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Abstract: The bat diversity on Penang Island is increasingly threatened by deforestation,
agricultural expansion and urbanisation. Although acoustic monitoring is widely used in bat
research and conservation, the acoustic diversity of the island's bat fauna remains poorly
understood. This study characterises and compares echolocation calls of 12 bat species on
Penang Island. Species from families Vespertilionidae, Megadermatidae, Emballonuridae and
Coelops frithii from Hipposideridae produce frequency-modulated calls, and the remaining
Hipposideridae species alongside all species from Rhinolophidae produce constant-frequency
calls. Principal component analysis based on frequency parameters well cluster samples by

species, with bandwidth and lowest frequency particularly informative for species discrimination.
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Comparisons with published mainland data reveals variation in call frequencies among certain
species, although these differences should be interpreted cautiously due to limited sample sizes
and the absence of molecular validation. This study provides baseline acoustic information to

support future bat monitoring and conservation efforts on Penang Island.

Keywords: Bat Acoustics, Call Variation, Island Fauna, Peninsular Malaysia

INTRODUCTION

As of May 2026, 1,511 bat species have been recorded all over the world (Simmons & Cirranello,
2026). Malaysia currently records 143 bat species which represent nearly 10% from the global
bat fauna and 40% of Malaysian mammal species (Medway, 1983; Kingston et al., 2012; Senawi
& Norhayati, 2021; Abdullah et al., 2022). There are 11 species of bats that are endemic in
Malaysia (Hutson et al., 2001). Peninsular Malaysia alone hosts 143 bat species (Lim et al., 2017,
Senawi & Norhayati, 2021) and therefore Peninsular Malaysia is one of the bat diversity hotspots
in the world (Kingston et al., 2003; Kingston et al., 2006). In fact, bat is one of the largest

mammalian orders within Peninsular Malaysia (Kingston et al., 2003).

Bats play crucial roles in ecosystems as pollinators and seed dispersers for a vast variety of plants
(Aziz et al., 2017) as well as natural insect pest suppressors (Srilopan et al., 2018). However,
habitat loss due to deforestation and urbanisation poses a significant threat to bat populations
(Kingston, 2013; Struebig et al., 2015). The degradation and fragmentation of their natural
habitats reduce roosting and foraging opportunities, ultimately leading to population declines.
These threats significantly increase the risk of bat species facing extinction (Cardillo et al., 2006).
Conservation efforts, such as habitat restoration and protected areas, are essential to mitigate

these risks and ensure the survival of bat populations.

Insectivorous bats are known for their ability to echolocate (Griffin, 1958; Fujioka et al., 2016).
Echolocation is the process by which an individual “visualises” its surroundings using the echoes
of their own emitted sounds (Griffin et al., 1960; Jones, 2005). Many bat species exhibit acoustic
plasticity, whereby echolocation call parameters such as frequency, duration and bandwidth can
shift in response to environmental conditions, particularly habitat structure and foraging space
(Ulanovsky & Moss, 2008; Jones & Holderied, 2007; Schnitzler & Kalko, 2001; Obrist, 1995). Bats



rely on echolocation for spatial orientation (Thomas et al., 2004), foraging (Thomas et al., 2004;
Wright et al., 2011), and obstacle avoidance (Orbach & Fenton, 2010; Corcoran & Weller, 2018).

Because echolocation calls are species-specific and adapted to their ecological needs, variations
in call parameters allow for species-level identification through acoustic analysis (Fenton & Bell,
1981). Distinct call structures reflect differences in foraging strategies, habitat use and social
behaviors, making echolocation a valuable tool for studying bat ecology. Acoustic monitoring
provides a non-invasive method for tracking bat populations, assessing biodiversity, and detecting

shifts in bat activity over time, which is crucial for conservation efforts.

Penang Island has been highly urbanised and industrialised over the past century (Tan et al.,
2010). However, in this island, there are areas that still serve as agriculture lands (Elhadary et al.,
2013; Mohammed et al., 2015) and reserves for nature, particularly tropical rainforests (Kanniah
& Ho, 2017; Masum et al., 2017) and mangrove forests (Beh et al., 2010). This variety of
vegetation provides different habitats to accommodate diverse bat fauna that are ideal to explore
the bat echolocation calls and acoustic evolution within the island. However, knowledge about the
call diversity of bat species on Penang Island mainly rely on studies on the geographic populations
outside the island. To date, echolocation calls have been reported for only one species from
Penang Island (Huang et al., 2019), indicating that acoustic reference data for this island remain

limited.

The aim of this study is to describe the echolocation calls emitted by selected insectivorous bat
species on Penang Island recorded from our past surveys. We also discuss the importance of

acoustic information and database towards bat conservation and monitoring among Penangites.

MATERIALS AND METHODS

Bat Trapping and Bat Call Recording

Bats were trapped using harp traps and mist nets (9 m x 4 m with a mesh size of 2.5 mm)
throughout Penang Island during dry seasons (February to October) from 2014 to 2016 (see
details in Nur-lzzati et al., 2022). The harp traps were opened before 19:00 and checked at 20:00
and 22:00 as well as 07:00 the following morning. Mist nets were operated between 19:00 to

22:00 and checked every 15 to 20 minutes.



Captured bats were identified based on their external morphological features following
established regional identification keys (Kingston et al., 2006; Francis, 2008), which were adapted

to incorporate subsequent taxonomic revisions (Soisook et al. 2016; Murray et al. 2018).

In Peninsular Malaysia, two morphologically overlapped while acoustically well distinguishable
Hipposideros species co-occur: H. kunzi and H. bicolor, emitting calls with peak frequencies at
around 142 and 131 kHz, respectively (Murray et al., 2018). With both skull measurements and
DNA evidence lacked for our samples and thus the species identity was unable to be
unambiguously determined, we assigned our acoustic samples to H. cf. kunzi based on their call

peak frequencies (see Results).

Calls were recorded individually in the field using a Pettersson M500 ultrasonic microphone
(Pettersson Elektronik AB, Sweden) with BatSound® Touch Lite

(https://batsound.com/product/batsound-touch-lite/). Calls were recorded either by hand release

or a flight tent constructed from mosquito netting (2 m x 2 m x 3 m). For hand release recordings,
bats were initially held approximately 30 cm from the microphone for initial recording before being
allowed to fly, with the microphone to obtain reference calls before release, with the microphone
directed toward the flying individual. Recordings were obtained under a range of field conditions,
including cluttered forest understorey, forest edge, and semi-open habitats depending on trapping
location and release environment. However, habitat-specific comparisons of echolocation
parameters were not conducted due to limited sample sizes within each habitat category. In total,
74 individual bats representing 12 species were recorded and included in this study. Selected
high-quality recordings were deposited in ChiroVox - Library of Bat Calls
(https://www.chirovox.org/) with ChiroVox UID A001051-A001141 to support transparency, future

validation and comparative acoustic studies.

Data Analysis

Echolocation calls recorded during the search phase with high signal-to-noise ratio and minimal
strong echoes were selected as reference calls, as they are generally more stable and easily
detectable (Simmons et al., 1979; Fenton & Bell, 1981; O'Farrell & Gannon, 1999; Schnitzler et
al., 2003). For each usable recording sequence, up to five high-quality search-phase pulses were

selected for acoustic measurement to minimise the influence of background noise, recording
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artefacts and distorted calls. Consequently, the total number of analysed pulses varied among

species depending on recording quality and the number of individuals successfully recorded.

Calls were analysed using BatSound version 4.01 (Pettersson Elektronik AB) with the fast Fourier
transform (FFT) size of 512 points as defaults. Call structure was determined by visual inspection.
Measurements were taken from the harmonic with a maximum energy, following standard
acoustic analysis procedures for insectivorous bats. Six acoustic parameters were calculated,
namely pulse duration (D), interpulse interval (IP1), peak frequency (FmaxE), start frequency (SF),
highest frequency (HF) and lowest frequency (LF). A seventh parameter, bandwidth (BW), was
obtained by subtracting LF from HF.

Recordings obtained from both hand-release and flight-tent conditions were analyse together.
Because echolocation calls may vary depending on recording context, flight behaviour and
environmental conditions, interspecific comparisons were interpreted cautiously, particularly for
species represented by small sample sizes or single individuals. Juvenile individuals were
excluded from acoustic analyses to minimise ontogenetic variation in echolocation parameters.
Sex-specific differences were not assessed due to limited sample sizes across several taxa.
Recordings obtained from hand-release and flight-tent conditions were analysed together;
however, only search-phase calls with high signal-to-noise ratio and minimal distortion were

selected to reduce potential behavioural and recording-context effects.

To aid in visualizing patterns and simplifying the dataset, we applied Principal Component
Analysis (PCA) to reduce dimensionality while preserving as much variability as possible. PCA
was used as an exploratory tool only and not for species classification. By transforming correlated
variables into a smaller set of uncorrelated principal components (PCs), PCA makes it easier to
interpret relationships within the data. It also allows multidimensional data to be plotted in two or
three dimensions, helping to detect clusters, trends and outliers. Ultimately, PCA makes datasets

more manageable for further analysis.

PCA was performed using the prcomp() function in R (version 4.6.0). We included only the
spectral variables, namely FmaxE, SF, HF, LF and BW in PCA, aiming to evaluate whether and
how these correlated variables differentially contributed to species discrimination. As the PCA
entries, all five parameters were standardised to z-scores to account for differences in

measurement scales (scale.=TRUE).



RESULTS

Echolocation calls of 11 bats species of five families were reported in this survey. These included
Hipposideros cf. kunzi, Hipposideros galeritus and Hipposideros armiger of Hipposideridae,
Rhinolophus affinis, Rhinolophus refulgens and Rhinolophus stheno of Rhinolophidae,
Megaderma spasma of Megadermatidae, Taphozous melanopogon of Emballonuridae, and
Phoniscus jagorii, Kerivoula hardwickii, and Myotis muricola of Vespertilionidae. Calls of an
additional Hipposideridae species—Coelops frithii from literature were also included in
comparison (Huang et al., 2019). In total, 74 bat individuals representing 12 species were

analysed (Table 1).

Murray et al. (2018) reported the CF-component frequencies of the calls of H. kunzi and H. bicolor
in the ranges of 135.8-147.5 kHz (n = 842) and 124.9-135.8 kHz (n = 136), respectively. The
peak frequencies (FmaxE; quasi-equal to the CF-component frequency) of our acoustic samples
from this species complex ranged in 137.2-141.2 kHz, well consistent with those of H. kunzi.

Therefore, we assigned all these samples to H. cf. kunzi.

Different call structures were recorded for the 12 bat species. Bats from family Vespertilionidae,
Emballonuridae and Megadermatidae, along with C. frithii from the family Hipposideridae produce
frequency-modulated (FM) calls. Rhinolophid and Hipposiderid bats produce calls dominated by
a constant-frequency (CF) component (Figure 1). Reflecting such a distinction, Rhinolophid and
Hipposiderid species emitted calls with longer durations (D) than those of the other species
although the most pronounced, non-overlapping differences existed between Rhinolophidae and
all other species: Rhinolophidae and the other species had D in ranges of > 10 and < 10 ms,
respectively (Table 1). Contrastingly, the interpulse interval (IPI) did not show patterns specific to
taxonomic groups; in fact, IPl showed extreme variations within species (Table 1), limiting its

usage in species discrimination.
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Figure 1. The sonograms of bat calls of a) FM call structures, b) FM-CF-FM call structures and

c) CF-FM call structures.

Table 1. Call parameters of 12 bats species from Penang Island.

Species ChiroVo | n |No.off Call Call parameters
x ID pulse| structure D IPI FMaxE SF HF LF BW
(UID) S (ms) (ms) (kHz) (kHz) (kHz) (kHz) (kHz)
Phoniscus A001083 | 1| 90 FM 14 29.9 116.8 £| 128.0+| 149.8+| 86.2+ 63.5 +
Jjagoriit - (0.5-2.7)| (8.9-237.8)| 12.8 23.5 23.2 5.0 22.9
A001100
Myotis muricolat| A00107 | 1| 18 FM 26 87.8 796+ | 1027+ | 111.0+| 520+ |59.0+7.4
9- (1.7-3.8) (41.3- 10.7 12.6 7.9 2.8
A00108 231.4)
1
Kerivoula A00107 | 4| 20 FM 1.7 15.6 158.3+| 173.0+| 1984 +| 972+ | 101.3 %
hardwickiitt 5- (1.0-2.3)| (7.6-83.5) 18.7 21.0 124 6.0 14.6
A00107
8
Megaderma A00108 | 1| 5 FM 1.1 393.6 754+ | 755+ | 802+ | 66.6+ |13.6+3.6
spasmat 2 (1.0-1.3)| (139.1- 214 214 20.4 21.5
1000.0)




Taphozous A00110 | 3| 15 FM 3.2 20.8 285+ | 301+ | 313+ | 198+ |11.5+27
melanopogont 1- (1.2-5.0)| (3.9-52.8) 5.4 5.9 5.6 4.0
A00110
3
Coelops frithiit* | AO01051 | 1| 10 FM 0.8 141 1409+| 1413+ | 183.0x| 117.5+|655+£6.3
- (0.5-1.2)| (11.0-22.0)| 24.2 24.5 2.9 6.4
A001052
Hipposideros cf. | A00105 |12| 60 | CF-FM 5.8 12.8 139.8+| 139.6+| 1405+ | 1152+|253+4.4
kunzitt 6- (4.2-8.0)| (3.4-136.4) 1.1 1.2 1.2 4.6
A00106
7
Hipposideros A00106 | 7| 35 | CF-FM 5.6 27.6 921+ | 918+ | 926+ | 814+ |11.2+2.1
galeritust 8- (2.4-9.5)| (7.8-87.5) 0.9 1.0 1.1 2.6
A00107
4
Hipposideros A001053 | 3| 15 | CF-FM 6.9 34.3 717+ | 715+ | 720+0| 62.0+ |10.0+1.7
armigert - (6.1-8.4) (13.9- 0.2 0.3 1.7
A001055 192.1)
Rhinolophus A00110 |17| 85 | CF-FM 29.9 42.2 737+ | 728+ | 744+ | 63.0+ |114+34
affinist 4- (17.5- | (3.5-381.3)| 0.3 0.8 0.5 34
A00112 48.3)
0
Rhinolophus A00112 | 18| 90 | CF-FM/ 244 25.6 103.9+| 101.3+| 1044+| 812+ [23.2+56
refulgenstt 1- FM-CF- | (12.2- | (2.8-113.3) 1.3 3.6 1.4 5.2
A00113 FM 46.5)
8
Rhinolophus A00113 | 6| 30 | CF-FM/ 27.5 27.1 86.8+| 86.0+ | 871+ | 734+ |1405.2
sthenott 9- FM-CF- | (14.9- | (4.3-117.8) 1.0 1.2 0.7 5.2
A00114 FM 52.6)
4

Notes: n = number of individuals, D—pulse duration, IPl—interpulse interval, FMaxE—peak frequency, SF—start frequency, HF—
highest frequency, LF—Ilowest frequency, BW—bandwidth. Values are presented in mean (range) for D and IPl and in mean %
standard deviation for the other parameters. tflight tent: calls recorded during free flight within a flight tent; fhand released: calls

recorded immediately after released by hand into open space; *published by Huang et al. (2019)

We used PCA to summarise call variation in frequency parameters. The identified first two
principal components, PC1 and PC2, collectively accounted for 98.3% of the total variance (PC1
and PC2 accounted for 82.6% and 15.7, respectively; Figure 2). On PC1, the loadings of the five
frequency parameters were all negative and similar in magnitude (Table 2). This indicated that

PC1 represented the general frequency of a call, with large PC1 scores corresponding to calls at
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low frequencies. On PC2, the bandwidth (BW) and the lowest frequency (LF), displaying positive
and negative loadings there, respectively, had loading magnitudes much greater than those of
the other parameters (Table 2). Accordingly, large PC2 scores corresponded to calls with broad
BW and/or low LF.

Species
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#

e < ¥ B +
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Figure 2. Principal Component Analysis (PCA) based on the five spectral call parameters listed
in Table 1.

Notes: Principal component 1 (PC1) and principal component 2 (PC2) together account for 98% of the
total variance. The analyzed species include Phoniscus jagorii (Phja), Myotis muricola (Mymu), Kerivoula
hardwickii (Keha), Megaderma spasma (Mesp), Taphozous melanopogon (Tame), Coelops frithii (Cofr),
Hipposideros cf. kunzi (Hiku), Hipposideros galeritus (Higa), Hipposideros armiger (Hiar), Rhinolophus
affinis (Rhaf), Rhinolophus refulgens (Rhre) and Rhinolophus stheno (Rhst).
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Table 2. Principal Component Analysis (PCA) variable loadings for the first two principal
components (PC1 and PC2).

Variable PC1 PC2

FmaxE -0.476 -0.230
SF -0.485 0.012
HF -0.484 0.173
LF -0.405 -0.624
BW -0.376 0.726

Note: FMaxE = peak frequency, SF = start frequency, HF = high frequency, LF = low frequency, BW = bandwidth

Based on aforementioned variable loadings, PC1 indicated that K. hardwickii, C. frithii and H. cf.
kunzi emitted high-frequency calls (small PC1 scores), T. melanopogon emitted low-frequency
calls (large PC1 scores), and M. muricola, H. galeritus, H. armiger alongside all Rhinolophidae
species emitted calls at intermediate frequencies (Figure 2). P. jagorii and M. spasma had call
frequencies varied widely to the point that each overlapped with several other species (Figure 2).
Based on PC2, calls of K. hardwickii, M. muricola and T. melanopogon were characterised by
broad BW and/or low LF (large PC2 scores), while those of Rhinolophid and Hipposiderid species
(including C. frithii) showed the opposite patterns (small PC2 scores); calls of P. jagorii and M.

spasma had BW and/or LF in between and overlapping with the former two groups (Figure 2).

DISCUSSION

In this study, Phoniscus jagorii, Coelops frithii, Myotis muricola and Megaderma spasma were
each represented by a single individual. All high-quality recordings, including those from these
taxa, were retained to maximise dataset completeness; however, the findings for these species

should be interpreted cautiously because of the limited sample size.

A key limitation is the low number of recordings available for several species, with some
represented by only a few individuals. Although some taxa are considered widespread, obtaining
high-quality echolocation recordings under standardised field conditions was constrained by low
capture success, environmental variability and strict call-quality selection criteria. In addition,
echolocation call characteristics may vary with biological factors such as sex and age, as well as
behavioural and recording context (Russo & Jones, 2002). Although juveniles were excluded to
minimize ontogenetic effects, variation associated with sex and recording context could not be
12



fully assessed because of uneven sampling. Therefore, this dataset should be regarded as a
preliminary regional acoustic reference rather than a comprehensive call library, and future
studies with larger sample sizes and standardised sampling protocols are needed to better

characterise intraspecific variation.

Global repositories such as ChiroVox may help overcome these limitations by providing
standardised, curated echolocation reference calls for cross-regional comparison (Gorfol et al.,
2022). Integration of such databases would improve species-level identification confidence and
strengthen regional call libraries, particularly in under-sampled yet bat diversity rich tropical
regions. Nevertheless, this study provides baseline acoustic information for Penang Island and
contributes to bat monitoring and conservation. Future studies incorporating larger sample sizes,
longer sampling term and broader habitat coverage are needed to refine species-level acoustic

characterisation.

Echolocation frequency is widely used to distinguish cryptic bat species when morphological traits
are insufficient (Jones & Barlow, 2004). CF calls are specialised for detecting fluttering prey and
typically have narrow bandwidths and long durations, whereas FM calls provide greater spatial
resolution in cluttered habitats (Schnitzler & Kalko, 2001). These differences explain the distinct
clustering of Rhinolophidae and Hipposideridae relative to Vespertilionidae, Emballonuridae and
Megadermatidae observed in the present study. Similar convergence in echolocation structure
has been associated with comparable flight behaviour and foraging strategies in similar
environments (Jung et al., 2014). Echolocation is also a flexible trait influenced by behavioural
and environmental conditions (Jakobsen et al., 2013; Surlykke & Kalko, 2008). However, because

habitat use was not directly assessed, interpretation is limited to acoustic variation.

Dejtaradol (2009) previously reported echolocation as the main distinguishing feature within
Rhinolophus refulgens. However, subsequent taxonomic studies demonstrated that R. refulgens
can be reliably distinguished from closely related taxa based on a combination of DNA barcodes
and subtle morphological characters, including differences in forearm and skull measurements

and the morphology of the supraorbital region (Soisook et al., 2016; Francis, 2019).

Hipposideridae bats exhibit high cryptic diversity, with narrowband echolocation calls often
showing clear interspecific divergence (Jones & Barlow, 2004; Kingston et al., 2001). Francis et

al. (1999) reported a 19 kHz difference between Hipposideros ridleyi and H. orbiculus, while
13



Kingston et al. (2001) identified two cryptic H. bicolor lineages in Peninsular Malaysia with distinct
peak frequencies (131 and 142 kHz), later recognised as H. bicolor and H. kunzi (Murray et al.,
2018). Such differences may function in prey detection, intraspecific communication (Bradbury &

Vehrencamp, 1998) or habitat adaptation.

Spectral parameters are generally considered more robust descriptors than temporal parameters
because they are less influenced by flight behaviour and recording geometry, making them
particularly suitable for comparative acoustic studies (Russo & Jones, 2002; Surlykke & Kalko,
2008). Nevertheless, the substantial acoustic similarity observed here suggests that spectral
parameters alone have limited discriminatory power for separating these cryptic taxa on Penang
Island. The discrepancy from mainland records may reflect geographic or population-level
variation; however, this interpretation remains tentative without complementary genetic evidence.
Species identification was therefore based on morphological confirmation using updated regional
taxonomic references. Future molecular studies are required to determine whether island isolation

has contributed to the observed acoustic similarity.

Hipposideros galeritus is another species that showed potential geographical variation in their
echolocating calls. Our call data based on a total of seven individuals included in this study emitted
calls at peak frequency between 91kHz to 94kHz, which is the lowest among the reported to date.
Existing records of peak frequency for H. galeritus were between 112kHz to 116kHz from the
population from at central peninsular India (Srinivasulu et al., 2015), between 99kHz-116kHz from
the Vietnamese population (Gybérossy et al. 2024), between 98.5kHz—102.5kHz from the
Cambodian population (Phauk et al., 2013), and 97.66kHz + 0.7 from the Sri Lanka island
population (Kusuminda et al., 2019).

Echolocation structure is influenced by habitat complexity and foraging behaviour (McKenzie et
al., 1995; Gao et al., 2011), and geographic variation in bat calls is well documented, with
frequency shifts of 5-10 kHz often observed alongside high individual variability (Jiang et al.,
2015). Environmental conditions, habitat type, and foraging mode further shape call structure
(Barclay et al., 1999; Obrist, 1995; Jones & Teeling, 2006). However, disentangling these effects
is challenging due to interacting influences of genetic drift, ecological selection and social factors

may interact to influence call design (Jiang et al., 2015).
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Penang Island’s isolation may contribute to local acoustic variation. The island was connected to
the Sunda Shelf during the Late Pleistocene, with separation occurring after Holocene sea-level
rise approximately 8,000-10,000 years ago (Solihuddin, 2014). As insular populations likely
originated from mainland conspecifics (Kruskop, 2011), broadly similar species composition and
acoustic traits are expected. However, ecological differences in habitat structure may still drive
subtle divergence in call design (Shuyi et al., 1999). In the absence of genetic or population-level

data, interpretations of insular divergence remain tentative.

Phoniscus jagorii exhibited differences in peak frequency compared to mainland records.
However, this comparison is based on recordings from a single individual, as reported by Nur-
Izzati et al. (2022). Although only a single individual was captured, multiple high quality search
phase echolocation calls were recorded from this individual within a flight tent allowing 90 pulses
to be analysed and providing a robust description of its call characteristics despite the limited
number of individuals. Nevertheless, analysing multiple pulses from a single individual does not
account for potential intraspecific acoustic variation. Consequently, the observed differences may
reflect recording context, harmonic selection or intraspecific variation rather than true geographic
divergence. With only eleven known voucher specimens of Phoniscus jagorii (three from Penang
Island) kept in the museums (personal database of Gabor Csorba, Hungarian Natural History
Museum, Budapest, Hungary) and the scarcity in the literature, it reflects the rarity of this species
in Peninsular Malaysia and throughout Southeast Asia (Oo et al., 2019; Thong et al., 2021).
Therefore, we proceed to describe the calls of the single Phoniscus jagorii individual for future
conservation and monitoring importance of this species. In addition, our description here is the
first detailed description of its echolocation calls from Penang Island. However, the absence of
genetic data limits evolutionary interpretation, and further integrative studies incorporating larger
sample sizes and molecular analyses are needed to confirm whether these differences represent

geographic variation.

Islands are important reservoirs of bat diversity but are often subject to conservation pressures
(Jones et al., 2009). Given limited knowledge of bat assemblages in Penang, further ecological
and taxonomic studies are needed to support conservation planning. While this study provides
baseline acoustic data, results should be interpreted cautiously due to limited sample sizes.
Nevertheless, regional acoustic reference developed here provides an important foundation for
passive acoustic monitoring on Penang Island, enabling future biodiversity assessments and

long-term conservation programs. Continued monitoring, together with public education
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highlighting the ecological roles of bats as pollinators, seed dispersers and insect pest regulators,

will further strengthen bat conservation efforts in the region.

CONCLUSION

This study provides the first preliminary acoustic reference dataset for bat species on Penang
Island, contributing new regional information on echolocation call characteristics for multiple
insectivorous bat taxa. The results demonstrate that spectral parameters are useful for
discriminating most species, especially the band width and the lowest frequency. On the other
hand, species identification based solely on echolocation calls is insufficient, and integrating
acoustic monitoring with other lines of evidence such as skull measurement and DNA barcodes
is warranted. This combined approach improves taxonomic reliability and strengthens the

development of regional acoustic reference libraries.

The study also demonstrates that island bat assemblages may exhibit acoustic variation relative
to mainland populations; however, these differences should be interpreted cautiously due to
limited sample sizes and potential behavioural and recording-context effects. Nevertheless, this
study provides an important baseline for future bat research and acoustic monitoring on Penang

Island.

For bat conservation and monitoring in Penang, the findings support the continued use of
integrated survey methods combining mist-netting, harp trapping and acoustic recording to
improve detection coverage and species identification accuracy. The establishment of
comprehensive local reference libraries, supported by larger sample sizes and future genetic

validation, will further enhance biodiversity assessment and conservation planning in the region.
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