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ABSTRACT

	Bats (Chiroptera) make up 20% of all mammal species and play vital ecological roles in pollination, seed dispersal, and pest control. India is home to a diverse range of bat species. 
Even though they are not blind, many species of bats possess highly developed ultrasonic bio-sonar abilities known as "echolocation," which they employ to navigate and capture insects in complete darkness. However, habitat loss and human disturbances threaten their populations, necessitating effective conservation strategies. Traditional identification methods, including morphology and echolocation, face challenges due to cryptic diversity and species overlap. This review explores the modern approaches used for transforming species identification in bats. Advancements in DNA barcoding, particularly using the COI gene, have improved species identification and conservation planning. Bioacoustics offers a non-invasive monitoring tool, though call variations pose limitations. The use of bioacoustics monitoring in the conservation of animals has been increasing rapidly due to recent developments in technology and analytical techniques. Bioacoustics stands apart from the related field of eco-acoustics in that it is behaviour-centric and concentrates on the acoustic signals of individuals and species rather than more general ecological environments or approaches. Morphometric analysis remains essential but is often insufficient alone. Integrating molecular, acoustic, and morphometric approaches enhances bat species identification and supports conservation efforts. An integrated methodology utilising genetic, acoustic, and morphometric data is essential for effective bat research and conservation planning.
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1. INTRODUCTION

Our planet’s biodiversity consists of rare, specialised species, and ecosystem functions mostly depend on abundant generalists. Common species are crucial in shaping large-scale spatial patterns of species richness among animals and plants (Russo & Dechmann, 2025). Bats (order Chiroptera) make up 20% of all mammals, and there are currently over 1,300 species (Fenton et al.,2014). They exhibit remarkable variation in both morphology and behaviour (Kunz et al.,2003). The order Chiroptera is the second most diverse among mammalian orders (Hutson et al.,2001). The word "chiroptera" has Latin origins and means hand-wing (Teeling et al.,2009). They are considered the largest non-human aggregations of mammals when measured in numbers of individuals (Jones et al.,2009). They found all over the world, with the exception of the harsh polar areas and 52 million years ago was when it first evolved with 1,232 species throughout the globe and are nocturnal and feed on fish, frogs, insects, fruits, seeds, nectar, small mammals, and even blood and many ecosystem services, including pollination, seed distribution, and pest control, are provided by bats (Kunz et al.,2011). Compared to most extant bats, which weigh less than 50 g as adults, they have small bodies, with adult masses ranging from 2 g to 1 kg (Fenton, M.B. 2003). There are two suborders within Chiroptera, Microchiroptera and Megachiroptera. In comparison with the suborder Microchiroptera, the suborder Megachiroptera is comparatively larger. Megachiroptera are also known for their herbivorous diet, highly developed senses of smell and sight, and plain ears and noses devoid of further embellishment. A smaller body size and a less developed sense of sight characterise Microchiroptera, but they have an extremely sophisticated sense of hearing. This group navigates and finds possible prey using a sonar mechanism known as echolocation. A few species of Microchiroptera are specialised in consuming blood (sanguinivorous), while others are piscivorous (they eat fish), carnivorous (they consume other tiny creatures, including frogs, snakes, and centipedes), and insectivorous (they eat insects) (R.M. Nowak,1997).
Bats from the genera Artibeus and Molossus play essential roles in pollination and insect population regulation (Matos et al., 2025). Bats are an essential component of mammalian diversity (Simmons and Cirranello 2024). They are key parts of ecological communities and are important bioindicators in almost all ecosystems (Voigt et al., 2024). They have become progressively recognised as crucial bioindicator species which represent the health of ecosystems (Jones et al.,2009) and valid indicators of regions and habitats essential for conservation (Wilson et al.,2014). These highlight the significance of maintaining a check on bat numbers in order to make informed management decisions and develop effective conservation plans for chiropterans (Russo and Voigt 2016). A number of human-caused challenges, such as urbanisation, deforestation, invasive species, roost disturbance, and persecution, at least sixteen per cent of bat species face extinction (Kunz et al.,2011), and numerous species lack sufficient evidence for fundamental biology and population estimates when compared to most mammalian groups (Hutson et al.,2001).
Due to their nocturnal nature, bats can travel great distances on a nightly or annual basis (Chambers et al.,2011). Since many of them happen to be small in size and display little physical variation between species, they are considered to be challenging to manage and protect. Identifying species present at a roost or in an area, or identifying similar-looking species, is often the primary objective of bat studies. This is usually accomplished using traditional morphology, acoustic study of echolocation, or genetics (Korstian et al.,2016). Many times, morphological evaluation is dependent on cranial, dental, or baculum traits (Francis CM. 2008) and so cannot be used on live bats. Similarly, there are some practical challenges with auditory monitoring, for example, the lack of representation of species with low-intensity calls and the challenge of identifying among species that emit similar calls (Lacki et al.,2007).
India is home to a diverse range of bat species. Fruit- and nectar-feeding bats are essential to the survival and regeneration of the rainforests in the tropical regions. Being able to fly and digest their food, fruit bats disperse seeds. Bats that feed on nectar help pollinate a variety of valuable plants, including dates, figs, avocados, bananas, and mangos. Bats that consume insects control pests. Even though they are not blind, many species of bats possess highly developed ultrasonic bio-sonar abilities known as "echolocation," which they employ to navigate and capture insects in complete darkness. There are 120 different bat species identified in India (Basil et al.,2014).
2. THE REVOLUTION IN GENETICS: BEYOND DNA BARCODING
The study of nuclear and mitochondrial genomes in molecular biology has completely changed our knowledge of the distribution and evolutionary history of the diversity of species on Earth. A recent comprehensive assessment listed approximately 1331 species of bats, making the order Chiroptera an extraordinary taxon in the perspective of mammalian species diversity, constituting one-fifth of all living mammals (Bat magazine 2015). Moreover, molecular research has increased the number of bat species that have been reported and revealed numerous cryptic lineages. Several cryptic species were discovered, for instance, by mitochondrial gene studies (Puechmaille et al.,2012). The number of bat species has been analysed as an outcome of the application of DNA barcoding. The barcodes are capable of creating a Molecular Operational Taxonomic Unit (MOTU) by grouping them together based on how similar their sequences are (Floyd et al.,2002). A major advantage of DNA barcoding is the substantial database (BOLD: The Barcode of Life Data System) that can be used for comparison. But given the risks associated with maternal inheritance, DNA barcodes should always be used in connection with other data sources (Ratnasingham, S. and Hebert, 2007).
DNA barcoding can be helpful for conservation because it helps determine appropriate scales and units for employing in conservation planning, which depends on an in-depth list of species. In addition, DNA barcode markers can be used to identify unfamiliar species and obtain information about population relatedness and genetic diversity for the sake of conservation planning (Francis et al. 2010). DNA barcoding compares divergences for inter and intraspecific sequences, which could help to discriminate species of difficult identification in Chiroptera (Benítez et al., 2021). Additional strategies with a more comprehensive approach for barcoding are needed for a concise and robust distinction of population-relatedness and genetic structure.
Many bat taxa still lack a clear status, despite the recent increase in bat diversity brought about by genetic species identification. For more than 20 years, it has been known that DNA found in faeces can be used to identify species and study many biological themes (Kohn MH & Wayne RK.1997). A lot of challenges involving these kinds of samples, such high concentrations of PCR inhibitors and inadequate DNA both in quantity and quality (degraded DNA) (Taberlet et al.,1999), have been reduced as a result of enhanced techniques for field collecting, DNA extraction, and PCR amplification (Walker et al.,2009). Because it is easy to sample and stationary, unlike bats themselves, guano makes an attractive non-invasive source of DNA. Bat guano has been a highly effective source of DNA for numerous studies, and it has been applied for differentiation at the regional level between coexisting species (Puechmaille et al.,2007).
The mt COI gene is the most widely used marker to distinguish between species, as has been proven for 20 bat species in the Phyllostomidae family and 19 bat species in the Pteropodidae family. DNA barcoding is currently being used as an additional method of identifying bats (Luczon et al. 2019). Additionally, its sequence is conserved among conspecifics, making it a useful tool for species identification (Hebert et al. 2003). Except for a few closely related species, DNA barcoding using the mt COI gene allowed for the successful discrimination between morphologically and acoustically distinct species among the 165 bat species analysed in Southeast Asia (Francis et al. 2010).
A 658 bp segment of the mitochondrial gene cytochrome c oxidase subunit I (COI) have robust species-level discrimination in Kingdom Animalia, with unique sequences in over 95% of species. Sufficient variation for species identification, easy PCR amplification, availability of reference sequences from known species to compare amplicons from taxonomically unknown samples, and lack of introgression are requirements for effective barcoding approaches, and it is the animal barcode that appears the most frequently in open online reference resources (Hajibabaei et al.,2007).
3. Sensing the Night: Utilising Bioacoustics to Identify Bats
Donald Redfield Griffin first introduced the word "echolocation" to describe how bats use the echoes of their sound for locating objects that fall in their path of travel (Brigham et al.,2004). Several distinct kinds of organisms, including bats, rely on echolocation, also known as biosonar (Jones, G. and Siemers, B M, 2011). Bats use their mouths or noses to emit simple ultrasonic calls that cause echoes from reflective surfaces. This allows them to use these calls for object analysis and orientation (Genzel et al.,2012). Animals that use echolocation send out calls into their surroundings and listen for the echoes of those calls bouncing back from various objects in the vicinity. They identify and recognise the objects using these echoes (Schnitzler et al.,2003). In a variety of circumstances, echolocation is utilised for feeding, resting, hunting, foraging, and navigation by the bats (Glendell M and Vaughan N 2002). In order to navigate around in the dark, bats emit ultrasonic noises. They emit an echo of ultrasonic sound that can strike any object and bounce back to the bat, indicating the presence of an obstruction up ahead. We refer to this as an echolocation call (Basil et al.,2014).

The use of bioacoustics monitoring in the conservation of animals has been increasing rapidly due to recent developments in technology and analytical techniques. Bioacoustics stands apart from the related field of eco-acoustics in that it is behaviour-centric and concentrates on the acoustic signals of individuals and species rather than more general ecological environments or approaches (Sueur & Farina, 2015). Bioacoustics possibly appropriate for any animal that produces sound, particularly those which are rare, unidentified, or otherwise challenging to spot (Williams, O'Donnell, & Armstrong, 2018). The use of autonomous recording systems for bioacoustics monitoring is growing in popularity as a means of determining metrics like species presence or absence (Zwart et al., 2014), species richness (Celis-Murillo, Deppe, & Ward, 2012), abundance (Borker et al., 2014) and density (Lambert & McDonald, 2014). However, despite the wealth of research on animal vocal behaviour and acoustic communication, bioacoustics is not frequently employed for monitoring animal behaviour. This is disappointing because key actions like reproduction and defence are frequently well-characterised by the vocalisations of anurans, birds, and mammals (Bradbury & Vehrencamp, 2011). Understanding vocal behaviour might improve conservation outcomes if it sheds light on a population's vulnerability to conservation issues or monitors how different populations react to various conservation measures. Additionally, compared to conventional techniques, bioacoustics may be more economical and efficient (Williams et al., 2018).

The absence of a reliable and user-friendly technique for distinguishing species from their echolocation calls significantly hinders bat survey and monitoring for conservation. For many years, researchers have examined interspecific variation in bat echolocation calls. Due to the possibility of intraspecific regional variation, field identification starts with the creation of a library of reference calls from members of known species that are unique to the area (Fenton and Bell, 1981). In the field, time-expansion recording is the most suitable technique since it retains almost all of the original signal's characteristics and is affordably priced, feasible, and easy to operate (Parsons and Jones, 2000). In situations where there are few species, bats with FM/QCF calls can often be quickly identified using call shape and terminal frequency. However, quantitative techniques must be used when there are more species present because interspecific variation can be hidden by species variance and individual attributes can overlap (Jones et al., 2000). Similar issues may arise from a call structure that is flexible in reference to clutter (Obrist et al., 2004). Furthermore, species that are related may have echolocation calls that are similar, or species that have similar morphologies and/or ecology may have call traits that have evolved convergently. This frequently causes the spectral and temporal features of their sounds to overlap too heavily (Parsons and Jones, 2000). The parameters which can be collected mainly include; 
· Start frequency (F start), measured at the onset of the call
· End frequency (F end), measured at the end of the call;
· Peak frequency (F peak), i.e. the frequency containing most energy
· Bandwidth at a fixed power level (-20 dB) on either side of the F peak
· Duration (D)
· Inter-pulse interval (IPI), which is the time interval between two successive calls, from the start of one call to the start of the next call

3. Morphometric Analysis: The Recent Developments
The study of morphology is necessary to explore how an animal's ability to adapt to its surroundings is influenced by the form and function of its physical components. One way to withstand environmental stress is through this morphological adaptation. Bat species are distinguished by their morphological characteristics, which involve body size, nose, ear, tail, wings, eye, and dental formula. Although for certain species, especially closely related ones, similarities appear frequently, making easy identification challenging. Morphometric information is therefore needed to make the identification process easier. The basic body size measurements that were taken in order to get morphometric data that could be used in the identification procedure of bats were body weight, tibia length (TIB), forearm length (FA), tail length (T), and hindfoot length (HF) and ear length (ER) (G.B. Corbet, J.E. Hill, 1992) ;( J. Payne et al.,2000) ;(Suyanto, A.2001). 

Morphological characteristics are usually used to identify bats, and this procedure frequently includes selectively choosing bats or using traps (such as mist nets, harp nets, etc.). Because of their small size, morphological identification requires careful examination, and misidentification can happen frequently (Francis 1989; Francis et al. 2010). This is further complicated by sympatric and morphologically similar species, which may be difficult to distinguish (Lim et al. 2017). Many times, morphometric examination of the cranium and dentition using published sources is necessary for confirmation (Francis et al. 2010) and through acoustic devices (Russo and Voigt 2016). Therefore, identifying bats in the wild can be extremely challenging, as well as government and ethical regulations restrict the amount of voucher specimens that can be collected (Wilson et al. 2014).

All species of male and female bats that are caught are measured collectively to get the data that is used. With the use of the software MINITAB 18, the data from the morphometric measurement findings were further examined. Using principal component analysis, researchers can figure out which characteristics distinguish the Chiroptera genus unique. To identify the unique morphometric trait that separates species belonging to the same genus, scatterplot analysis can be utilised (Kamilah, S.N. and Rama, M. 2021).
[bookmark: _Hlk193385753]
4. Conclusion

Bats are ecologically significant mammals, yet their conservation is hindered by identification challenges. Traditional methods such as morphology and echolocation provide valuable insights but have limitations in distinguishing closely related species. Advances in molecular techniques, particularly DNA barcoding, have revolutionised species identification, revealed cryptic diversity and improved conservation strategies. Bioacoustics monitoring further enhances species detection but requires standardised reference libraries. Morphometric analysis remains a useful tool, though it is best combined with other approaches for accurate identification. An integrated methodology utilising genetic, acoustic, and morphometric data is essential for effective bat research and conservation planning.
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