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Abstract
The development of increasingly affordable ultrasonic detectors and automatic classifiers has increasingly boosted the use of
acoustic recording of echolocation calls to survey bats all over the world. Echolocation call keys are crucial to reliably classify
acoustic recordings, but those are not available for many regions, such as China. In the present study, we conducted a systematic
review of bat echolocation studies across continental China and developed an acoustic identification key. Based on 130 studies,
published from 1999 to 2020, we obtained echolocation parameters from 64 bat species (47.4% of the total echolocating species
known from the country). This review highlights the lack of echolocation references from continental China for 71 species, from
which, the echolocation of 21 has never been described. Additionally, we developed the Bat Knowledge Index, an indicator that
allows the identification of key priority areas for future research on bat acoustics and geographic biases in the existing studies,
further highlighting the lack of studies in the northwestern regions of the country. The compiled identification key provides easyto-follow identification steps to classify the echolocation calls of 114 species (84.5% of all Chinese echolocating species) to either
species (11.4%) or phonic group level (88.6%). This key represents a useful baseline tool and a further step to increase
bioacoustic studies’ suitability in China.
Keywords Chiroptera . Asia . Acoustic monitoring . Recording . Call parameters

Introduction
Amongst the animal kingdom, bats are the only mammalian
order in which echolocation is widely spread amongst almost
Communicated by: Zuzanna Hałat
* David López-Bosch
david.lopbos@gmail.com
* Luke Gibson
biodiversity@sustech.edu.cn
1

Natural Sciences Museum of Granollers, Granollers, Catalonia,
Spain

2

School of Environmental Science and Engineering, Southern
University of Science and Technology, Shenzhen, China

3

Southeast Asian Bat Conservation and Research Unit,
Lubbock, Texas 79413, USA

4

Nanjing Normal University, Nanjing, China

5

School of Environmental Sciences, University of East Anglia,
Norwic, Norfolk, UK

all families (Hutson and Mickleburgh 2001). The evolution of
bat diversity in morphology and ecological strategies has
shaped the characteristics of their echolocation calls and has
optimized their acoustic signals for specific ecological needs,
such as flying in highly cluttered environments or detecting
movements of small water insects during hunting (Fenton
1986; Waters et al. 1995; Jones and Teeling 2006; Jones and
Holderied 2007). Therefore, the physical parameters of the
echolocation calls, as well as the shape of the signal pulses,
frequently allow researchers to discriminate between different
species or guilds found in a specific area (Fenton and Bell
1981; O’Farrell and Miller 1999; Flaquer et al. 2007).
However, as it is often difficult to assign calls to a particular
species, phonic groups are often used to define a group of
species with similar echolocation calls (see López-Baucells
et al. 2018a and Torrent et al. 2018).
Identifying the calls of different bat species is an indispensable skill to conduct bat surveys (Fukui et al. 2004; Britzke
et al. 2013; Walters et al. 2013; Tuneu-Corral et al. 2020).
Recently, the development of new technologies (Milne et al.
2004; Hill et al. 2018) has substantially improved the
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reliability and quality of echolocation call recordings and their
identification, offering new opportunities for bat studies
(O’Farrell and Miller 1999; Gibb et al. 2019; Kerbiriou et al.
2019). In particular, the availability of affordable, portable
ultrasound detectors has made bat recording widely accessible
to both scientists and naturalists (Britzke et al. 2013; Hill et al.
2018). Passive Acoustic Monitoring (PAM) is based on automatic acoustic recording with autonomous detectors of the
animals flying nearby. PAM allows the non-invasive study
of echolocating bats with less field effort than the traditional
bat trapping and allows the detection of species that tend to
avoid some other commonly used trapping methods such as
mist nets and harp traps (O’Farrell and Gannon 1999; Flaquer
et al. 2007).
Acoustic bat surveys typically result in extensive datasets
(e.g. Estrada-Villegas et al. 2010; Tuneu-Corral et al. 2020),
making manual identification highly time-consuming and
exhausting. In the last decades, an increasing number of researchers have been using automatic classification systems
that cluster similar bat calls based on specified call parameters,
followed by a manual post-validation process to identify, classify and label bat recordings (Jennings et al. 2008; Barré et al.
2019; López-Baucells et al. 2019). Libraries including information on specific parameters of bat calls (e.g. call duration,
maximum and minimum frequency) are extremely valuable,
allowing the automation and increasing the reliability of the
call identification process (O’Farrell and Miller 1999; Hughes
et al. 2011). Identification keys based on species-specific
echolocation calls are, therefore, useful not only during fieldwork (e.g. to identify bats recorded using portable manual
recorders), but also to identify automatically recorded calls.
There are a relatively large number of studies identifying bat
calls in North America (O’Farrell et al. 2006), Australia
(Adams et al. 2010), Europe (Vaughan et al. 1997; Parsons
and Jones 2000; Papadatou et al. 2008), South and Central
America (Arias-Aguilar et al. 2018; López-Baucells et al.
2018a; Zamora-Gutierrez et al. 2020) and Asia (e.g. Hughes
et al. 2011; Wordley et al. 2014; Monadjem et al. 2017) which
are useful to develop acoustic identification keys. However,
comprehensive and complete keys are only available for wellstudiedregions like Japan (Fukui et al. 2004), Europe
(Barataud 2015) or Brazil (Arias-Aguilar et al. 2018), to name
a few. While most identification keys cover vast regions, keys
covering smaller areas are sometimes also useful as bat species often present geographic variation in their echolocation
call characteristics (Jiang et al. 2015; Zhang et al. 2018) and
these identification keys account for the species’ calls found in
a specific geographic area.
In continental China, more than 130 echolocating bat species have been recorded (about one-tenth of world bat diversity, according to Smith and Xie 2010). The effort in recording
bat sounds during the last decades has provided a large number of reference calls (Zhao et al. 2003; Ma et al. 2008; Jiang

et al. 2010a). Yet, despite the recent survey efforts in China,
there are still species without any available echolocation recordings (see Feijó et al. 2019), and no identification key is
still available, hindering the development of acoustic studies.
Acoustic monitoring is of vital importance for the conservation of Chinese bats, especially in a country with rapidly
expanding urban areas and associated degradation and loss
of habitat (Zhang et al. 2008; He et al. 2014; Zhang and Yin
2014).
Here we aimed to assess the current knowledge on bat
echolocation in continental China. We conducted a systematic
review of published bioacoustic literature from continental
China restricted to studies including information on bat echolocation call parameters. Using the obtained references, we
developed a Bat Knowledge Index to identify priority research
areas for acoustic studies on bats. Secondly, we developed an
echolocation key to identify the native bat species in the country acoustically. Although bat echolocation calls of some species are known to vary geographically (O’Farrell et al. 2000;
Jiang et al. 2015; Zhang et al. 2018; López-Baucells et al.
2018b) and echolocation keys of more restricted geographic
ranges allow a more accurate species identification (Russo and
Voigt 2016), we aimed to develop a literature-based echolocation key that could be used to conduct acoustic monitoring
in any poorly surveyed areas in continental China.

Methods
Study area
The area covered by this echolocation key comprises 22
Chinese provinces (Anhui, Fujian, Guangdong, Gansu,
Guangxi, Guizhou, Henan, Hubei, Hebei, Heilongjiang,
Hunan, Jilin, Jiangsu, Jiangxi, Liaoning, Qinghai, Sichuan,
Shandong, Shaanxi, Shanxi, Yunnan and Zhejiang), four
Autonomous Regions (Neimenggu, Ningxia, Xinjiang and
Xizang) four municipalities (Beijing, Chongqing, Shanghai
and Tianjin) and two Special Administrative Regions (Hong
Kong and Macau) in the continental part of the country.
Insular territories have been excluded.

Review of bat echolocation studies in continental
China
A systematic literature review (including studies from 1999 to
2020) was conducted using the ISI Web of Science, with
search queries including all combinations containing ‘echolocation/acoustic/call/sonogram’ + ‘bats/Chiroptera’ + ‘China’
as well as all the combinations containing the scientific name
of each echolocating bat species recorded in the country according to Feijó et al. (2019) + ‘echolocation/call’ + ‘China’.
Complementary research was conducted using Google
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Scholar and Baidu Scholar search engines using the same
queries, retrieving publications both in English and Chinese.
All references included in the studies were individually
checked to identify additional manuscripts fulfilling the required criteria (see the complete list of references included
in Supplementary data SD1). During the review, we also
searched for references from recently recorded species not
included in Feijó et al. (2019).
We considered an ‘echolocation call’ a sequence of ultrasonic pulses emitted by a bat with the purpose of spatial orientation and exploration of its surroundings, including search
calls, foraging calls or calls emitted while hanging from a
perch or roost. Studies focused on other vocalization types
(e.g. social and those emitted during agonistic interactions)
were excluded as these calls significantly differ from regular
echolocation calls and are less useful for species identification
using PAM (Fenton 2003; Pfalzer and Kusch 2003). Also,
calls from non-volant juvenile bats were excluded as they
are usually not representative of the species’ echolocation
(Wei et al. 2009; Jin et al. 2012).
Our review was restricted to studies providing numeric
information on the echolocation call parameters. Therefore,
we excluded those providing only sonograms or vague definitions of the general pulse shape. We compiled numeric information of the following parameters: pulse duration (D),
frequency of maximum energy (FME), highest frequency
(HF), lowest frequency (LF), start frequency (SF), end frequency (EF) and bandwidth (BW). For the species with
constant-frequency calls (i.e. Rhinolophidae and
Hipposideridae families), instead of the FME, the frequency
at the constant part of the call was accounted, as it usually
corresponds to the FME of the species (Hiryu et al. 2005).
For each study included in the review, we recorded the year
of publication, the journal where it was published, the language in which it was written and the Chinese province where
the specimens were collected or recorded. We also registered
the recording methodology, the hardware used, the target species (i.e. the scientific name used in the paper and the currently
accepted scientific name) following the most recent taxonomic changes, genus and family, the sex of the specimens (if
stated) and the call parameters specified above, as well as
the general shape of the call (see Table S1).

Bat Knowledge Index
To identify knowledge gaps at the geographic level, we developed a Bat Knowledge Index (BKI), which allowed us to
rank the provinces in China regarding the extent and cover of
bat echolocation studies and, therefore, to prioritise the need
for future acoustic studies. For each region, the BKI combines
the number of published articles on bat echolocation, the number of species covered by those articles and the number of
species reported in the region (the later obtained from Feijó

et al. 2019). The index represents under- and over-studied
areas (scoring from 0 to 2) and is calculated using the following formula:
BKI ¼

p s
þ
d d

Where p is the number of publications per region scaled 0–1
(zero being regions with no references and one the regions with
the highest number of references), s is the number of bat species
covered in those publication and d is the number of recorded
species in the region (these two factors unscaled). (p/d)
corresponds to the rate of publications per species found in the
regions, while (s/d) corresponds to species coverage. Regions
with high number of publications covering a large proportion
of its native species have the highest BKI scores, while regions
with few publications covering a small proportion of species
have the lowest scores. BKI was plotted for each region using
QGis (QGIS Geographic Information System. Open Source
Geospatial Foundation Project, 2020).

Echolocation key
For the elaboration of the identification key, we included all
echolocating bat species recorded from continental China. We
targeted 135 echolocating bat species found in the area following the most recent taxonomic changes. The studies obtained in the literature review were used as a baseline.
Complementarily, for two species (Rhinolophus osgoodi and
Murina hilgendorfi), references from a web page and a book
were used respectively (Jones and Zhang 2008; Kawai 2015).
Only in case of missing appropriate reference calls from
China, a complementary search for references from other
Asian territories was conducted in order to be able to add these
species into the echolocation key (this was done for 44.7% of
the species included in the key). This additional information
was searched using the ISI Web of Science and Google
Scholar, with search queries including all combinations containing ‘echolocation/acoustic/call/sonogram’ + names of bat
species. The echolocation call parameters from outside China
were compiled similarly to the references from the literature
review (Table S2).
Information of the harmonics is only provided for species
in which the fundamental harmonic does not correspond to the
first harmonic (i.e. Rhinolophidae, Hipposideridae and
Emballonuridae families). For constant frequency emitting
species (Rhinolophidae and Hipposideridae), most references
were considered useful for species identification since the variation in echolocation parameters is minimal in different situations (i.e. free-flying, flying in an enclosure, hand-held,
hand-released, emerging from a known roost and resting)
(Hiryu et al. 2005). For the rest of the families
(Vespertilionidae, Miniopteridae, Molossidae,
Emballonuridae and Megadermatidae), we mainly
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considered either free-flying or release calls, as the
quality of other types of calls might not be representative of the species call (see the inclusion criteria in the
‘Review of bat echolocation studies in continental
China’ section above). For these families, hand-held individuals’ recordings were discarded for most species,
as these usually correspond to distress calls with
distorted acoustic parameters, and were only used when
no other reference was found (see below ‘Echolocation
identification key’ of the Results section). Calls of animals flying inside an enclosure (i.e. a tent or a closed
room) were used only for species with only one available free-flying or hand-release call.
The structure of the identification key follows that proposed in López-Baucells et al. (2018a). Firstly, the call
types are divided according to the general call shape: constant frequency (CF), frequency modulated (FM) both upward frequency modulated (FMu) and downward frequency modulated (FMd), quasi-constant frequency (QCF) or a
combination of these. This step allows for a first rough
classification that corresponds to the different families
amongst the species found in the study area (see Fig. 1
for examples of the main acoustic groups). At this point,
only two families can be fully separated (i.e.
Rhinolophidae and Megadermatidae). The second step
consists of a more accurate grouping step based on the
shape of the pulses (especially for the FM and QCF calls
of most vespertilionid bats) as well as on different parameters. These parameters include the frequency of maximum energy (mostly for CF and QCF calls), the end frequency (for QCF calls of some vespertilionids) and pulse
duration. Besides the intra-specific call variation (Obrist
1995), in some cases, different sources provided slightly
different acoustic parameters for a single species, which
turned its distinction from other species with similar echolocation complicated. In these cases, species with similar
call parameters have been grouped as one phonic group to
avoid overconfident recommendations further leading to
misidentifications.

Results
Review of bat echolocation studies in continental
China
We identified a total of 130 studies fitting our inclusion
criteria (Supplementary data SD1), including 125 peerreviewed papers and five academic theses. The regions where
most of the research had been conducted were mainly found in
southeastern China. Regions with 10+ studies include
Guangdong (31), Yunnan (31), Guangxi (24), Guizhou (22),
Jilin (19), Jiangxi (18) and Beijing (11). We found seven
regions with no references (Table S3). Twelve of the references did not state the origin of the specimens or recordings
(9.2% of the papers included in the review). According to the
BKI, bats in the southeastern part of the country are more
intensively studied, while provinces in western China recorded a proportionally lower number of studies (Fig. 2).
These studies contained information on 64 bat species,
which accounted for 47.4% of the echolocating species found
in continental China. Nevertheless, the references were not
equally distributed between the different species, with only
four species having >10 references, belonging to the
Rhinolophus and Hipposideros genera (Table S4). The remaining 60 species had less than ten records, with 23 species
having only one reference (Table S4). In terms of bat families,
while vespertilionids accounted for 65.2% of the species,
these bats were slightly underrepresented having references
in 40.8% of the studies reviewed. By contrast, rhinolophids
and hipposiderids, which account for 19.2% and 7.4% of all
species respectively, appeared in 48.4% and 23.1% of the
studies (slightly overrepresented) (Fig. 3). For the remaining
71 species and eight genera of echolocating bats known from
continental China, we did not find any reference (Fig. 3).
The most commonly used recording technique was the use
of flight enclosures (e.g. inside a room or a tent), with 41
studies using this methodology (31.5%). It is worth noting
that 29 of the reviewed papers (22.3%) did not include a description of the recording method, most likely because the

Fig. 1 Example sonograms of the eight main groups described in the echolocation identification key
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Fig. 2 Bat Knowledge Index (BKI) for continental China generated at the province-level. Provinces are code-coloured according to the BKI. Higher
scores (dark green) indicate that the echolocating bats within the province are well-studied, while the lowest scores (pale yellow) indicate the opposite

study of the echolocation call was not the main topic of the
article. For the remaining recording methods, 26 studies
(20%) recorded resting animals, 21 (16.2%, mostly for CF
species) recorded animals while being hand-held by the researchers, 13 (10%) recorded free-flying animals, six (4.6%)
recorded animals emerging from a known roost, five (3.8%)
recorded trapped animals right after being released and only
three (2.3%) included different kinds of recording
Fig. 3 Number of publications
for each echolocating bat genus
occurring in continental China.
Numbers in parenthesis indicate
the number of species in each
genus. The different colours
account for the percentage of each
recording methodology used to
survey each bat genus

methodologies simultaneously in order to obtain the echolocation parameters.
From the 130 collected studies, 54.6% were written in English
and 45.4% in Chinese, six of which did not include an abstract in
English. Regarding the temporal progression in terms of publications per language, the publication rate was dynamic in both
languages, following a similar pattern (Fig. 4). However, since
2004, the number of English-written studies has slightly
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increased, reaching the maximum number of publications per
year in 2013 and 2015. For Chinese language publications, the
maximum number of papers per year was six, in 2003, 2009 and
2014.

Echolocation identification key
The following key includes 114 echolocating bat species,
from 29 genera and seven families (Fig. 5). Twelve species
can be identified to species level, while the remaining species
are classified into 21 different phonic groups.
A total of 134 publications from different sources were
used to prepare the echolocation key, including 127 studies
from 44 peer-reviewed journals, five publications (other than
peer-reviewed journals), one book and one webpage providing information on 75 species (Tables S1 and S2). The book
‘The Wild Mammals of Japan’ (Kawai 2015) was used for
Murina hilgendorfi and the webpage ‘Bats in China’ (Jones
and Zhang 2008) for Rhinolophus huananus. We did not find
information from continental China for 50 species (37%), and
therefore references from other nearby territories were used.
These species are marked with an asterisk in the key (Fig. 5).
Echolocation calls were not obtained for 21 of the 135 initially
targeted species (15.6%), listed at the end of the echolocation
key (Fig. 5).
References from the following territories were used for the
elaboration of the key: continental China (73.9%), India
(8.2%), Thailand (5.2%), Japan (2.9%), Vietnam (2.9%),
Hainan island (1.5%), South Korea (1.5%) and other countries
(4.5%). We used call recordings of resting (38.5%) and hand-

held individuals (21.8%), corresponding to either
Rhinolophidae and Hipposideridae species and to two
Vespertilionidae species with only one reference call (i.e.
Myotis longipes and Thainycteris aureocollaris), animals flying inside a tent (16.9%), animals that were naturally flying
(8.8% of recordings), animals recorded at the time of release
(2.9%) and animals emerging from a known roost (2%). Of all
the compiled calls, 34 (5.9%) included call parameters recorded under more than one of the situations described above, or
the recording method was not specified.
Main phonic-group selection
1a. Pulses with one long CF section and FME in the second
harmonic:
2a. FMu/CF/FMd pulses, with duration between 20 and 80
ms:
Group 1
2b. CF/FMd pulses, with duration between 5 and 15 ms:
Group 2
1b. Two kinds of pulses: (A) QCF pulses with FME usually
between 25–35 kHz, alternated with (B) characteristic convex
QCFd pulses with FME between 35 and 45 kHz:
Barbastella (Barbastella beijingensisE/darjelingensis*)
1c. Two harmonics present at similar intensity, mainly FM,
with FME between 30 and 40 kHz:
Plecotus ognevi
1d. Long (usually above 7 ms), narrowband, mainly QCF
pulses, with FME under 35 kHz and EF under 30 kHz:
Group 3
1e. Short (usually under 10 ms), FM-QCF pulses, with
FME and EF above 30 kHz:

Fig. 4 Number of scientific articles published in Chinese and English from 1999 to 2020
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Fig. 5 Acoustic identification key of the echolocating bats of continental
China. The acronyms stand for: constant frequency (CF), frequency of
maximum energy (FME), upward frequency modulated (FMu),
downward frequency modulated (FMd), quasi-constant frequency

(QCF), downward quasi-constant frequency (QCFd), frequency modulated (FM), ending frequency (EF), bandwidth (BW) and starting frequency
(SF)

Group 4
1f. Broadband FM pulses:
Group 5
1g. Characteristic s-shaped, short, multiharmonic (>2)
pulses with FME above 40 kHz:
Megadermatidae (Lyroderma lyra*, Megaderma
spasma*)
Group 1 (Rhinolophidae):
1a. CF between 20 and 30 kHz:
Rhinolophus I (Rhinolophus paradoxolophus E /rexE /
schnitzleriE)
1b. CF between 30 and 40 kHz:
Rhinolophus II (Rhinolophus luctus*/perniger)
1c. CF between 40 and 45 kHz:
Rhinolophus marshalli
1d. CF between 45 and 55 kHz:
Rhinolophus episcopusE
1e. CF between 55 and 69 kHz:
Rhinolophus III (Rhinolophus macrotis complex/
pearsonii/siamensis/yunanensis)
1f. CF between 70 and 88 kHz:
Rhinolophus IV (Rhinolophus affinis/ferrumequinum/
malayanus/
microglobosus/rouxii/sinicus/stheno/thomasi)
1g. CF between 89 and 95 kHz:

Rhinolophus V (Rhinolophus lepidus/osgoodi)
1h.CF between 95 and 100 kHz:
Rhinolophus shortridgei*
1i. CF between 100 and 115 kHz:
Rhinolophus VI (Rhinolophus hipposideros*/pusillus)
Group 2 (Hipposideridae):
1a. CF between 58 and 78 kHz:
Hipposideridae I (Hipposideros armiger/lylei*/pratti)
1b. CF between 79 and 92 kHz:
Hipposideros larvatus
1c. CF between 117 and 135 kHz:
Hipposideridae II (Hipposideros gentilis, Aselliscus
stoliczkanus/wheeleri)
1d. CF between 136 and 165 kHz:
Hipposideridae III (Hipposideros cineraceus/fulvus*)
Group 3 (Emballonuridae, Molossidae, Vespertilionidae):
1a. Narrowband, long QCF section with FME under 25
kHz:
2a. FME between 12 and 17 kHz:
Tadarida (Tadarida insignis/latouchei/teniotis*)
2b. Almost FM section and long QCF section with FME
between 18 and 20 kHz:
Nyctalus aviator*
2c. Almost FM section and long QCF section with FME
between 20 and 24 kHz:
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Chaerephon plicatus*
1b. Narrowband, long QCF section with FME above 25
kHz:
2a. Narrowband, long QCF section with FME in the
second-third harmonic and around 30 kHz:
Taphozous melanopogon
2b. Almost FM section and long QCF section with EF
between 25 and 35 kHz:
Vespertilionidae I (Arielulus circumdatus*, Eptesicus
bottae*/serotinus*/nilsonii*,
Hesperoptenus tickelli*, Nyctalus noctula*/plancyiE ,
Vespertilio murinus*/sinensis)
Group 4 (Miniopteridae, Vespertilionidae):
1a. FME usually between 30 and 45 kHz:
Vespertilionidae II (Hypsugo alaschanicus*/cadornae/
pulveratus*/savii*, Pipistrellus ceylonicus*/coromandra*,
Scotophilus heathii*)
1b. FME usually between 45 and 65 kHz:
Miniopteridae/Vespertilionidae III (Eudiscopus
denticulus, Miniopterus fuliginosus/
magnater*/pusillus, Pipistrellus abramus/javanicus*/
pipistrellus*/tenuis*,
Scotophilus kuhlii*, Tylonycteris fulvida/tonkinensis)
1c. Sometimes without QCF tail and FME between 65 and
85 kHz:
Vespertilionidae IV (Hypsugo affinis*, Myotis frater/
muricola*/siligoriensis)
Group 5 (Hipposideridae, Vespertilionidae):
1a. FM pulses with FME under 40 kHz and EF under 25 kHz:
2a. Completely vertical FM pulses, with BW under 40
kHz:
3a. FME under 30 kHz, SF between 30 and 50 kHz and EF
between 13 and 21 kHz:
Ia io
3b. FME above 30 kHz, SF between 40 and 60 kHz and EF
between 18 and 23 kHz:
Scotomanes ornatus*
2b. Not completely vertical FM pulses, BW between 40
and 80 kHz, with FME between 20 and 40 kHz and SF between 60 and 100 kHz:
Myotis II Myotis blythii*/pequiniusE
1b. Not completely vertical FM pulses, FME between 40
and 60 kHz:
2a. FME between 40 and 60 kHz:
Myotis III (Myotis altarium/bombinus*/brandtii*/
chinensis/fimbriatusE/
formosus/hasseltii*/horsfieldii*/ikonnikovi/laniger*/
longipes/macrodactylus/
montivagus*/mystacinus*/ nipalensis/petax/pilosus/
rufoniger)
2b. FME above 60 kHz :
Myotis davidiiE

1c. Completely vertical FM pulses, with FME between 45
and 110 kHz and SF between 80 and 170 kHz:
2a. FME between 45 and 80 kHz:
Murininae/Thainycteris (Harpiocephalus harpia, Murina
hilgendorfi*/
huttoni/ leucogaster/ussuriensis*, Thainycteris
aureocollaris)
2b. FME between 80 and 100 kHz:
Murina I (Murina aurata*/cyclotis*/harrisoni*)
1d. Completely vertical FM pulses, with FME above
100 kHz and EF between 80 and 140 kHz:
2a. FME in the second harmonic, short CF section (not
always visible), followed by vertical FM section, with CF
above 120 kHz and EF around 105 kHz:
Coelops frithii
2b. Completely vertical FM pulses, with FME between 100
and 150 kHz, SF above 140 kHz and EF under 130 kHz:
Kerivoula/Murina II (Kerivoula furva/hardwickii*/
kachinensis*/
picta*/titania*, Murina feae*)
Species with no reference calls found: Rhinolophus
subbadius, R. xinanzhongguoensisE, Taphozous theobaldi,
Eptesicus gobiensis, E. pachyomus, E. pachyotis,
Pipistrellus paterculus, Plecotus ariel E , P. kozlovi,
P. strelkovi, Tylonycteris pygmaeus E , Myotis badius E ,
Murina chrysochaetesE, M. eleryi, M. fanjingshanensisE,
M. fusca, M. jinchui, M. liboensis E , M. lorelieae E ,
M. rongjiangensisE, M. shuipuensisE.
*No reference calls from continental China.
E
Endemic species.

Discussion
The present study represents the most complete compilation
of available research on the acoustic identification of bats
from continental China. We also developed a newly designed
a Bat Knowledge Index to find under- and over-studied areas
in China regarding bat acoustics. We found that the northwestern provinces could represent an excellent target for future
studies and explorations, opening research opportunities for
local students and scientists. Furthermore, the present key is
the first acoustic identification key for the country, a useful
baseline tool to acoustically identify its bat species and establish PAM-based monitoring protocols.

Review of bat echolocation in continental China
In the past few decades, there has been a great effort in collecting
bat acoustic recordings in China. The present review shows consistent results regarding the distribution of acoustic studies, similar to the latest bat-research review from China (Feijó et al.
2019) and another review about birds (Li et al. 2013). Like in
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many other countries (Zamora-Gutierrez et al. 2020), most studies tend to concentrate in highly populated and easily accessible
areas which, in the case of China are, apparently, also the most
biodiverse (Xu et al. 2017). According to the BKI, we highlight
research priority areas requiring high attention for echolocation
studies: northwestern Chinese regions are, in general, poorly
studied compared to southeastern regions (Fig. 2). Northern
Chinese regions like Tianjin, Ningxia and Qinghai include some
of the less species-rich regions (Table S3), which are usually
considered of less biological importance and are, therefore, less
targeted for any kind of studies. Notably, no echolocation studies
have been found for Neimenggu, Xinjiang, Hong Kong and
Xizang, areas with a relatively high bat species richness
(between 19 and 57 species, Table S3). According to the BKI,
Chongqing, Hubei and Zhejiang provinces should also be
targeted for future echolocation studies as they present the lowest
BKI scores (0.16–0.20, Table S3) despite their relatively high
reported species richness (more than 35 species recorded).
Some regions with no studies on bat echolocation also represent
some of the largest provinces in China such as Neimenggu,
Qinghai, Xizang and Xinjiang, together spanning > 4.7M km2
(Fig. 2). This means that ~50% of the surface of one of the largest
countries in the world has no studies on bat echolocation, a
critical knowledge gap to be filled as soon as possible. In fact,
regarding other bat-related studies, these areas have also been
scarcely studied (Feijó et al. 2019).
Other reviews on bats in Asian countries showed similar
results and identified similar knowledge gaps (Bates et al.
2000; Bumrungsri et al. 2006). Two constant-frequency
echolocating families were the most represented in the
reviewed articles (i.e. Rhinolophidae and Hipposideridae),
with the genus with more references being Rhinolophus, with
twice as many papers than the next more common genus (Fig.
3). This imbalance results in a strong taxonomic bias in studies
about bat echolocation, especially for the Myotis genus (with
25 species, slightly underrepresented) and Murina (with 17
species, highly underrepresented) (Fig. 3). Different detectability of these species with the most commonly used trapping
methods and sites (i.e. caves) are likely the source of these
biases. Seventy-one species and eight genera have no relevant
references from continental China (i.e. Arielulus,
Chaerephon, Eptesicus, Hesperoptenus, Lyroderma,
Megaderma and Scotomanes) accounting for 52.6% of all
the echolocating species in the country (Fig. 5, Table S4).
This lack of references for more than half of the species in
China makes acoustic sampling challenging in many
unsampled areas.
Furthermore, 21 species present no published reference
calls neither from China nor from other regions (Fig. 5). Of
these species, one is classified as Near Threatened (i.e.
Rhinolophus xinanzhongguoensis,) and six as Data Deficient
(i.e. Plecotus ariel, Tylonycteris pygmaeus, Myotis badius,
Murina fusca, Murina lorielieae and Murina shuipuensis) by

the IUCN Red List. The conservation status of the other seven
species (Plecotus kozlovi, Murina chrysochaetes, Murina
eleryi, Murina fanjingshanensis, Murina jinchui, Murina
liboensis and Murina rongjiangensis) is still to be assessed,
as most have been recently described and echolocation parameters are currently not required to describe a new species. In
future studies, we recommend recording the echolocation parameters of newly described species whenever possible, as the
acoustic parameters are a useful tool for species identification,
especially for cryptic bat species (Jones and Van Parij 1993;
Kingston et al. 2001).
The methodologies used to record the echolocations calls
were diverse. Most recordings were done with animals flying
inside an enclosure. While this technique is sometimes useful
for CF and FM broadband echolocating bats (Fig. 1), the obtained recordings are probably distorted from their regular
echolocation pulses for other species. The variability of recording methodologies reduce the reliability and comparability of the collected datasets, as the parameters obtained are
usually affected (Ratcliffe et al. 2005; Xu et al. 2008). Freeflying animals provide the recordings that will be the most
similar to any recording a researcher conducting PAM will
obtain (Murray et al. 2001; Preatoni et al. 2005). Yet, those
are usually the most difficult to obtain as it is usually very
difficult (and in most cases impossible) to confirm the identity
of a bat that is flying nearby without capturing it. Therefore,
release calls were preferred during the elaboration of the identification key when available. Release calls are recorded after
releasing the bat with the detector facing towards it for as long
as possible before it flies away. These usually produce reliable
reference calls, similar to free-flying individuals (Waters and
Gannon 2004). Using ultrasonic recorders in controlled situations (e.g. around known roosting sites, colonies or flyways)
also allows the recording of very representative calls of the
species (Milne et al. 2004).
Regarding the number of publications on bat echolocation
throughout the years, there was a subtle increasing since 2005,
particularly in English publications (Fig. 4). This overall increase in the number of publications is probably related to the
higher availability of affordable ultrasonic recorders, which
has allowed more researchers to record bats during trapping
sessions (Ahlen and Baagøe 1999; Milne et al. 2004). While
some newly described species still lack reference calls, bat call
libraries from China will most likely increase in the next decades and the increase in English-written articles will allow
this information to reach researchers worldwide.

Echolocation identification key
This key represents the first acoustic identification key of the
bats from continental China, including 114 species, 84.44% of
the recorded echolocating bat species in the study area (Smith
and Xie 2010). While it will probably be further improved

Mamm Res

with upcoming new information, specially replacing the information used from outside continental China with references
from the country, it is the first step to develop a user-friendly
tool for field chiropterologists aiming to conduct bat studies or
field surveys in continental China.
The structure followed in the identification key showed similarities with other well-accepted and widely used keys found in
the literature (Fenton 1986; Milne 2002; Papadatou et al. 2008;
Arias-Aguilar et al. 2018; López-Baucells et al. 2018a). While
the identification of the different calls to species level is sitespecific, the call classification system shows the same structure
as other acoustic keys for Old World bat species, with a strong
convergence in the criteria followed for classifying and separating most families (Furey et al. 2009; Hughes et al. 2011). Even
with keys from New World bat assemblages, for instance, shared
taxa show seemingly identical identification paths, thus
supporting that essential acoustic differences amongst the main
bat groups are prevalent across the globe (Jones and Teeling
2006; Jones and Holderied 2007). Most species are classified
within phonic groups as different references provided differential
echolocation parameters. Further research and more standardized
recording methodologies would further allow for the separation
of species included in the same phonic group, especially for CF
bats in groups 1 and 2 of the identification key (Fig. 5). Some
well-known CF bats like Rhinolophus ferrumequinum present a
wide variation in their echolocation parameters across the study
area, with FME ranging from 68 to 83 kHz (Table S1). This
geographical variation in echolocation characteristics in some
species is well-reported in different studies (Jiang et al. 2010b;
Shen et al. 2015; C. Zhang et al. 2018) and in some cases has led
to the description of new cryptic species (Soisook et al. 2008; T.
Jiang et al. 2015). Our compilation of reference calls could be the
first step towards a more thorough revision of echolocation parameters’ variation and its phylogeographic relationship in different bat species from continental China.
While some degree of variation is typically found within calls
of the same species between populations (Lin et al. 2014; Ith
et al. 2016; Zhang et al. 2018), sexes (Jiang et al. 2003; Fu
et al. 2015) and age groups (Wei et al. 2009; Jin et al. 2011;
Longru Jin et al. 2012), the largest variation is generally due to
external environmental factors such as habitat clutter or weather
conditions (Obrist 1995), as well as their behavioural activities
(Z. Xu et al. 2008; Y. Li et al. 2014). All this variation should be
taken into account, and therefore, call libraries should include
references covering echolocation calls in different situations.
Also, the addition of references from outside of China calls for
caution when using the present key. Having region-specific
acoustic keys with high-quality datasets is critical due to high
variability on call parameters for the same species between different geographic areas (Barclay 1999; O’Farrell et al. 2000;
Murray et al. 2001; Jiang et al. 2010a; Jones and Siemers
2011; Ith et al. 2016).

Further research and opportunities
Intensifying data collecting efforts in China in the following
decades will likely expand the available knowledge on bat echolocation and further improve acoustic identification keys.
Although the increase in the number of publications including
recordings of bat echolocation calls is encouraging, there is still
much work to do in obtaining a comprehensive echolocation call
library for continental China. Complete and precise regional call
libraries of specific areas will allow for more accurate bat acoustic studies (Waters and Gannon 2004; Walters et al. 2013).
The rise of scientific monitoring networks has greatly increased the knowledge about bat distribution and ecology,
leading to the establishment of standardized and effective
management and conservation strategies (Kingston 2010;
Kingston et al. 2012). Considering the current rate of global
bat species loss (Butchart et al. 2010; Hooper et al. 2012;
Kitzes et al. 2017), efficient and minimally invasive methods
for wildlife assessing and monitoring are crucial for ecosystem conservation, and the use of acoustic recordings has been
a massive step in bat research and conservation (Flaquer et al.
2007; Walters et al. 2013; Russo and Voigt 2016). Therefore,
the need for complete echolocation call libraries and userfriendly acoustic identification keys is becoming increasingly
necessary. The lack of references for almost half the species of
continental China and of regional and local keys provide empty niches for young students and early researchers to develop
their theses and projects. Hopefully, scarcely sampled regions
and species will be the target for future studies on bat echolocation, thus providing more complete call libraries.
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