely related
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to evening bats (Miller-Butterworth et al. 2007). Among
the three species, Myotis macrotarsus with the longest
forearm length had the lowest peak frequency while
Miniopterus paululus with the shortest forearm length
had the highest peak frequency. We also observe this in
Rhinolophus arcuatus, a medium-sized horseshoe bat that
produces call frequency values lower than smaller species
but higher than larger species when compared to other
Philippine horseshoe bats (Sedlock 2001, 2002; Sedlock
et al. 2014; Dimaculangan et al. 2019; Amberong et al.
2021). However, this pattern is not observed in Philippine
roundleaf bats. Hipposideros coronatus currently has the
highest call peak frequency record among the roundleaf
bat species with recorded calls in the Philippines (Sedlock
2001, 2002; Mould 2012; Sedlock et al. 2014; Amberong
et al. 2021), but its forearm length is longer than
Hipposideros pygmaeus – the smallest roundleaf bat in
the Philippines (Heaney et al. 2010), which only produce
calls with peak frequencies at 90–95 kHz (Sedlock et al.
2014) to 105–115 kHz (Amberong et al. 2021). Although
several species have already been acoustically recorded
in the Philippines, their echolocation calls were not
completely described and only one frequency parameter
in their calls was measured. Our study only included
the five species, and more information is required to
establish call frequency and morphometric correlation in
Philippine bats.
DFA Classification Success and Predictors
Numerous studies have demonstrated the species-specific
characteristic of bat echolocation calls and our study also
demonstrates this. In our study, the DFA provided a perfect
classification rate for the five species. Classification
success was higher than the reports of Amberong et al.
(2021) on several Philippine bats and the studies in other
southeast Asian countries (Hughes et al. 2010, 2011; Chou
and Cheng 2012; Phauk et al. 2013; Pham et al. 2021).
However, most of these studies categorized more species
compared to our study, which might affect the accuracy of
discrimination by the models. In addition, the final model
only included the parameters SF, EF, PF, and DUR, but
the removal of FMIN, FMAX, and IPI did not increase the
overall classification rate of the model. Disregarding the
stepwise method in the DFA, all calls in our study would
still be classified to the correct species even if the model
contained all seven parameters. The three parameters
were only removed in the final model since their partial
F values were below the minimum value requirement.
Moreover, IPI may have also been removed since it is
the weakest predictor. Conversely, peak frequency had
the most discriminating power among the call parameters
used. Numerous studies have noted the importance and
high significance of peak frequency in classifying calls
to correct species (Vaughan et al. 1997; Russo and Jones
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2002; Carter et al. 2012; Wordley et al. 2014; Lloyd 2017;
Mifsud and Vella 2019). Peak frequency is the frequency
with the highest sound pressure level (Denzinger et al.
2016), which is related to the relative loudness of sound.
By listening to a particular range of loudness, the chance
of detection increases. Therefore, it may be possible that
producing calls with distinct peak frequencies enables the
bats to recognize only the echoes of their own echolocation
signal.

Care and Use Committee for evaluating our collection
methods (Category 1: Protocol Number: CAS-2019014). We are immensely grateful for the permission and
accommodation accorded to us by the local government
and the people of Burdeos, Polillo Island. Lastly, we thank
the two anonymous reviewers who helped improve the
early version of this manuscript.
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