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ABSTRACT

Three common species of Miniopterus fuliginosus, M.
magnater and M. pusillus are known to inhabit China.
However, M. fuliginosus and M. magnater are so similar in
external morphology as to pose great challenges for
accurate classification. Furthermore, taxonomic statuses,
distribution ranges and taxonomic keys of these three
species have remained controversial. For addressing
these outstanding issues, the authors integrated molecular
phylogenetic analyses, ensemble species distribution
models (ESDMs), multiple morphological comparisons and
decision tree algorithms for reassessing their taxonomy
and distribution in China. Mitochondrial cytochrome c
oxidase subunit | (COl) gene phylogeny revealed three
distinct monophyletic groups corresponding to M.
fuliginosus, M. magnater and M. pusillus. And the
observed distribution patterns indicated M. fuliginosus had
a broad distribution across China while M. magnater and
M. pusillus exhibited a more restricted distribution,
overlapping with M. fuliginosus in South China. And cranial
morphometry indicated M. magnater was slightly larger
than M. fuliginosus and significantly larger than M. pusillus.
Also three-dimensional (3D) skull geomorphometry
uncovered distinct features for each species in rostrum,
braincase, tympanic bullae and mandibular shape.
Decision tree algorithms helped to identify forearm length,
braincase breadth and width across the third upper molars
as three major taxonomic keys for assisting species
identification. This study corroborated the importance of
integrative approaches for identifying Miniopterus species
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and validated a methodological approach applicable to
other cryptic species complexes.
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Miniopterus species; Taxonomy

INTRODUCTION

Currently encompassing 42 recognized species within
monotypic genus Miniopterus, the family Miniopteridae
(Mammalia: Chiroptera) are widely distributed across tropical
and subtropical regions of Old World (Goodman et al., 2015;
Ibafez & Juste, 2019; Kusuminda etal., 2022; Monadjem
etal., 2019, 2020; Srinivasulu & Srinivasulu, 2023). However,
taxonomy within this enigmatic taxon has remained
controversial. Previously deemed with a virtual global
distribution (Sanborn, 1931; Simmons, 2005), M. schreibersii
is currently recognized as a diverse complex of several cryptic
species, including M. schreibersii, M. pallidus, M. fuliginosus,
M. magnater, M. oceanensis and M. macrodens (Appleton
etal.,, 2004; Furman et al., 2009, 2010; Maeda, 1982; Tian
et al., 2004).

Within China, Maeda (1982) and Tian et al. (2004) proposed
that M. schreibersii sensu lato should be recognized as two
distinct species of M. fuliginosus and M. magnater in light of
skull variations across geographic populations and
mitochondrial DNA-based genetic divergence. Furthermore, Li
et al. (2015) noticed morphological differences, particularly in
condylobasal length and width across the third upper molars
not fully aligning with the taxonomic keys of Smith & Xie
(2008). Based upon these findings, Li et al. (2015) advocated

Received: 22 November 2024; Accepted: 05 December 2024; Online: 06
December 2024

Foundation items: This work was supported by the National Natural
Sciences Foundation of China (32192421), the Special Grant Foundations
for National Science and & Technology Basic Research Program of China
(2021FY100303), and the DFGP Project of Fauna of Guangdong Province
(202115)

#Authors contributed equally to this work

*Corresponding authors, E-mail: motokawa.masaharu.6m@kyoto-u.ac.jp;
wenhua_yu@gzhu.edu.cn


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:motokawa.masaharu.6m@kyoto-u.ac.jp
mailto:motokawa.masaharu.6m@kyoto-u.ac.jp
mailto:wenhua_yu@gzhu.edu.cn

for species determination through molecular phylogenetics.
Their study also mapped the geographic distributions of M.
fuliginosus in North China, including Shaanxi, Henan, Anhui,
Zhejiang, Jiangxi, Fujian, Hunan, Yunnan and Sichuan while
M. magnater was restricted to South China in Hainan Island
and Guangdong. Early studies suggested that M. fuliginosus
extended farther south into Guangxi, Guangdong, Hong Kong,
Hainan Island and Fujian, overlapping with M. magnater in
Guangdong and Hainan Island (Maeda, 1982; Smith & Xie,
2008; Wang, 2003). These discrepant distribution patterns
could be attributed to limited sampling of Li etal. (2015) or
misidentifications in earlier records. Moreover, smaller-sized
and cryptic species M. pusillus, also endemic in South China
(Smith & Xie, 2008), has been long overlooked, further
complicating the taxonomy and distribution of Miniopterus
bats. These challenges affected not only taxonomists but also
researchers of bat-related viruses and parasites, where
accurate species identification remained critical.

For addressing the ongoing taxonomic and distributional
challenges within Miniopterus genus in China, species
distribution models (SDMs) might be employed as predictive
tools through integrating species occurrences and
environmental variables (Guisan & Thuiller, 2005). And SDMs
have been widely applied for other bat groups (Bosso et al.,
2018; Delgado-Jaramillo et al., 2020; Ke et al., 2024; Wieringa
etal., 2021). In recent years, ensemble species distribution
model (ESDM) approach, integrating multiple models into a
consensus forecast, has gained a growing popularity for
greater prediction accuracy and reliability (Aratjo & New,
2007; Friedman & Popescu, 2008; Grenouillet etal., 2011;
Hao etal., 2020; Hardy etal., 2011; Mantoiu etal., 2022;
Oeser et al., 2024; Srinivasulu et al., 2024). For Miniopterus,
this novel ESDM approach could improve the accuracy of their
geographical range and help to identify potential niche
differentiation and habitat preferences between closely related
species (Novella-Fernandez etal., 2021; Smeraldo etal.,
2021).

In parallel, skull geomorphometry has emerged as a
powerful tool for unraveling complex morphological
differences, particularly in species with high morphological
similarity (Alhajeri, 2021; Marcus et al., 2013; Paluh & Bauer,
2017; Zelditch etal., 2012). Unlike traditional linear
measurements, geomorphometry could separate size and
shape components, allowing the detection of subtler cranial
variations (Arbour etal., 2019). This approach enhanced
statistical rigor and provided a visually descriptive portrayal of
shape differences, complementing conventional linear
measurements (Marcus et al., 2013; Zelditch etal., 2012).
This approach has also introduced a new dimension to
craniodental variation studies, enhancing the precision of
taxonomic and evolutionary analyses.

Additionally, machine learning has revolutionized
classification and prediction tasks across various disciplines
(Das, 2015; Gao et al., 2018; Maniruzzaman et al., 2020; Sen
etal., 2020). Decision tree algorithms are particularly well-
suited for tackling classification and regression changes due
to their interpretability, flexibility and robust statistical
performance (Cao etal., 2020; Messner etal., 2020; Wan
et al., 2020). These algorithms provide an efficient method for
deliberate selection of key features and integration with other
models, such as neural networks, enhancing their
performance in complex scenarios (Brown et al., 1993; De’ath
& Fabricius, 2000). Applying decision trees for Miniopterus

classification is well-poised to boost the accuracy and
reproducibility of species identification, providing taxonomists
with a solution for distinguishing between cryptic and
morphologically similar species.

Here we endeavor to 1) clarify the taxonomic status of three
Miniopterus species through comprehensive statistical
analyses of traditional morphometrics, landmark-based three-
dimensional (3D) skull geometric morphometrics and
molecular evidence; 2) predict and map the current distribution
of Miniopterus species across China through an ESDM
approach; 3) infer taxonomic keys for three Miniopterus
species by using decision tree algorithms. By integrating these
methodologies, this research attempted to provide a
comprehensive  understanding of taxonomy, species
distribution, genetic differentiation and morphological variation
of Miniopterus species in China.

MATERIALS AND METHODS

Sampling

Between 2000 and 2021, a total of 201 specimens of
Miniopterus bats were collected across China, including Anhui
(AH, n=3), Guangdong (GD, n=75), Guangxi (GX, n=8),
Guizhou (GZ, n=10), Hainan Island (HNI, n=35), Hong Kong
(HK, n=14), Hunan (HN, n=8), Hubei (HB, n=8), Jiangxi (JX,
n=7), Yunnan (YN, n=22) and Zhejiang (ZJ, n=12). Species
identification was initially determined from morphological size
per the scheme of Smith & Xie (2008), with 58 specimens
classified as M. pusillus based upon their significantly smaller
external size. And the remaining 143 specimens were
designated under the “M. schreibersii’ species complex. This
classification was subsequently confirmed through molecular
phylogenetic analysis of mitochondrial cytochrome c oxidase
subunit | (COI). All samples were deposited at School of Life
Sciences of Guangzhou University (Guangzhou, China).

DNA extraction, sequencing and phylogenetic inference

Genomic DNA was extracted from muscle, liver or patagium
tissue samples with a SteadyPure Universal Genomic DNA
extraction Kit AG21009 (Accurate Biology, China). PCR
amplification of a partial segment of COl gene was conducted
in a 25 pL reaction with Accurate Tag PCR Kit AG1101
(Accurate Biology, China) via customized primers
(HYF_forward: 5-TCTGCTATTTGGTGCCTGAG-3’; HYF_
reverse: 5-AGAAGGTAGTGTTTAGGTTTCGA-3'). A total of
126 samples were successfully amplified and sequenced
(Sangon, China) with sequences deposited in CNCB database
(China National Center for Bioinformation) (refer to
Supplementary Table S1 for accession numbers). Sequences
were assembled and edited in SeqMan and EdiSeq
(DNASTAR, Lasergene v.7.1) and subsequently combined
with additional Miniopterus COIl sequences from the NCBI-nt
database (Supplementary Table S1). Alignment was
performed through ClustalW (Thompson et al., 1994) with R
package msa (Bodenhofer et al., 2015) in R software v.4.3.0
(The R Foundation, 2023). A maximum likelihood (ML)
phylogenetic tree was constructed with TIM2+|+F+G4 model
in IQ-TREE v.1.6.12 (Hoang et al., 2018; Nguyen et al., 2015).
Chaerephon plicatus (COI sequences, HM540190, KP975244,
MK817188) was designated as outgroup. The pseudo-
replicate trees were generated with 1000 bootstrapping
replicates for assessing branch supports. For further validating
the topology and node support, a Bayesian phylogenetic tree
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was constructed with GTR+G4 model in MrBayes v.3.2.7
(Ronquist etal., 2012). Bayesian analysis incorporated two
independent runs of four Markov chain Monte Carlo (MCMC)
chains, each running for 5000000 generations with sampling
every 1000 generations and diagnostics every 5000
generations. Uncorrected genetic distances within and
between species were calculated with MEGA v.11 (Tamura
et al., 2021).

Ensemble species distribution modeling and forecasting
For elucidating the present distribution pattern of three
Miniopterus species in China, QGIS software (v.3.34.1) was
utilized for spatial mapping of their distribution areas.
Occurrence data from China were compiled through
integrating the sources of Global Biodiversity Information
Facility (GBIF), relevant literature and location information for
Miniopterus sequences available on the NCBI-nt database, as
detailed in Supplementary Table S2 (Francis et al., 2010; Li
etal.,, 2015; Liang etal.,, 2017; Smith & Xie, 2008; Wang,
2003; Wu et al., 2020; Zhang et al., 2018). For addressing
collinearity between environmental variables and ensuring
more parsimonious and interpretable models (Merow et al.,
2013), vifstep function of R package usdm was selected
(Naimi et al., 2014). Variables were selected for each of three
Miniopterus species based upon analysis of variance inflation
factor (VIF). A total of 11 bioclimatic variables (bio2, mean
diurnal range; bio4, temperature seasonality; bio7,
temperature annual range; bio8, mean temperature of wettest
quarter; bio9, mean temperature of driest quarter; bio12,
annual precipitation; bio13, precipitation of wettest month;
bio14, precipitation of driest month; bio15, precipitation
seasonality; bio18, precipitation of warmest quarter; bio19,
precipitation of coldest quarter) and elevation (elev) were
employed for current potential distribution pattern. All above-
mentioned variables were derived from WorldClim (v.2.1) with
2.5 arc-minutes resolution (Fick & Hijmans, 2017).
Environmental variables corresponding to the occurrence
points were extracted with raster package in R (Hijmans et al.,
2015) in preparation for subsequent species distribution
modeling.

For assessing the current potential distributions of three
Miniopterus species in China, eight modeling algorithms were
employed in an ensemble model (Scherrer etal., 2019;
Smeraldo et al., 2018) using R package SSDM (Schmitt et al.,
2017). The algorithms selected for ensemble approach
included generalized linear model (GLM), generalized additive
model (GAM), multivariate adaptive regression splines
(MARS), generalized boosted regressions model (GBM),
classification tree analysis (CTA), random forest (RF), artificial
neural network (ANN) and support vector machines (SVM).
For accounting for observed long-distance migratory capability
of Miniopterus species, resampling grid coefficient for
occurrence points was set to “2” (Hutterer etal., 2005;
Kimprasit et al., 2021; Rodrigues & Palmeirim, 2008; Xu et al.,
2005). The ensemble selection criteria included an area under
the curve (AUC) threshold of =0.75 (evaluating the model’s
capability of distinguishing presences from absences), a
Cohen’s Kappa threshold of 20.5 (for agreement between
observed and predicted values), sensitivity and specificity
thresholds of =0.75 (ensuring accurate identification of
presences and absences) and a correct proportion
(prop.correct) threshold of =20.75 (for overall prediction
accuracy). Threshold precision was set at 101 for ensuring
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accuracy in model evaluation. And model evaluation was
conducted with a holdout validation method, in which 70% of
the data were reserved for training the models and 30% for
evaluation. This process was systematically replicated 10
times. The accuracy of ESDM was assessed by the metrics of
AUC, omission rate, sensitivity, specificity, proportion of
correctly predicted occurrences (prop.correct) and Kappa
scores. And response curve analysis was performed with R
package sdm (Naimi & Araujo, 2016) for elucidating the
relationship between environmental variables and species
distributions.

Morphological measurements
For assessing the possible morphological differentiation
among M. fuliginosus, M. magnater and M. pusillus, 6 external
and 17 craniodental measurements were taken from 161
samples with a digital caliper (the nearest 0.1/0.01 mm).
External measurements included head-body length (HBL), tail
length (TL), ear length (EL), hindfoot length (HFL), forearm
length (FAL) and tibia length (TibL) while craniodental
measurements included greatest length of skull (GLS),
occipital-canine length (OCL), condylobasal length (CBL),
palate length (PL), zygomatic breadth (ZB), braincase breadth
(BB), braincase height (BCH), mastoid width (MW), interorbital
width (IOW), length of palate bridge (LPB), rostrum width
across upper canines (C'C"), width across third upper molars
(M3M3), upper canine—third molar length (C'M®), lower
canine-third molar length (C;M3;), width across third lower
molars (M3;M3), mandibular length (ML) and height of articular
process of mandible (HCPM) (Supplementary Figure S1).
Various statistical analyses were employed for assessing
the differences among three species, including analysis of
variance (ANOVA) for comparisons among all three species,
analysis of covariance (ANCOVA) with the greatest length of
skull as a covariate for skull morphometry and principal
component analysis (PCA) for skull morphometry. Sexual size
dimorphism (SSD) for M. fuliginosus and M. magnater was
evaluated with skull linear measurements through multivariate
analysis of variance (MANOVA) and ANOVA. Due to a limited
number of female samples, SSD analysis was skipped for M.
pusillus. And geographical variation among three species
within China was examined with MANOVA, followed by
ANOVA. All statistical analyses were performed with R
software.

Geomorphometry

For evaluating the geomorphometric shape variations in skulls
of M. fuliginosus, M. magnater and M. pusillus, a Solutionix
Rexcan DS3 Silver 3D Scanner (Solutionix, South Korea) is
optimized for small objects. With a maximum resolution of
0.01 mm, this scanner was utilized for digitalizing 3D skull
models. The outputs were subsequently saved as PHY files in
ezScan 2017 software. A total of 68 crania and 84 mandibles
were scanned. And landmarks and semi landmarks (patches)
were placed with a 3D Slicer v.5.2.2 (Fedorov et al., 2012), an
open-source software for Vvisualization and analysis.
Placement of these landmarks and patches was facilitated by
built-in Markups function. Detailed descriptions of these points
were provided in Supplementary Figure S2.

For extracting shape changes, Generalized Procrustes
analysis (GPA) was performed. It referred to a process
involving rescaling, translation and rotation of specimens to a
common shape space (Rohlf & Slice, 1990). Procrustes-
aligned specimens were projected onto tangent space with R
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package geomorph (Adams et al., 2022). This process yielded
a 3D array of Procrustes shape coordinates and a vector of
centroid sizes. Centroid sizes were log-transformed (log
(Size)) and employed as metrics of cranium and mandible
sizes. For facilitating subsequent analyses, Procrustes shape
coordinates were converted into a two-dimensional matrix with
two.d.arry function from geomorph package, serving as
proxies of shape variables. ANOVA was performed with
procD.Im function from geomorph with ordinary least squares
for model fitting. Significance testing was based upon 999
iterations of residual randomization. Type-l sums of squares
and cross-product computations were applied for multifactorial
models with the interaction factor defined as the greatest
length of skull (GLS).

For visualizing shape differences, SlicerMorph extension
package in 3D Slicer (Porto etal.,, 2021) was utilized for
performing a PCA on Procrustes shape variables and
identifying the main axes of shape variation. The first two PCs
were visualized as scatterplots with interactive 3D skull
models corresponding to the extremes of each PC axis. Then
canonical variates analysis (CVA) was performed for
elucidating group differences and predicting group
segregation. CVA function from Morpho package (Schlager,
2017) was enabled with 3D skull models of two CV extremes
and visualized with points3d function in rg/ package (Adler &
Murdoch, 2020). For examining the relationship between
shape and size, common allometric component analysis
(CAC) was performed with GLS as a metric for skull size. This
analysis enabled plotAllometry function from geomorph
package and CAC function from Morpho package. Variations
of allometric shape were visualized through Thin-Plate-Spline
(TPS) deformation grids representing minimum and maximum
CAC scores. And shape configurations at CAC extremes were
generated with shape.predictor function in geomorph package.

Decision tree classifier

For inferring and refining the taxonomic keys for three
Miniopterus species in China, a decision tree classifier was
implemented with R package rpart (Therneau et al., 2015).
With its typical tree-like structure, this supervised learning
model may predict outcomes based upon predefined target
results. Decision tree consists of root nodes, branches and
leaf nodes. Data were evaluated by traversing a path from root
to a certain leaf node according to the node threshold. For
algorithm settings in this study, random number generator was
set to 1234 and the dataset was randomized into the sets of
training (70%) and test (30%). The model included a total of
169 samples, i.e., M. fuliginosus (n=62), M. magnater (n=63)
and M. pusillus (n=44). Each sample consisted of 5 external
and 17 craniodental morphological measurements. For
assessing the classifier's predictive accuracy and overall
performance, the following metrics of accuracy, receiver
operating characteristic curve (ROC), area under receiver
operating characteristic curve (AUC), sensitivity (true positive
rate), specificity (true negative rate) and balanced accuracy
(average of sensitivity and specificity) were calculated.

RESULTS

Phylogeny

ML phylogenetic tree, validated by Bayesian phylogenetic
tree, uncovered three distinct monophyletic lineages of M.
fuliginosus (this study, n=69; NCBI-nt, n=26), M. magnater

(this study, n=54; NCBI-nt, n=32) and M. pusillus (this study,
n=3; NCBI-nt, n=12) (Figure 1). COl-based phylogenetic
inference placed M. fuliginosus as a well-supported sister
taxon to M. magnater, forming a clade sister to M. phillipsi
(clade ). M. pusillus was identified as a sister taxon to M.
medius from Malaysia and clusters with M. medius (from
Malaysia & Lao PDR), M. australis and M. srinii clade (clade
II). These two major clades were robustly supported as a
sister group (Figure 1). Notably, M. medius and M. natalensis
exhibited paraphyletic relationships within phylogeny and
Kenya region showed exceptionally high diversity (Figure 1).

Mean genetic distances among three Miniopterus species
were as follows: 6.48% (M. fuliginosus—M. magnater), 13.73%
(M. fuliginosus—M. pusillus) and 14.34% (M. magnater—M.
pusillus) (Supplementary Table S3). Pairwise genetic
distances between M. fuliginosus and M. magnater to M.
phillipsi were 9.17%, while M. pusillus and M. medius (from
Malaysia) diverged by 7.72% with 9.13% divergence to M.
srinii, M. medius (from Malaysia & Lao PDR) and M. australis
group. Clade l/ll exhibited a mean pairwise genetic distance of
14.72% (Supplementary Table S4).

Intralineage divergences among three Miniopterus species
were as follows: 0.67% within M. fuliginosus (ranging from 0 to
2.74%), 0.73% within M. magnater (ranging from 0 to 2.14%)
and 1.09% within M. pusillus (ranging from 0 to 2.74%)
(Supplementary Table S3). Among inter-population
comparisons within each species, the highest average genetic
divergences were noted in the following populations: M.
fuliginosus from Taiwan Island (HM540882, ranging from
1.58% to 2.74%), M. magnater from Guangxi (HM540895,
ranging from 0.89% to 1.41%) and M. pusillus from Vietnam
(HM540924, HM540917, HM540923, ranging from 1.37% to
1.74%) (Supplementary Table S4).

Species distribution pattern of three Miniopterus in China
The current distribution pattern of Miniopterus species in
China is shown in Figure 2. Miniopterus fuliginosus is widely
distributed in 20 provinces/areas, including Beijing, Hebei,
Henan, Shandong, Shaanxi, Anhui, Hubei, Sichuan,
Chongqging, Hunan, Jiangxi, Zhejiang, Yunnan, Guizhou,
Guangxi, Guangdong, Fujian, Hong Kong, Hainan Island and
Taiwan Island. In comparison, M. magnater tends to be more
restricted, localized to 6 provinces/areas in South China,
including Yunnan, Guangxi, Guangdong, Hong Kong, Fujian
and Hainan Island. Miniopterus pusillus is spotted across 7
provinces/areas of Yunnan, Guangxi, Guangdong, Hong
Kong, Macau, Fujian and Hainan Island.

ESDMs for three Miniopterus species demonstrated strong
predictive performance, as indicated by consistently high
AUC, sensitivity, specificity, prop.correct values, low omission
rate values and reasonable Kappa values (Table 1). And
potential habitat maps revealed distinct distribution patterns
for each species (Figure 3A-C). Miniopterus fuliginosus
exhibited widespread habitat suitability across middle tropical
to south temperate zone. And the highest suitability was
concentrated in mountain areas of South China (>0.6)
(Figure 3A). The habitat of M. magnater is predominantly
located in South China, particularly concentrated in tropical
and southern subtropical regions (>0.6) (Figure 3B).
Miniopterus pusillus shares significant habitat overlap with M.
magnater, except in western Nanling Mountains, Wuyi
Mountains and eastern Hengduan Mountains where M.
pusillus displayed higher probability scores (>0.6) (Figure 3B,
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Figure 1 Phylogenetic tree was based upon maximum likelihood (ML) analysis of COl sequences and validated by Bayesian analysis

Values at the nodes and branches denoted posterior probability of ML and Bayesian analyses, respectively (%). Green branch: M. fuliginosus; red

branch: M. magnater; blue branch: M. pusillus. (n: number of sequences).

C). Notably, southern Xizang demonstrated high suitability for
all three Miniopterus species (Figure 3A-C).

The environmental factors contributing to potential habitats
of three Miniopterus species varied greatly (Figure 3D, E). For
M. fuliginosus, key factors included precipitation seasonality
(bio15), precipitation of the warmest quarter (bio18, with a
preference of 500—1000 mm) and precipitation of the coldest
quarter (bio19, preferring areas over 120 mm) (Figure 3D, E).
As for M. magnater, temperature seasonality (bio4, negatively
correlated with habitat preference) and precipitation of the
driest month (bio12, positively correlated with habitat
preference) were primary contributors (Figure 3D, E). For M.
pusillus, annual precipitation (bio12, favoring higher rainfall)
and precipitation of the warmest quarter (bio18, positively
associated with habitat preference) were critical (Figure 3D,
E). Response curves indicated that M. fuliginosus exhibited
broader adaptability than the other two species (Figure 3E). All
three species demonstrated a preference for lower elevation
areas, although elevation did not appear to limit habitat
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suitability for M. fuliginosus (suitability response scores >0.5,
Figure 3E).

Morphometric differences

ANOVAs of external and skull linear measurements revealed
significant differences among three species (Table 2).
Miniopterus pusillus exhibited markedly smaller body and skull
sizes (P<0.001, Table 2). In contrast, M. magnater was larger
than M. fuliginosus, although considerable morphological
overlap existed between the two species (P<0.001, Table 2).
The two species differed significantly, except for HFL (P>0.05,
Table 2). ANCOVAs, with GLS as a covariate, revealed
significant differences among three species, as well as CBL,
PL, BCH, LPB, C'C', MM, C'M3, C4M;, HCPM, ML and
MsM; between the two morphologically similar species.
Significant differences also existed in ZB, BCH, MW, M3M?,
C'M® and ML between M. fuliginosus and M. pusillus and
CBL, zB, Mw, C'C', M®™3, C'M3, C,M; HCPM and ML
between M. magnater and M. pusillus (Table 2). The PCA
results of skull parameters demonstrated that three species
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Figure 2 lllustrative map of domestic occurrence points for three Miniopterus in China
Species were denoted with different colors and data sources different symbols; Supplementary Table S2 depicted geographic coordinates of
localities; background Map: Geomorphological types of China, downloaded from Resource and Environmental Science Data Platform.

Table 1 Ensemble species distribution model evaluation of three Miniopterus species

AUC Omission rate Sensitivity Specificity prop.correct Kappa
Miniopterus fuliginosus 0.9229 0.1342 0.8847 0.8604 0.8658 0.6924
Miniopterus magnater 0.9206 0.0597 0.9406 0.9172 0.9403 0.6662
Miniopterus pusillus 0.8532 0.0477 0.8604 0.9377 0.9523 0.6420

AUC, area under receiver operating characteristic curve; Kappa, Cohen’s Kappa; prop.correct, proportion of correctly predicted occurrences.

were predominantly distinguished by their PC1 scores (PC1
90.74%, Figure 4). Miniopterus magnater displayed a lower
PC1 score. And M. fuliginosus occupied an intermediate score
with some overlap with M. magnater while M. pusillus had a
higher PC1 score, distinctly separated from the other two species
(Figure 4). Factor loading analysis indicated that variance in
PC1 was primarily associated with overall skull elements
(Table 2).

The results of SSD MANOVA demonstrated that M.
magnater displayed male-biased SSD (P=0.009) whereas
male M. fuliginosus was slightly larger than female counterpart
with no significant differentiation (P=0.179). Despite significant
male-biased SSD across various skull linear measurements
for both M. magnater and M. fuliginosus (Supplementary
Table S5), PCA plot revealed considerable overlap between
genders in both species (Figure 4). The results of MANOVA
indicated significant geographical variations within all three
species (Supplementary Table S5). Miniopterus fuliginosus
varied across 10 provinces/areas while M. magnater and M.
pusillus differed across 4 provinces/areas (Supplementary
Table S5). However, PCA plots of linear measurements did
not distinctly illustrate patterns of sexual dimorphism or

geographical variations within each species (Figure 4).

Geomorphometric variations

As for cranial and mandibular shape variations among three
Miniopterus species, significant differences existed in centroid
size and shape (Procrustes ANOVAs, P<0.001). M. magnater
had a slightly larger centroid size than M. fuliginosus whereas
M. pusillus displayed a significantly smaller centroid size. The
scatter plots of the first two PC axes (cranium: PC1, 17.9%
and PC2, 13.2%; mandible: PC1, 23.8% and PC2, 11.7%)
illustrated potential patterns of shape change among species.
However, these plots did not distinctly display sexual
dimorphism or geographical variation patterns within each
species.

The average shape of cranium was approximated to M.
fuliginosus (GZHU 17009). Characterized by lower PC2
scores, M. pusillus exhibited an inflated forehead, braincase
and tympanic bulla, shorter teeth and a narrower and upturned
rostrum as compared to mean shape. Conversely, M.
magnater exhibited higher PC2 scores, indicating a wider,
stronger rostrum, a broader, elongated palate, longer teeth, a
deflated forehead, braincase and tympanic bullae relative to
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Figure 3 The ensemble species distribution model (ESDM) of three Miniopterus species
A: M. fuliginosus; B: M. magnater; C: M. pusillus; D: Stack line plot of the contribution of each environmental variable (species are designated with
different colors); E: Response curves illustrating the relationship between species distributions and environmental variables.

mean shape (Figure 5A). As for mandible, the average shape
was approximated to M. fuliginosus (GZHU 17132).
Miniopterus pusillus was characterized by higher PC1 and
lower PC2 scores, correlated with an elongated, thinner
mandible and shorter teeth than M. fuliginosus. Conversely,
M. magnater exhibited lower PC1 and higher PC2 scores,
indicating a wider, stronger mandible and a well-developed
canine as compared to M. fuliginosus (Figure 5B).

The results of CVA displayed an overall classification
accuracy of 95.58% (cranium, Kappa statistic: 0.9288) and
90.48% (mandible, Kappa statistic: 0.8483), respectively. The
scatter plots of two CV axes (cranium: CV1, 78.41%; CV2,
21.59%, mandible: CV1, 83.34%; CV2, 16.66%) revealed

20 www.zrdc.ac.cn

significant shape differences among three species (Figure 5C,
D), without sexual dimorphism and geographical variation
pattern. Cranial CV1 scores helped to distinguish M. pusillus
by its inflated braincase, shorter teeth and narrower and
upturned rostrum as compared to M. fuliginosus and M.
magnater. Miniopterus magnater was characterized by higher
cranial CV2 scores, a slightly deflated braincase, longer teeth
and elongated rostrum as compared to M. fuliginosus
(Figure 5C). Mandibular CV1 scores helped to distinguish M.
pusillus by its slightly elongated, narrower mandible as
compared to M. fuliginosus and M. magnater. Miniopterus
magnater was characterized by a shorter, wider mandible as
compared to M. fuliginosus (low mandibular CV2 score) with
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Figure 4 Principal component analysis (PCA) scatter plots depicting craniodental variations among three Miniopterus species
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Figure 5 Scatter plots illustrating 3D skull model principal component analysis (PCA, A: cranium; B: mandible) and canonical variate
analysis (CVA, C: cranium; D: mandible) of three Miniopterus species based upon skull geometric morphometry

Axes denoted principal component (PC) 1-2 and canonical variate (CV) 1-2 and percentage of variation explained by each. AH, Anhui; GD,
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minimal overlap between M. fuliginosus and M. magnater After correcting 3D skull model using GLS, CAC analysis
(Figure 5D). indicated that three Miniopterus species formed three main
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groups, both cranial and mandibular shapes (Figure 6).
Miniopterus pusillus stood apart from the other two species
with lower CAC scores and smaller centroid sizes,
characterized by a slightly inflated braincase and tympanic
bullae, a compact and upturned rostrum (Figure 6A) and a
narrow mandible, with anterior part of mandible was relatively
spherical (Figure 6B). In contrast, M. magnater displayed the
highest CAC scores and largest centroid sizes, with slightly
spherical and wider rostrum, deflated braincase and tympanic
bullae (Figure 6A) and a wider mandible (Figure 6B). M.
fuliginosus overlapped with M. magnater. However, there was
an overall trend of smaller CAC values and centroid sizes
(Figure 6A, B).

Decision tree classifier

In external aspect, decision tree classifier using five body
linear elements successfully differentiated three Miniopterus
species. Root nodes were determined by FAL and HBL with
the thresholds of 43 mm and 57 mm, respectively. This
created three branches: One for FAL<43 mm (mainly M.
pusillus, n=31), a second for FAL=43 mm and HBL<57 mm
(M. fuliginosus, n=34; M. magnater, n=12; M. pusillus, n=2),
and a third for FAL243 mm and HBL257 mm (M. magnater,

Zoological Research: Diversity and Conservation 2(1): 14-31, 2025

n=31; M. fuliginosus, n=11) (Figure 7A). This classifier
achieved an overall accuracy of 60.9% with high accuracies
for M. pusillus (96.9%) and moderate performance for M.
fuliginosus (70.8%) and M. magnater (73.8%) (Figure 7C).

Based upon 17 skull linear elements, root nodes were
determined by BB and M3M?®, assuming the threshold values
of 7.7 mm and 7.2 mm. This resulted in three branches: One
for BB<7.7 mm (mainly M. pusillus, n=33), a second for BB=
7.7 mm and M3M3<7.2 mm (mainly M. fuliginosus, n=39) and a
third for BB=7.7 mm and M®M®27.2 mm (mainly M. magnater,
n=45) (Figure 7B). The classifier yielded an overall accuracy
of 89.3% with perfect performance for M. pusillus (100%) and
high accuracies for M. fuliginosus (97.5%) and M. magnater
(83.3%) (Figure 7D).

DISCUSSION

Reconfirmation of three Miniopterus species in China

Phylogenetic tree has confirmed the presence of three
Miniopterus species of M. fuliginosus, M. magnate and M.
pusillus in China. Mitochondrial (COI gene) phylogeny
relationships among three Miniopterus species were
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Figure 7 Decision tree classifiers of potential parameters for species identification among three Miniopterus species
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elements decision tree classifier; species were illustrated with different colors; n: number of samples.

consistent with those reported by Kusuminda et al. (2022). No
distinct geographical pattern has been observed within the
species of both M. fuliginosus and M. magnater across China
and Eurasian Plate. It implied that extensive genetic
exchanges might occur across a broad range for these two
species, likely facilitated by their long-distance migratory
capabilities (Amengual et al., 2007; Li et al., 2015; Rodrigues
& Palmeirim, 2008; Tian et al., 2004). Interestingly, pairwise
genetic distances revealed that M. fuliginosus sequence from
Taiwan Island (HM540882.1; ~2% at species level, Mou et al.,
2024) exhibited significantly larger values than other regions,
implying potential geographical genetic  variations
(Supplementary Table S4). Further phylogenetic studies are
warranted for exploring these variations in more details.
Additionally, M. magnater population from China may
represent a distinct cryptic species or subspecies to the
population from New Guinea, type locality of M. magnater.
Despite considerable morphological overlapping
(Supplementary Table S6), the Chinese population, previously
recognized as “M. schreibersii China”, exhibited a slightly
smaller size. However, substantial molecular divergence
existed between these two populations, as evidenced by
mitochondrial NADH dehydrogenase subunit 2 (ND2) gene
(Appleton etal., 2004; Li etal, 2015). Furthermore, our
findings suggest that the M. pusillus population from China
was larger than Nicobar Islands population (India, type locality
of M. pusillus), but slightly smaller than the population from
northeastern India in terms of body and skull size
(Supplementary Table S6). Therefore, more detailed
phylogenetic and morphological comparative studies are
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required for further clarifying the taxonomy of these species,
with a particular focus on population variations from New
Guinea and Nicobar Islands.

Current distribution pattern of three Miniopterus species

The geographic distributions of three Miniopterus species in
China were confirmed through molecular phylogenetic
evidence and a comprehensive literature review. Notably, all
three Miniopterus species co-occur in southern China,
specifically in Yunnan, Guangxi, Guangdong, Hainan Island
and Fujian (Figure 2). The distribution ranges of these species
extend beyond China. Miniopterus fuliginosus has been
spotted in Korean Peninsula, southern Russia (Far East),
Japan, northern India, Nepal, Myanmar, Lao PDR, Vietnam,
northeastern Afghanistan and northern Pakistan (Endo et al.,
2019; Ibafez & Juste, 2019; Kusuminda et al., 2022; Li et al.,
2015; Thomas et al., 2013). Miniopterus magnater is found
throughout Southeast Asia (Thailand, Myanmar, Lao PDR,
and Vietnam), India, Sunda Islands (Sumatra, Borneo, Java,
Nusa Penida, and Timor), Central Moluccas (Seram and
Ambon Islands) and New Guinea (Ibafiez & Juste, 2019;
Kusuminda et al., 2022, Li et al., 2015). Miniopterus pusillus is
distributed in Nepal, northern India and Southeast Asia
(Thailand, Myanmar, Lao PDR, Vietnam, and Cambodia), as
well as part of insular Southeast Asia (Nicobar Island,
Sumatra, Java, Sulawesi, Lesser Sundas, and Moluccas)
(Ibahez & Juste, 2019; Srinivasulu & Srinivasulu, 2023). While
M. magnater and M. pusillus closely overlap in China, they
exhibited global differences, including in Nepal, Cambodia,
Indonesian Archipelago, and New Guinea. It is essential to
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emphasize that accurate species distributions in these areas
require re-evaluation and confirmation through phylogenetic
and morphological evidence, especially given the historical
misclassification of these morphologically similar groups as M.
schreibersii.

Furthermore, species name “Miniopterus schreibersii’
continues to be erroneously used in China per older
taxonomic classifications (Dong etal., 2023; Liang etal.,
2017; Su etal., 2023; Wang etal.,, 2023). Notably, M.
schreibersii, endemic in Europe, exhibited a smaller average
forearm length (mean FAL of 45.0 mm; Lisén et al., 2017) than
M. magnater (mean FAL of 49.8 mm) and M. fuliginosus
(mean FAL of 48.7 mm). According to current taxonomy, the
entities previously identified as “M. schreibersii” in China were
probably M. fuliginosus or M. magnater. Regarding Xinjiang
area, we recommended re-identifying “M. schreibersii’ as M.
fuliginosus (Dong et al., 2023), based upon reported mean
peak frequencies of approximately 51.5 kHz (Wu et al., 2020)
representing the westernmost distribution record in China. The
classification of “M. schreibersii” in Macau (Liang et al., 2017)
remains controversial due to the coexistence of three
Miniopterus species in adjoining areas of Hong Kong and
Guangdong.

Potential suitable habitat of three Miniopterus species

ESDM indicated that the highly suitable habitats for three
Miniopterus species largely overlapped in South China
(Figure 3). These areas of high suitability coincided with
identified hotspots for terrestrial mammals (Chi et al., 2020;
Sun etal., 2022). Historically, these regions served as
Quaternary refuges (Rahbek etal., 2019), providing stable
climates and complex topography for various species (He &
Jiang, 2014, Sun et al., 2022, Zhang et al., 2020). However,
pronounced discrepancies existed between ESDM prediction
and actual distribution (Figure 2, Figure 3A—C), particularly in
southern Qinghai-Xizang Plateau (where all three species
showing high distribution probabilities), Taiwan Island (where
M. magnater and M. pusillus with high distribution
probabilities), Hengduan Mountains (where M. pusillus with a
high probability) and area surrounding Beijing (where M.
fuliginosus with a relatively low distribution probability). These
inconsistencies implied at a potential underestimation of
biodiversity in regions. Additionally, potential suitable habitat
of M. fuliginosus appears to be underrated. While M. magnater
and M. pusillus tend to inhabit tropical or subtropical regions.
Due to the limitations of latitude, rainfall and temperature
(Figure 3B-E), these factors have been closely associated
with bat hibernation patterns, insect diversity and food
availability (Arthur et al., 2014; Bronrier et al., 1999; Rebelo
etal., 2010; Webb et al., 1996). Moreover, the discrepancies
between predicted and actual distributions highlighted certain
limitations of the model, such as ignoring interspecific
competition, specific geographic barriers (e.g., high
mountains) and impulse or capabilities of migration and
dispersal capabilities of the species (Burke etal., 2019;
Salinas-Ramos et al., 2021). These discrepancies implied that
the suitable habitats for these species may be gradually
shrinking as intensity, frequency and duration of extreme
weather events have spiked globally (Ancillotto et al., 2021;
Festa etal.,, 2023), emphasizing the urgency of proactive
conservation efforts to mitigate habitat compression. Given the
sensitivity of bats to climate change, understanding their
responses is crucial for conducting vulnerability assessments

and developing effective conservation strategies. Furthermore,
loss of these insectivorous bat pest suppression ecosystem
service in abandoned regions could have potentially negative
consequences for agriculture, forests and human health
(Smeraldo etal.,, 2021). This study aims to provide a
comprehensive background reference for the spatial
distribution of Miniopterus bats, offering critical insights to
guide their conservation.

Additionally, divergent distribution patterns among these
three Miniopterus species hinted at varying historical
biogeographic processes. Miniopterus fuliginosus occupied a
broader latitudinal region across the north-south axis, likely
implying its association with Quaternary glacial refuge in
China (Fu & Wen, 2023). During this period, ancestral M.
fuliginosus may have occupied more northern refuges than the
other two species (Kimprasit etal., 2021; Li etal., 2015).
Subsequent population explosion and long-distance migration
likely facilitated high genetic exchange (Hutterer et al., 2005,
Kimprasit et al., 2021, Li et al., 2015, Rodrigues & Palmeirim,
2008, Xu etal.,, 2005), minimizing genetic differentiation
among various populations and refuges (Li et al., 2015).

Morphometric variations and taxonomic keys of three
Miniopterus species
Our morphometric analysis reveals significant differences
among three Miniopterus species in both body and skull size
(Table 2). Specifically, M. magnater is slightly larger than M.
fuliginosus and significantly larger than M. pusillus (Table 2).
Additionally, these three species exhibited a slight male-
biased SSD in skull morphology and potential geographical
variation. Despite  these  differences, considerable
morphological  overlapping exists between different
populations within each species, which complicates the
distinguishing of morphologically similar M. fuliginosus and M.
magnater. This challenge has been noted in previous studies
within Miniopterus genus (Bilgin etal., 2012; Furman et al.,
2009; Kusuminda et al., 2022; Puechmaille et al., 2014).
Hence, one of the objectives of this study was to apply a
scientifically robust classification algorithm to improve
classifier precision, refine the taxonomic keys, and achieve
higher classification accuracy (Hothorn et al., 2006; Kotsiantis
et al., 2007; Sarda-Espinosa etal., 2017). Taxonomic keys
remain indispensable in modern taxonomy (Ebach &
Holdrege, 2005; Zamani etal.,, 2022). While rapid
advancements in  molecular biology, particularly DNA
barcoding, have gained prominence, morphological
descriptions still play a vital role in biology (Ahmed etal.,
2022). Our decision tree classifiers facilitate the identification
of three Miniopterus species using FAL, BB and M3M?
measurements (Figure 7). Miniopterus pusillus is easily
distinguishablebyitssignificantlysmallerbodysizeandshorterFAL
(Figure 7A, B; Kusuminda etal., 2022; Maeda, 1982). For
morphologically similar species, M. magnater and M.
fuliginosus, particular attention should be paid to M3M3
measurements (Figure 7; Kusuminda et al., 2022; Li etal.,
2015; Maeda, 1982). We have also noted the limitations of
traditional linear morphometrics in identifying morphologically
similar species, highlighting the necessity of conducting
interdisciplinary integrative analyses, such as species
distribution modeling and geometric morphometric analysis, to
explore potential optimal approaches for addressing these
taxonomic challenges more effectively. When combined with
distribution patterns identified in our study, our classifier offers
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an effective tool for guiding fieldwork in Miniopterus species
identification in China. It remains feasible to measure these
variables in living individuals, thereby enhancing the accuracy
of non-invasive species identification for Miniopterus bats.

Craniodental variations in three Miniopterus species

This study examined cranial size and shape variation among
three Miniopterus species using 3D skull models. Miniopterus
pusillus is characterized by its small body size and skull
centroid size, along with such distinctive features as a
narrower upturned rostrum, shorter teeth, an inflated forehead,
braincase, tympanic bullae and a thinner, elongated and
rounded anterior mandible (Figures 5, 6). In contrast, M.
magnater displayed a slightly larger body size and skull
centroid size, a wider and shorter rostrum, a longer palate, a
deflated forehead, braincase, tympanic bullae and a well-
developed and wider mandible. These traits represented
subtle differences with M. fuliginosus (Figures 5, 6). These 3D
shape variations are corroborated by linear measurements,
including PL, ZB, BCH, MW, LPB, M®M3, ML and M;M; (Table
2, ANCOVA), offering a detailed perspective on morphological
changes.

Bat skull morphology has played some critical role in dietary
preference (Dumont et al., 2012; Santana & Cheung, 2016;
Santana etal.,, 2012), feeding performance (Santana &
Dumont, 2009), sensory adaptations (Freeman, 1984;
Pedersen, 1998; Thiagavel et al., 2018), ecological niches and
evolutionary diversification (Dumont et al., 2012; Monteiro &
Nogueira, 2010; Shi & Rabosky, 2015). The morphological
differences existed particularly in braincase size, rostrum
shape and mandibular features (Figures 5, 6). It suggested
that M. pusillus might exhibit relatively weaker bite force,
favoring a diet of smaller arthropods. In contrast, M. magnater
possessed a stronger bite force, facilitating the consumption of
hard-shelled insects (Dumont etal., 2016; Giacomini etal.,
2022; Law etal.,, 2022). Elevated rostrum and elongated
mandible of M. pusillus, compared to the other two species,
may also indicate differences in flight pattern and echolocation
capabilities (Ballell etal., 2019; Freeman, 1984; Pedersen,
1998, 2000; Wordley etal., 2014; Wu et al., 2020). These
variations reinforced the adaptability of Miniopterus species to
selective pressures, enabling them to exploit diverse
ecological niches (Acero-Murcia et al., 2023; Arbour etal.,
2019).

A notable finding of this study is marked variations in
braincase inflation among three Miniopterus species.
Miniopterus pusillus exhibited an obviously inflated braincase
as compared to M. fuliginosus and M. magnater while M.
magnater had a slightly deflated braincase relative to M.
fuliginosus (Figures 5, 6). This variation was probably
correlated with foraging and flight patterns since species
foraging in open spaces often displayed smaller neocortex
volume (Ratcliffe etal., 2006; Safi & Dechmann, 2005).
Consequently, M. pusillus might prefer more complex habitats
whereas M. fuliginosus and M. magnater favored open spaces
(Reader & Laland, 2002; Striedter, 2005). This difference in
habitat preference could help explain extensive overlapping in
distribution ranges of M. magnater and M. pusillus in South
China.

CONCLUSION

This study has confirmed the presence and phylogenetic
relationships of three Miniopterus in China and highlighted
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their distinct ecological and morphological adaptations.
Miniopterus fuliginosus, with its broad adaptability and
extensive distribution, implied that its ancestor might have
inhabited multiple Quaternary glacial refuges. In contrast, the
distribution of M. magnater appeared to be constrained by
latitude, rainfall and temperature, significantly overlapping with
smaller M. pusillus in South China. These spatial distribution
patterns provided valuable insights into their niche evolutions,
highlighting the urgent necessity of proactive conservation
efforts for addressing potential habitat compression.
Comparative morphometric analyses, integrating traditional
linear measurements and 3D geomorphometry, uncovered
marked differences among three Miniopterus species in such
traits as rostrum, forehead, tympanic bullae, braincase and
mandible. These distinctions impacted divergence in
ecological niches, feeding strategies and echolocation
capabilities. Importantly, this study has identified, for the first
time, significant variations in braincase size, correlating with
differentiation in foraging and flight behaviors. Additionally, the
application of decision tree classifiers effectively distinguished
the taxonomic traits of three Miniopterus species. Key features
of FAL, BB and MM?® played crucial roles in species
identification. In conjunctions with insights into potential
distribution areas, these findings have established a robust
framework for guiding future field surveys and improving the
accuracy of non-invasive species identification for Miniopterus
bats in China.

Systematics of Chinese Miniopteridae bats

Class: Mammalia

Order: Chiroptera

Family: Miniopteridae Dobson, 1857

Genus: Miniopterus Bonaparte, 1837

Description: Miniopterus bats are typical cave-dwellers,
characterized by their elongated second phalanx of the third
finger with nearly thrice the length of the first. Lengthened
terminal part of wing folds back, creating a distinctively bent
appearance. A simple muzzle lacks a nasal process or
noseleaf with tail fully enclosed within uropatagium. Ears are
short, triangular, rounded, partially concealed by pelage and
widely separated at their bases. Head is highly domed,
forming a steep forehead. Ears, muzzle, wing membranes and
uropatagium are typically dark gray or dark brown to complete
black. Pelage is dense and soft.

Key to species of family Miniopteridae bats from China
1a) smaller body size; FAL smaller than 43 mm, BB smaller

than 7.7 MM ..o M. pusillus
1b) FAL larger than or equal to 43 mm, BB larger than or
€qual to 7.7 MM L..ooiiiiiiie e 2
2a) medium body size (a mean FAL of 48.7 mm); M3M? less
than 7.2 MM ..o M. fuliginosus
2b) larger body size (a mean FAL of 49.8 mm); M®M? larger
thanorequal to 7.2 mm ......cccoveeviiieeeeiee e M. magnater

Species 1: Miniopterus magnater Sanborn, 1931

Larger Long-fingered Bat

(Figure 8A; Table 2; Supplementary Table S5)

Type locality: Marienberg, 40 miles up Sepik River, Territory
of New Guinea.

Diagnosis: Based upon our examined specimens, this is the
largest-sized species among three Chinese Miniopterus
species with a mean FAL of 49.8 mm (range 43.5-52.4 mm)
and a TibL of 21.5 mm (range 20.3-23.5 mm) (Table 2). The
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ears are triangular (range 8.6—14.6 mm) with slightly folded
pinnae and an inward-bending outer edge of helix. Tragus is
kidney-shaped, pointed at tip and slightly curved forward
(Figure 8A-7). Overall fur color ranges from golden brown to
saddle brown with dorsal surface darker than ventral surface
(Figure 8A-7).

Skull is bulbous and slightly larger than M. fuliginosus in
China with a mean GLS of 16.93 mm (range 16.2—-17.46 mm),
CBL of 16.18 mm (range 15.55-16.88 mm) and BB of 8.46
mm (range 8.09-9.62 mm) (Table 2). It also has a wider M3M3
and rostrum than M. fuliginosus (Table 2). Rostrum is flat and
gently slopes to forehead with a shallow medial rostral
depression (Figure 8A-1, 3). Mid-portion of braincase is lower
in height than frontal region (Figure 8A-1). Well-developed
sagittal crest and lambdoid crests are noted along with a well-
developed zygoma and zygomata exceeding braincase in
width (Figure 8A-3, 5). Hindbrain is deflated and strongly
downward-deflected from mid-point of lambdoid crests
(Figure 8A-1). Dental formula is | 2/3, C 1/1, P 2/3, M 3/3
(Figure 8A-6). Canines are more robust than the other two
species and a noticeable gap exists between canines and
incisors (Figure 8A-6). The first upper premolar (PM?) is
smaller than the second upper premolar (PM*%) and they are
not in contact (Figure 8A-6). PM* with an additional well-
developed lingual cusp posterior to main cusp, contacting the
metastyle of the first upper molar (M') but lower than M' in
height (Figure 8A-1, 6). M" and M? are well-developed with M'
slightly larger than M? (Figure 8A-6). Palate is concave (Figure
8A-5). In mandible, pair of incisors closest to the canine is
larger than the other two pairs of incisors (Figure 8A-2, 6).
PM, is taller than PM, and PM; (Figure 8A-2). Coronoid
articular processes are equal in height, with a well-developed
outward-extending angular process (Figure 8A-2). Pair of
infraorbital foramina and mandibular foramina are visible
(Figure 8A-2). Additionally, a slightly male-biased sexual size
dimorphism is noted (Supplementary Table S6).

Distribution: Yunnan, Guangxi, Guangdong, Hong Kong,

A. M. magnater

Fujian and Hainan Island in China, extending across most
parts of Southeast Asia (Thailand, Myanmar, Lao PDR , and
Vietnam), India, Sunda Islands (Sumatra, Borneo, Java, Nusa
Penida, and Timor), Central Moluccas (Seram and Ambon
Islands) and New Guinea (lbafiez & Juste, 2019; Kusuminda
etal., 2022; Li etal., 2015). It may occur in Macau (refer to
Discussion).

Remarks: Phylogenetic analyses revealed genetic
differentiation between M. magnater population of Southeast
Asia and New Guinea (Appleton et al., 2004; Li et al., 2015)
with ND2 gene genetic distances of ~10%. Morphological
comparisons indicated that New Guinea population (type
locality) was slightly larger than Chinese population
(Supplementary Table S6). These findings hinted at the
possibility of cryptic species within M. magnater. Detailed
genetic studies are required for resolving the taxonomy of this
group.

Species 2: Miniopterus fuliginosus (Hodgson, 1835)

Asian Long-fingered Bat

(Figure 8B; Table 2; Supplementary Tables S4, S6)

Type locality: Nepal.

Diagnosis: M. fuliginosus is medium-sized among three
Chinese Miniopterus species with a mean FAL of 48.7 mm
(range 41.3-52.2 mm) and a TibL of 20.5 mm (range
19.1-21.8 mm) (Table 2). Ears are short and triangular with a
broadly rounded tip. Half of pinna is folded and ear length
ranges from 8.0 to 13.7 mm (Table 2). Tragus is crescent-
shaped and forwardly curved with a narrow base and a
rounded tip (Figure 8B-7). Fur is deep saddle-brown to
greyish-black with dorsal surface darker than ventral surface
(Figure 8B-7).

Skull is bulbous and smaller than M. magnater, with a mean
GLS of 16.30 mm (range 15.57-17.17 mm), CBL of 15.52 mm
(range 14.62-16.63 mm), BB of 8.15 mm (range 7.72—
8.67 mm) and M3M® width of 6.93 mm (rang 6.4—7.62 mm)
(Table 2). A flat rostrum gently slopes toward forehead with a
shallow medial rostral depression (Figure 8B-1, 3). Sagittal

Figure 8 Skull and external features of three Miniopterus species from China
A. M. magnater; B. M. fuliginosus; C. M. pusillus; 1-2, lateral view of skull; 3—4, dorsal view of skull; 5, ventral view of skull; 6, dental surface; 7,
lateral, ventral and dorsal views of external features. Photo by Yifeng Hu & Wenhua Yu.
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and lambdoid crests are evident. Zygomata exceeds
braincase in width (Figure 8B-3, 5). An inflated hindbrain with
a smooth downward transition from mid-point of lambdoid
crests (Figure 8B-1). Dental formula is | 2/3, C 1/1, P 2/3, M
3/3 (Figure 8B-6). Upper and lower canines are long and
slender, with upper canines longer than lower (Figure 8B-1, 2).
PM? is delicate and pointed, with a basal area equal to C',
about half the height of PM* and not in contact with PM*
(Figure 8B-1, 6). PM* has a notable lingual cusp posterior
(Figure 8B-6). M' and M? are well-developed and similar in
size (Figure 8B-6). Palate is concave (Figure 8B-5). Mandible
is broadly rounded U-shaped (Figure 8B-4). Lower incisors are
tricuspid with the pair closest to canine larger (l4<I,<l3)
(Figure 8B-2, 6). PM, is taller than PM, and PM; and
approximately equal to M; in height (Figure 8B-2). Coronoid
and articular processes of mandible are almost equal in height
(Figure 8B-2). Pair of infraorbital foramina and mandibular
foramina are evident (Figure 8B-2). Additionally, a slightly
male-biased sexual size dimorphism is noted (Supplementary
Table S6).

Distribution: Beijing, Hebei, Henan, Shandong, Shaanxi,
Anhui, Hubei, Sichuan, Chongging, Hunan, Jiangxi, Zhejiang,
Yunnan, Guizhou, Guangxi, Guangdong, Fujian, Hong Kong,
Hainan Island and Taiwan Island in China. Its range extends
to Korean Peninsula, southern Russia (Far East), Japan,
North India, Nepal, Myanmar, Lao PDR, Vietnam, Northeast
Afghanistan and North Pakistan (Endo et al., 2019; Ibafez &
Juste, 2019; Kusuminda et al., 2022; Li et al., 2015; Thomas
etal., 2013). Possible occurrences included Xinjiang and
Macau (refer to Discussion) with India-Sri Lanka population
requiring confirmation.

Remarks: Miniopterus fuliginosus was previously confused
with M. schreibersii until current genetic and morphometric
evidence confirmed it as a valid species (Appleton et al., 2004;
Maeda, 1982; Tian et al., 2004). Its distribution spans a wide
latitudinal range. Recent genetic studies have identified India-
Sri Lanka lineage as a new species, M. phillipsi is slightly
smaller than M. fuliginosus (Supplementary Table S6;
Kusuminda et al., 2022). Consequently, current distribution
and southern limits of M. fuliginosus remain unresolved.
Additionally, the population of Taiwan Island exhibited slightly
larger genetic distances than others (Supplementary Table
S4). Future studies shall incorporate morphometric and
genetic analyses for clarifying the taxonomy within this group.

Species 3: Miniopterus pusillus Dobson, 1876

Small Long-fingered Bats

(Figure 8C; Table 2; Supplementary Table S6)

Type locality: Nicobar (Islands, India) (Restricted by R. C.
Wroughton [1918]).

Diagnosis: Based upon examined specimens, this is the
smallest-sized species among three Chinese Miniopterus
species with a mean FAL of 41.3 mm (range 39.5-43.3 mm)
and a mean TibL of 17.0 mm (Table 2). Ears are small and
triangular, with a mean length of 9.2 mm (range 6.0-11.9 mm)
(Table 2, Figure 8C-7). The tragus is parallel-sided and
minimally curved forward compared to the other two species
(Figure 8C-7). Overall fur color is chocolate-brown to lighter
brown (Figure 8C-7).

Skull is smaller, bulbous and delicate with a mean GLS of
14.08 mm (range 13.58—-14.46 mm), a mean CBL of 13.28 mm
(range 12.69-13.62 mm), a mean BB of 7.38 mm (range
7.09-7.59 mm) and a mean M*M?® width of 5.65 mm (range
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5.36-5.89 mm) (Table 2). Rostrum is flat, short and narrow,
and abruptly slopes to forehead from basal rostrum
(Figure 8C-1, 3). The rostrum is slightly upturned compared to
the other two species and has a shallow medial rostral
depression (Figure 8C-1). The mid-portion of braincase is
depressed and lower in height than frontal region. And
braincase is more inflated than the other two species
(Figure 8C-1). Sagittal and lambdoid crests are well-
developed except in parietal region. Zygoma is slender,
thinner proximally than distally, with a projection on midsection
of zygoma (Figure 8C-3, 5). Zygomata is approximately equal
to braincase in width (Figure 8C-3, 5). Dental formula is | 2/3,
C 11, P 2/3, M 3/3 (Figure 8C-6). Upper canines are small
and straight (Figure 8C-1). Upper incisors are visible in lateral
view and a noticeable gap exists between upper incisors and
upper canines (Figure 8C-1). PM* is well-developed and larger
than PM?, and they are not in contact (Figure 8C-6). M' and
M? are well-developed with M' slightly larger (Figure 8C-6).
Palate is concave (Figure 8C-5). |5 is larger than the other
lower incisors (Figure 8C-6). PM, to PM, progressively
increases in size, with PM, having an additional well-
developed lingual cusp posterior to main cusp (Figure 8C-6).
PM, is approximately equal to M; and M, in height (Figure 8C-
2). M, is slightly larger than M, and both are significantly
larger than Mj in size (Figure 8C-6). Mandible is delicate with
smooth mandibular gnathion (Figure 8C-2, 4).

Distribution: Yunnan, Guangxi, Guangdong, Hong Kong,
Macau, Fujian and Hainan Island in China. Its residing range
extends to Nepal, North India, Southeast Asia (Thailand,
Myanmar, Lao PDR, Vietnam & Cambodia) and part of insular
Southeast Asia (Nicobar Island, Sumatra, Java, Sulawesi,
Lesser Sundas & Moluccas) (lbanez & Juste, 2019;
Srinivasulu &  Srinivasulu, 2023). Borneo requires
confirmation.

Remarks: Miniopterus pusillus is a small-sized long-fingered
bat with limited prior studies. Current phylogenetic and
morphological analyses have uncovered a cryptic species, M.
srinii (slighter smaller than M. pusillus, Supplementary Table
S6), from South India, previously misidentified as “M. pusillus’
(Srinivasulu & Srinivasulu, 2023). However, unresolved
phylogenetic relationships remain between populations from
Nicobar Islands (type locality) and other South Asia,
Southeast Asia and Northeast India regions. Our Chinese
specimens were notably larger than those of Nicobar Islands
(Supplementary Table S6). Future studies of genetic and
morphometric analyses are essential for resolving these
systematic uncertainties.
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Sample collections in the field were conducted following the Wildlife
Protection Law of the People’s Republic of China.
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