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Systematics and taxonomy are the backbone of all components of biology and ecology, yet cryptic species present a major challenge for accurate species identification. This is especially problematic as they represent a substantial portion of undiscovered biodiversity, and have implications for not only species conservation, but even assaying potential risk of zoonotic spillover. Here, we use integrative approaches to delineate potential cryptic species in horseshoe bats (Rhinolophidae), evaluate the phenotypic disparities between cryptic species, and identify key traits for their identification. We tested the use of multispecies coalescent models (MSC) using Bayesian Phylogenetic and Phylogeography (BPP) and found that BPP was useful in delineating potential cryptic species, and consistent with acoustic traits. Our results show that around 40% of Asian rhinolophid species are potentially cryptic and have not been formally described. In order to avoid potential misidentification and allow species to be accurately identified, we identified quantitative noseleaf sella and acoustic characters as the most informative traits in delineating between potential cryptic species in Rhinolophidae. This highlights the physical differences between cryptic species that are apparent in noseleaf traits which often only qualitatively described but rarely measured. Each part of the noseleaf including the sella, lateral lappets, and lancet furrows, play roles in focusing acoustic beams and thus, provide useful characteristics to identify cryptic Rhinolophus species. Finally, species delimitation for cryptic species cannot rely on genetic data alone, but such data should be complemented by other evidence, including phenotypic, acoustic data, and geographic distributions to ensure accurate species identification and delineation.
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INTRODUCTION

Systematics and taxonomy are crucial foundations to all biological fields, as species are the fundamental unit for almost any analysis or management (Agnarsson and Kuntner, 2007; De Queiroz, 2007; Eberle et al., 2019). Numerous approaches for accurate species identification and delimitation have been developed in recent years, including various molecular approaches (Hebert et al., 2003; Hebert and Gregory, 2005; Ratnasingham and Hebert, 2007; Kekkonen and Hebert, 2014), integrative species delimitation by combining taxonomic, genetic, and phenotypic datasets (DeSalle et al., 2005; Will et al., 2005; Wortley and Scotland, 2006; Padial et al., 2010), and statistical model based-approach with multi-species coalescent models (Yang and Rannala, 2010). One of the challenges in current taxonomy is delimiting cryptic species, which, if left unidentified, may cause inaccurate estimates of species richness (over- or underestimating, or misidentifications) [definitions of what constitutes a cryptic species have been broadly discussed in previous studies (Bickford et al., 2007; Struck et al., 2018)]. With the increasing use of molecular approaches in recent decades, increasing numbers of cryptic species are being distinguished (i.e., Kingston et al., 2001; Jones and Barlow, 2004; Stuart et al., 2006; Sedlock and Weyandt, 2009; Salicini et al., 2011; Bogdanowicz et al., 2015; Tu et al., 2017). However, many such studies make little effort to measure phenotypic disparity in a species and thus empirically differentiate inter- and intra-specific variation. Genetic divergence, discrete and continuous morphological comparison and other forms of evolutionary traits of inter- and intra-species should be employed to assess whether candidate cryptic species can be statistically distinguished. Previous studies have evaluated morphological similarity in cryptic species subjectively, but rarely measured the degree of similarity of more cryptic traits which may be associated with evolutionary adaptations (Struck et al., 2018). This may lead to over-splitting in more variable groups and neglecting species in more cryptic ones, or ones for which trait selection has not been optimized.

A combination of phenotypic and genotypic datasets have been shown to yield higher resolution phylogenies (Wortley and Scotland, 2006), and better reflects the evolutionary processes which may relate to speciation to provide a more robust and standardized analysis in order to detect hidden species (Padial et al., 2010; Carstens et al., 2013; Struck et al., 2018). Cryptic species are common in bats, but frequently go undetected unless genetic and acoustic data are used to diagnose species identity (Taylor et al., 2018). Therefore, in this study we use bats as models to identify potential hidden species within one family, Rhinolophidae (horseshoe bats), and address above issues to detect potential cryptic species.

The horseshoe bats (Rhinolophidae), are of exceptional scientific interest, with 106 described species (18 new species described since 2000) encompassed in a single genus Rhinolophus (Simmons and Cirranello, 2021). In addition, rhinolophids are considered to be the natural reservoir hosts for various zoonotic viruses, including severe acute respiratory syndrome (SARS) coronavirus (Latinne et al., 2020; Zhou et al., 2020, 2021). External morphological evidence, even with skull and dental characters, may fail to distinguish potential cryptic species (Taylor et al., 2018). One important characteristics of Rhinolophidae species is the prominent shape of the noseleaf (Bogdanowicz, 1992; Francis, 2019). Noseleaf features in rhinolophids are involved in shaping the directionality of calls emission beam and served quantitatively different functions for different species (Zhang et al., 2009; Vanderelst et al., 2010, 2011, 2013). However, due to high structural similarity, many non-trained taxonomists can find it difficult to distinguish between species, which may lead to errors in species identification. In this study, we propose a framework to quantitatively measure the noseleaf traits from all aspects (i.e., posterior and anterior, lancet, and sella), and identify the most informative traits for species identification.

All species in Rhinolophidae emit constant frequency calls (CF) ranging from >25 to 103 kHz with relatively long duration commencing and ending with a brief frequency-modulated (FM) sweep (Grinnell, 2009). The call structure in Rhinolophidae is relatively simple, but they possess a sophisticated function and auditory specialization (Neuweiler, 1990). Rhinolophidae species emit high-duty cycles call through nasal passages, and the returning echoes are received with an acoustic fovea which provides high sensitivity in detecting small variations in call frequency (Neuweiler, 1990). Therefore, call frequency plays an essential part in mate recognition which could lead to reproductive isolation (Kingston et al., 2001). High variation in call frequency and genetic differences within species is also known in a number of studies (i.e., Sedlock and Weyandt, 2009; Francis et al., 2010; Mao et al., 2010; Taylor et al., 2018; Liu et al., 2019). Yet, few former studies on cryptic species used rigorous criteria to investigate the phenotypic disparities between known acoustically divergent taxa within the rhinolophids. The lack of such studies hinders our understanding of their taxonomy, ecology, and evolutionary significance (Struck et al., 2018). Accurate taxonomy lays a foundation for quantifying biodiversity and provides a basis for all other biological or ecological assessments. Misidentification of a potential species could lead to incorrect interpretation of other biological research, including diversity, species interactions and biogeography, and even potential zoonotic spillovers, as understanding community structure and species interactions requires knowledge of what species are present (Agnarsson and Kuntner, 2007). Therefore, correct species recognition and the adoption of interdisciplinary approaches are fundamental and will provide a sounder basis for policy making in management and conservation.

The utility of molecular data to uncover cryptic lineages has been demonstrated in numerous studies (Salicini et al., 2011; Patrick et al., 2013; Kekkonen and Hebert, 2014). Along with increasing use of molecular techniques, the statistical framework of species delimitation incorporating coalescent theory provides statistical support to identify cryptic and/or allopatric species (Fujita et al., 2012). However, growing use of multi-loci datasets means utilizing older data, or maximizing species coverage is increasingly challenging. The caveats of a single-locus approach have been discussed broadly (Knowles and Carstens, 2007), including potential discordance of species tree and gene trees due to various biological processes such as incomplete lineage sorting and interspecific hybridization (Funk and Omland, 2003; Mallo and Posada, 2016), however, single-locus data can provide useful information of species evolutionary history (Avise, 2009). Integrating a statistical framework in coalescent theory resolved the major caveats to a single locus approach (i.e., incomplete lineage sorting and interspecific hybridization) into the analysis and has been proven to produce reliable results, even with a single locus (Esselstyn et al., 2012; Fujisawa and Barraclough, 2013; Dowton et al., 2014; Kapli et al., 2017; Yang and Rannala, 2017). In this study we investigate how can we accurately delineate cryptic Rhinolophidae species by incorporating phenotypic and genotypic information, including morphological, acoustic and genetic data. Thus, the main objectives are: (1) to use multispecies coalescent model approaches to delimit potential cryptic species, (2) to investigate morphological and acoustic disparities between potential cryptic species, and (3) to identify informative traits to diagnose cryptic species morphologically and acoustically.



MATERIALS AND METHODS


Systematic Coverage, Field Sampling, and Laboratory Work

Bats were caught using harp traps and mist nets across caves and forest paths in South Chinese Karst, and other parts of Southeast Asia (Supplementary Table 1); each bat individual trapped was placed in the bat bags for measurements, photographs, and tissue samples. External characters were measured using Mitutoyo Absolute Series-500 (Mitutoyo Corporation, Japan) calliper with an accuracy of 0.01 mm, and body mass was measured with Pesola Spring Scale (Pesola® Präzisionswaagen AG, Switzerland) with a precision of 0.3%. Each bat individual was photographed using a FUJIFILM X100F camera (Fujifilm Corporation, Japan).1 Bats were positioned in front of the camera for noseleaf photographs, and the photographs were taken horizontally from the bats. Front, lateral, and sella surfaces were photographed for each individual with the scale for the noseleaf width and length. The noseleaf width and length used in the photographic scale were measured with a digital calliper for each individual when the photograph was taken, then used to calibrate measures on the photograph. The wing was photographed by holding the bat with its wing extended over the scale-board at a consistent angle (flat, with the tip clearly visible), photos were taken vertically from directly above, so the scale was visible. Detailed measurements are provided in Supplementary Figure 1.

Tissue samples were obtained from wing membranes of bats collected using 3 mm biopsy punch. No specimens were collected during this study and bats were released after tissue samples were collected and measurements, photographs, and echolocation calls were recorded. Tissue samples were stored in vials containing 99.7% alcohol. The Mammalian Genomic DNA Miniprep kit Sigma-Aldrich (Sigma-Aldrich Corporation, Hongkong SAR) was used for DNA extraction. Samples were amplified using the 12.5 ml PCR reaction mixes, consisted of 6.25 ml of 10% trehalose, 2 ml of ultrapure water, 1.25 ml of 10X PCR buffer, 0.625 ml of MgCl2 (50 mM), 0.125 ml of both primers, 0.0625 ml of dNTP mix (10 mM), 0.3125 U of Taq polymerase, and 2.0 ml of DNA. We amplified 658 bp fragment of mtDNA COI gene using a universal primer adapted from the “Bats of Southeast Asia in BOLD (Barcode of Life Data) Systems” project as follows:

fwd_seq: TGTAAAACGACGGCCAGTTCTCAACCAAC CACAAAGACATTGG,

rev_seq: CAGGAAACAGCTATGACTAGACTTCTGGG TGGCCAAAGAATCA.

The PCR thermal conditions were: initial denaturation 95°C for 30 s, 35 cycles of denaturation (95°C) for 5 s, annealing at 60°C for 34 s and final extension at 72°C for 10 m. PCR products were then purified and sequenced using Sanger ABI 3730 DNA analyzers in South China DNA Barcoding Center, Kunming Institute of Zoology, Chinese Academy of Sciences.

Additional sequences from GenBank were selected carefully, and only sequences with a length longer than 650 bp were selected and included in the analysis, COI has been extensively sampled for bats across Southeast Asia as part of the BOLD initiative and therefore sequenced in bats captured in this analysis. Accession numbers, geographic coordinates, and references are provided in Supplementary Table 2. We selected sequences which were also recorded in China (all available high quality data was used from elsewhere in Asia). For most samples GPS coordinate information was included, but also some sequences from China that listed localities were included (Supplementary Figure 2).

A total 26 of Rhinolophus species sensu lato in the Asian lineage were included for genetic analysis, including R. JLE [undescribed species (Soisook et al., 2015); the acronym from Francis et al. (2010) denoting Judith L. Eger] (n = 3, n = total number of sequences), R. sedulus (n = 1), R. luctus (n = 10), R. trifoliatus (n = 10), R. chiewkweeae (n = 3), R. pearsonii (n = 69), R. coelophylus (n = 5), R. shameli (n = 18), R. creaghi (n = 2), R. stheno (n = 53), R. affinis/R. andamanensis (n = 141), R. rouxi (n = 1), R. indorouxi (n = 1), R. sinicus (n = 132), R. acuminatus (n = 22), R. malayanus (n = 50), R. chaseni (n = 20), R. robinsoni (n = 1), R. philippinensis (n = 7), R. borneensis (n = 11), R. lepidus (n = 5), R. pusillus (n = 105), R. macrotis (n = 86), R. marshalli (n = 19), and R. rex (n = 81). A total of 10 species sensu lato were used for multispecies coalescent models, including R. luctus, R. pearsonii, R. shameli, R. stheno, R. affinis, R. sinicus, R. malayanus, R. pusillus, R. macrotis, and R. rex. We did not include R. marshalli in the species delimitation model due to the small sample sizes of individuals with morphological and acoustic measures recorded. Phenotypic disparity analysis between potential cryptic species was conducted when a sufficient sample size of morphological and acoustic data was available, including R. macrotis (n = 29, n = number of individuals with morphology and acoustic data), R. affinis (n = 16), R. sinicus (n = 51), R. pusillus (n = 34). Although based on genetic data R. luctus (n = 3, n = number of individuals with morphology and acoustic data), R. pearsonii (n = 5), R. shameli (n = 0), R. stheno (n = 13), R. malayanus (n = 16), and R. rex (n = 12) contains multiple potential cryptic species, these species do not have enough samples with complete morphological and acoustic data to use as comparisons between potential cryptic species within species sensu lato, thus cannot be used to assess phenotypic disparities.



Phylogenetic Reconstruction

We obtained tissue samples from 205 individuals comprising 13 putative species (11 species of Rhinolophidae and two species of Hipposideridae as the outgroup) collected across South China karst and nearby regions (GenBank accession numbers: OK483366; OK483495–OK483509; OK562850–OK563036; OK563109; and OK563727). The details of accession number and isolate numbers information are provided in Supplementary Table 1), the sequences will be made publicly available upon publication). The details of sampling procedures and laboratory work are provided in Supplementary Material). In order to obtain a rigorous comparison for Rhinolophidae species in the region, we added 655 sequences from NCBI GenBank2 and The Barcode of Life Data Systems (BOLD)3 bringing to 860 (681 bp) total sequences in the analysis (Supplementary Table 2, distribution maps of samples are provided in Supplementary Figure 2). Multiple sequences alignments were performed in MAFFT (Multiple Alignment for Amino Acid or Nucleotide Sequences) Version 7.467 (Katoh et al., 2002) using pairwise alignment and iterative refinements method or G-INS-i strategies.

A Maximum-Likelihood (ML) phylogeny was constructed using IQ-TREE 24 (Nguyen et al., 2015). Best-fit substitution model determined using ModelFinderPlus -MFP (Kalyaanamoorthy et al., 2017) with -cmax option and a thorough full tree search per model using –mtree option. The best-fit substitution model TIM2 + F + I + G4 was chosen based on the lowest Bayesian Inference Criterion (BIC) (BICw = 0.907, AICw = 0.696). We use –B 1000 ultrafast bootstrap (UFBoot) replicates (Minh et al., 2013; Hoang et al., 2018) and SH-aLRT (approximate likelihood ratio test) using –alrt 1000 to assess branch support. A hill-climbing Nearest Neighbor Interchange (NNI) search -bnni option was set to minimize the risk of overestimating branch support.

We constructed Bayesian Inference trees in MrBayes 3.2.7a (Ronquist and Huelsenbeck, 2003) with GTR (General Time Reverse) DNA substitution model. The posterior probability of trees was estimated using Metropolis-coupled Markov Chain Monte Carlo (MCMC). We performed MCMC analysis with five chains (four heated and one cold chains) with temperature 0.5. The chains were run for 50,000,000 generations with two independent analysis runs simultaneously and trees were sampled every 1,000 generations. The first 10% of initial trees (500,000 trees) were discarded. The sampled parameter values were summarized using sump. The two runs converged at 50,000,000 million generations and showed no trend in the likelihood values plot. The 95% Highest Posterior Density (HPD) interval for all parameters showed the convergence diagnostic of estimated samples sizes (ESS) values are all above 500 which indicates that all chains mixed well. The Potential Scale Reduction Factor (PSRF) value is 1 for all parameters, indicating a good sample from the posterior probability. The statistical summary of trees was produced using sumt, and the final trees were inspected in FigTree v1.4.4 (Rambaut, 2016). The tree topologies and branch support of ML and BI trees were inspected, strongly support clades were collapsed together and each clade within complex species was encoded with abbreviated species code and numbers. The genetic divergence between and within species was analyzed using MEGA X5 based on Kimura 2-parameter model (Kumar et al., 2018).



Species Delimitation Model Analysis

We used Bayesian statistics to identify potential cryptic species with a multispecies coalescent model (MSC) in Bayesian phylogenetic and phylogeography program, BPP v 4.3.8 (Yang, 2015). The analysis was conducted using a single locus of mtDNA COI genes as it has the best coverage of all studied species groups in the region. We implemented A10 analysis (species delimitation using guided tree) in BPP using species trees generated in BEAST. The analysis was subset into smaller species groups, and focused on species with supporting morphological and acoustic data from a primary dataset collected in South China karst and Southeast Asia (Figure 1A: clade in dark shades, 10 species complex). Analysis was conducted subsequently per “putative” species sensu lato including R. luctus, R. pearsonii, R. stheno, R. affinis, R. sinicus, R. malayanus, R. macrotis, R. rex, and R. pusillus (Figure 2). We explored a range of parameters to test the sensitivity of population size parameter (θs) priors and the divergence time at the root at species tree (τ0) prior toward the species delimitation models [prior A = θ (3 0.004), τ (3 0.03); prior B = θ (3 0.002), τ (3 0.03); prior C = θ (3 0.04), τ(3 0.003); prior D = θ (3 0.02), τ (3 0.003), prior E = θ (3 0.004), τ (3 0.003); prior F = θ (3 0.04), τ (3 0.03); prior G = θ (3 0.0004), τ (3 0.0003)]. The priors were set to inverse-gamma distribution IG (α, β) and mean m = β/(α − 1). All priors were set to diffuse priors due to little information available for θs and τ0, and we explore the possible influence when the time divergence older [τ = IG (3 0.03), with mean 0.03/(3 − 1) = 0.015 or 1.5% of mean sequence divergence between the root of the species tree and the present time. Following the assumption of mutation rates 10–9 mutation/sites/year (Flouri et al., 2020) then it transcribed time divergence estimate at 15 Ma] and younger [τ = IG (3 0.0003), with the mean at 0.0003/(3 − 1) = 0.00015, translated the time of divergence to 0.15 Ma. Species model priors were assigned as 1 for equal probabilities of rooted trees and two independent runs were applied to algorithm0 and algorithm1 (Yang and Rannala, 2010) (total four independent runs for each priors setting)]. The substitution model was set to GTR, and each independent run was run for 25,000 burn-in rjMCMC steps and 100,000 MCMC samples, sampling at every five steps. The chain convergences were assessed by comparing the consistency of posterior probability produced for each run and among two algorithms. Each species group was separately analyzed to minimize the computational burden for each prior and algorithm. The posterior probability for species delimitation model, pp. > 0.95 are considered to be split well and supported, 0.90 ≤ pp. < 0.95 were considered moderately supported, and when pp. < 0.9 were considered weakly supported.
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FIGURE 1. (A) Phylogenetic gene tree constructed based on COI gene inferred using maximum likelihood and Bayesian inferences, the value in the branch presenting UFBootstrap/sh-alrt (above) for Maximum Likelihood and posterior probability for Bayesian Inference tree (below). The branches support only shows for main branches between sister lineages. Dark shades in the collapsed branches indicated individuals with both morphological measurements and acoustic data; white shades in collapsed branches indicated samples collected from GenBank without morphological and acoustic data; (B) morphological cluster using Ward’s method in involving acoustic and morphological (external, wing, and noseleaf) parameters. Abbreviation in species name rex, R. rex; luc, R. luctus; pea, R. pearsonii; aff, R. affinis; sth, R. stheno; sin, R. sinicus; mar, R. marshalli; mac, R. macrotis; mal, R. malayanus; pus, R. pusillus.
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FIGURE 2. Summary of species delimitation model based on BPP per each potential cryptic species, the tree was based on BEAST as guided tree, each node represents the posterior probability of ancestor nodal support (τ = 0, absence/lumped; τ = 1, presence/split). (A) R. pearsonii represents 12 well supported candidate cryptic species; (B) R. affinis represents five supported candidate cryptic species (A1 = R. andamensis); (C) R. sinicus represents six supported candidate cryptic species; (D) R. pusillus represents six supported candidate cryptic species (P1 = R. cf lepidus); (E) R. luctus (L1 and L2); (F) R. stheno (ST1 and ST2), R. shameli (SH); (G) R. malayanus; (H) R. macrotis; (I) R. rex. (*J = R. JLE, S = R. sedulus, T = R. trifoliatus, CR = R. creaghi, CO = R. coelophylus).




Morphology and Bioacoustic Trait Analysis

In total, 190 Rhinolophus individuals were sampled from South China and Vietnam. Each individual was measured morphologically, acoustically recorded, had tissue samples collected, and photographs were taken before release. Field identification was based on the Mammals of South East Asia (Francis, 2019). Each individual captured was measured, photographed, calls were recorded on release and a tissue sample was collected from wing membrane and sequenced for genetic analysis (please see supplemental methods). A total of 56 characters were measured from the same genetically sequenced individuals, including seven external characters, 31 noseleaf characters, 11 wing characters, and six acoustic parameters (see details of method in Supplementary Figure 1). The measurements for external characters were based on standard measurement following Francis (2019) using digital callipers Mitutoyo Absolute Series-500 (accuracy 0.01 mm). Noseleaf and wing characters were measured from standardized photographs (see above) using ImageJ version1.52o (National Insitutes of Health, Bethesda, Maryland, United States) software. Each noseleaf photograph was scaled using known distance (in mm) prior measurement, which was generated from noseleaf width and length for noseleaf characters and scale bar for wing characters. Only adults and non-pregnant adult females were included in the data analysis. Maturity was determined by examining each metacarpal/phalangeal joint, interphalangeal joints that had a fused epiphyses which could be seen when bat wing is trans illuminated were adults. Sub-adult bats have visible joints because cartilaginous epiphyseal (growth) areas are lighter than fused epiphyses. Sex was determined by examine the genitalia, and female’s reproduction status was determined by palpating abdomen (for pregnancy) and nipples for signs of lactation based on Simmons and Voss (2009). We obtained echolocation calls from hand-released bats recorded using a Pettersson M500-384 (Pettersson Electronic AB, Uppsala, Sweden),6 acoustic calls were then analyzed using BatSound ver4 (Pettersson electronic AB, Uppsala, Sweden) at a sampling rate of 44.1 kHz, and spectrograms were set at 1,024 sampling site in Fast Fourier Transform (FFT) in conjunction with a Hanning window. We measured 5–10 search-pulses in each call sequence and the following parameters for call measurement were taken from the highest quality calls in a sequence: FMAX, FMIN, FMAXE, bandwidth, duration, and inter-pulse interval (Vaughan et al., 1997).

The variation of phenotypic traits was assessed in order to observe whether genetic data is consistent with morphology and acoustic traits between potentially cryptic species and assessed from the same individuals. In total 10 focal species were included in the analysis, species identifications were based on Francis (2019) and Simmons and Cirranello (2021). R. luctus, R. pearsonii, R. stheno, R. affinis, R. sinicus, R. malayanus, R. pusillus, R. macrotis, R. marshalli, and R. rex. We ran sexual dimorphism analysis by comparing the mean parameter values of each sex within potential cryptic species using a Welch t-test in R and no characters showed sexual dimorphism. Shapiro-Wilk test and F-test were performed prior to the analysis and visual inspection using qqplot to ensure data were normally distributed and the heterodascity of variance between the groups. Multivariate statistical analysis was used to visualize the variation within variables, and data were scaled prior analysis to standardize the variable with different units. Principal Component Analysis (PCA) was used to visualize the trends between traits across species using R package “factoextra version 1.0.7” (Kassambara, 2016) and “FactoMineR version 2.4” (Lê et al., 2008). The PCA biplot was later visualized using R package “ggplot2 version 3.3.3” (Wickham, 2016) and “ggpubr 0.4.0” (Kassambara, 2020), the coloration in the plot used palette in R package “RColorBrewer version 1.1-2” (Neuwirth and Maindonald, 2014) and “ggsci version 2.9” (Xiao and Li, 2018). A simple linear regression using the lm function in R was conducted to statistically examine the interaction between traits between quadrants in a PCA.

We ran separate PCAs for each character set (external, noseleaf, sella, wing and acoustic). We then selected the parameters that contributed most to PC1 and PC2 for each PCA and plotted the characters among the potential cryptic species using boxplot to visualize traits that differed between potential cryptic species. The characters contribution to PCs (PC1 and PC2) was calculated using fviz_contrib() function in R package “factoextra version 1.0.7” (Kassambara, 2016). A Welch t-test was performed to further test the significance of traits using the parameters which contributed most in PCA between each pair of potential cryptic species. The potential cryptic species were assigned based on the combination of genetic analysis (phylogenetic, genetic distance, and BPP), thus, the identifier for each candidate was assigned as: (1) species complex name, followed by (2) the number from the clade with ancestral nodes supported by BPP to indicate different groups. R. affinis with two potential cryptic species (aff1: R. affinis clade11; aff34: R. affinis in clade3 and clade4 was lumped due to low posterior probability in ancestral nodes in BPP analysis), R. macrotis (mac3A vs mac3B; both groups are from the same R. macrotis clade3), and R. pusillus (pusS vs pusM/pusillus with S = sequences, morphological and acoustic data available, M = morphological data only).

We performed ANOVA to compare the characters within potential cryptic species in R. sinicus (denoted as sin2: R. sinicus clade2, sin34: R. sinicus clade3 and clade4 lumped due to low posterior probability in ancestral nodes in BPP analysis, sin89: R. sinicus clade8 and 9 were also lumped together due to low support in ancestral nodes), and a Tukey test for post hoc analysis using a pairwise comparison for the traits that were shown to be statistically significant in ANOVA. A hierarchical cluster analysis using Ward’s D hierarchical agglomerative clustering method (Murtagh and Legendre, 2014) was analyzed with hclust function in R program. The dendrograms were visualized and colored using R package “dendextend version 1.15.1” (Galili, 2015) and further edited in Adobe Illustrator.




RESULTS


Phylogenetic Tree Reconstruction and Genetic Divergences

Our results show that Maximum Likelihood and Bayesian trees provide a consistent tree topology for Rhinolophus species lineages in COI gene trees. Rhinolophus species in Asia were confirmed to be a monophyletic lineage, with R. JLE, R. sedulus, R. luctus, and R. trifoliatus forming the sister clade of the remaining species (Figure 1A). A polytomy was present in COI gene tree, but the removal of the newly described species R. xinanzhongguensis from China and R. ferrumequinum (Supplementary Figure 3) resolved this polytomy without altering the tree topology, and remaining analysis was rerun without these species. In addition, we identified some possible mislabeled or misidentified sequences in GenBank and BOLD databases in COI for several species complexes that require further revision (i.e., R. affinis/R. cf. ferrumequinum/R. sinicus; R. pusillus/R. lepidus) (Supplementary Table 3). The majority of species relationships were well resolved in the COI gene tree, and therefore this tree was used for further analysis.

In total eight clades were recovered from the final COI tree, and the majority of nodes were supported with high bootstrap values (UFBoot ≥ 95% and SH-aLRT ≥ 80%) and high posterior probabilities for each node (Figure 1A). The eight clades are: (clade 1) consists of R. JLE, R. sedulus, R. luctus, and R. trifoliatus (bootstrap/alrt/posterior probability = 100/99/1), (clade 2) R. chiewkweeae, and R. pearsonii (100/99/1), (clade 3), R. coelophylus, R. shameli, R. creaghi, R. stheno, R. andamanensis, and R. affinis (100/99/1), (clade 4), R. rouxi, R. indorouxi, and R. sinicus (89/78/0.98), (clade 5), R. acuminatus, R. malayanus, and R. chaseni (92/88/0.99), (clade 6), R. robinsoni, R. philippinensis, and R. borneensis (91/93/1), (clade 7), R. lepidus, R. pusillus (89/88/1) and (clade 8), R. macrotis, R. marshalli, and R. rex (100/99/1). We identified potential cryptic species from the trees within species sensu lato, thus, branches with well-supported bootstrap and posterior probabilities were collapsed together (Figure 1A). The interspecific genetic divergence was analyzed between species and within species complexes (inter-clade). The genetic divergence between sister species ranged from 1.82% (R. shameli vs R. coelophyllus) to 15.89% (R. malayanus vs R. acuminatus). Closely related species R. macrotis, R. rex, and R. marshalli have 3.43% genetic divergence (2.94–4.08%) (Supplementary Table 4). Although genetic divergence between some closely related species (sensu-lato) was low (<4%), their recognition as separate species was clearly distinguished based on morphology and acoustic traits with reference to existing field guides (Figures 1B, 3D). For instance, R. rex can be easily distinguished from other two species (R. macrotis and R. marshalli) from large ear size and longer sella and short lancet. R. marshalli differs from R. macrotis by having an additional internarial cup extending behind sella but this is absent in R. macrotis (Figure 1B, acoustic differences between species in Figure 3C). As the lowest genetic divergence between morphologically distinct species was 1.82% in the COI gene, it was used as the threshold for candidates of distinct species and potential cryptic species in prior settings. These divergence values were based on those applied in similar regional bat phylogenetic analysis (i.e., Francis et al., 2010); and used it as prior information in multispecies coalescent model (BPP).
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FIGURE 3. Boxplot of selected characters per potential cryptic species. The statistically significant characters were noted with “*” based on Welch t-test and “***” based on ANOVA. Species listed in x-axis were detailed in methods section.


In total 59 (Supplementary Table 3 and Supplementary Figure 5) potential cryptic species from 11 species sensu lato were recognized according to phylogenetic analysis, or approximately >50% unrecognized species within species complexes (Supplementary Table 5). The intraspecific genetic variation within species ranging from 1.29 to 3.43% within R. macrotis and 2.39, 4.84, 2.2–3.6% within R. stheno, R. luctus, and R. malayanus, respectively. A wide range of genetic divergences between clades within the R. affinis complex was documented, ranging from 0.65 to 5.46%, which indicated some clades formed several incipient species within the group. High genetic divergence in the R. affinis complex were identified from clade1 (see Figure 1) which now recognized as R. andamanensis (Srinivasulu et al., 2019; Figure 1A). However, R. andamanensis is still not listed in the global bats taxonomy database as separate species, but as subspecies of R. affinis7 (Simmons and Cirranello, 2021). Similarly, the R. sinicus complex showed wide genetic divergences ranging from 0.54 to 6.15% indicating a number of potential cryptic species in the group. High genetic divergence was recorded among R. pusillus/R. cf. lepidus species group, with genetic divergences of 9.38–11.43% between R. cf. lepidus (pus1/clade1) and the other clades. This indicated R. cf. lepidus is a distinct species genetically, and R. cf. lepidus individuals currently listed in the other clades may be misidentified specimens, and further taxonomic assignment is needed to evaluate their status (Supplementary Tables 2, 3). However, here we emphasize that genetic data alone should not be the standard in delineating cryptic species in the absence of additional data, especially if using a single gene. Therefore, splitting and collapsing clades in the phylogenetic tree was used as prior information for delineating potential cryptic species or incipient species by associating it with the species delimitation model in BPP.



Species Delimitation Using Multispecies Coalescent Model

Bayesian Phylogenetic and Phylogeography (BPP) supported the splitting of the ancestral node for species with 2–3 candidate cryptic species (posterior probability 0.98–1.00) in all prior settings and between two algorithms. Therefore, we identified a total of 14 candidate cryptic species, within each putative species: R. luctus (2), R. stheno (2), R. malayanus (3), R. macrotis (3), R. marshalli (1), and R. rex (3). In contrast, different prior settings greatly impacted the posterior probability of species complexes with more than five potential cryptic species i.e., R. pearsonii, R. affinis, R. pusillus, and R. sinicus (Supplementary Table 6). Posterior probability was relatively low under low θ setting [θ = IG (3 0.04), mean = 0.04/(3 − 1) = 0.02 or two mutations of two random sequences taken per 100 bp] in R. pearsonii (pp = 0.97–0.98), but results remained consistent with different τs prior settings (estimation of divergence time for the root of the tree -as described in the Materials and Methods). The summary of presence and absence of ancestral nodes in R. pearsonii, R. affinis, R. sinicus, and R. pusillus (Figure 2) brings the total number of species in the group to 28 candidates cryptic or incipient species [R. pearsonii (12), R. affinis (5), R. sinicus (5), and R. pusillus (6)]. Our BPP analysis reduces the estimated number of potential cryptic species, initially from phylogenetic and genetic divergence analysis from estimated 59 potential cryptic species and BPP summarized around 44 total of potential cryptic species within 11 species sensu lato (Supplementary Table 3).



Phenotypic Disparities

To complement species delimitation, we incorporated morphological and acoustic data (detailed measurements are listed in Supplementary Figure 1). Only individuals with complete morphological and acoustic data were included in the analyses, and were given identifiers based on the lineages from species delimitation model analysis. Multivariate Statistical Analysis was conducted for each trait separately. The selected traits from the most important characters contributed in external PCA (Figure 4B), acoustic PCA (Figure 4C), sella PCA (Figure 4D), noseleaf PCA and wing PCA (Figures 4E,F) were taken to reduce the variable dimensions and an all-characters PCA (Figure 4A) was analyzed.
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FIGURE 4. Principal Component Analysis (PCA) for five important characters, the first two axes were retained for each PCA (n = 190; number of potential cryptic species = 15) (The abbreviation of characters were detailed in Supplementary Appendix 1: Supplementary Figure 1). Sella parameters and ears are shown as better predictors for acoustic echolocation calls, meanwhile body size and other external characters including wing are not/weak correlated with echolocation calls parameters.


For prior analysis, all data were scaled due to differences in units applied (e.g., mm, kHz) from the dataset (see supplemental code for details), so the magnitude of range variation needed to be comparable. In total 35 characters were included, and 66.81% total variance was explained by the first two axes, 46.61% on axis 1 (PC1) and 20.20% on axis 2 (PC2) (Figure 4A). The characters contribute to each PC are provided in Supplementary Table 7. Wing aspect ratio (AR) and ratio between hand-wing and arm-wing area (TS) were the less influential variables among all the characters. External characters were positively associated with wing characters (e.g., forearm/FA length with wingspan, y = 11.43 + 0.1179, r2 = 0.732, p << 0.001) and noseleaf width, y = 22.08 + 2.699x, r2 = 0.622, p << 0.001), while sella length was positively and highly correlated with ear length (y = 10.99 + 2.389x, r2 = 0.744, p << 0.001). In contrast, acoustic call parameters such as FmaxE were negatively correlated with ears (y = 152.7 − 3.725x, r2 = 0.77, p << 0.001) and sella length (y = 116.4 – 10.1x, r2 = 0.738, p << 0.001) (generally, larger ears and wider and taller sella correlated to lower acoustic calls). We also note that there is no/weak correlation between acoustic call parameters (FMaxE) with external traits and wing traits (i.e., forearm length, y = 165.55 – 1.91x, r2 = 0.322, p << 0.001; head-body length, y = 142.07 – 1.32x, r2 = 0.24, p << 0.001; body mass, y = 86.42 − 0.93x, r2 = 0.069, p < 0.001); aspect ratio, y = 90.1 – 1.957x, r2 = 0.00828, p = 0.212; wing loading, y = 76.38 + 0.1602x, r2 = 0.000246, p = 0.83; wing span, y = 142 – 0.219x, r2 = 0.224, p << 0.001; lancet and noseleaf width, y = 153.4 – 8.52, r2 = 0.548, p << 0.001; and noseleaf length, y = 146.2 – 5.365x, r2 = 0.489, p << 0.001; Supplementary Figure 4 and Supplementary Table 8). Here we arbitrarily used a threshold of r2 > 0.5 (more than 50% of variance found in the response variable can be explained by predictor variables) to show stronger relationships between predictor and response variables, and no/weak relationship if r2 < 0.5. Significant p-values indicated there is relationship between our predictors and response variables (except aspect ratio and wing loading) as also shown in PCA Figure 4A. However, even if r2 –values were low, the observed relationships were statistically significant in most cases, suggesting that analyzed regression models need more attention. The results showed a weak correlation between most of body size characters such as forearm length, head-body length and body mass against call frequencies. This result may be due to allometric deviation in some species, for instance, small body size with lower calls of R. rex, R. macrotis, and R. marshalli. However, the best predictors which correlated with acoustic call frequencies were ears and sella traits (r2 = 0.77, r2 = 0.738, respectively), indicating the importance of sella to consider for identification traits as it is highly correlated with call emissions. The internarial cups width (INCW) was also negatively related to the frequency of maximum energy in echolocation calls (y = 99.15 – 6.978x, r2 = 0.698, p << 0.001) indicating the character may play an important role in call emission (Figure 4A and Supplementary Figure 4). The PCA for all characters shows the pattern of species and potential cryptic species interacted with measured morphological traits and acoustic in morphospace based on PCA analysis.

We then separated four Principal Component Analyses (acoustic, noseleaf, sella and wing characters), and retained the first two dimensions (Figures 4B–D and Supplementary Table 7). External, sella and acoustic traits provide a good character sets for grouping potential cryptic species; however, noseleaf traits (posterior and anterior) and wing traits do not show as good traits in grouping the potential cryptic species. A dendrogram from agglomerative hierarchical cluster analysis using Ward’s algorithm method showed that the pattern of all measured traits corresponds to each observed individual measurement (Figure 1B). The tips with minimum variance were clustered together and significant dissimilarity were coalesced at the higher branch height. Ward’s hierarchical cluster showed the value of using multiple traits in species identification (combination of external, acoustic, noseleaf, sella and wing traits). The individuals were accurately assigned to correct species group in the same cluster when all traits were included, but showed lower accuracy in clustering when one or more traits were not included in the analysis (Figures not provided). The results also showed a well-clustered of potential cryptic species within R. macrotis and R. pusillus groups indicating that candidate species can be distinguished with morphological and acoustic data. In contrast, morphologically indistinguishable candidate cryptic species were shown in R. sinicus and R. affinis indicating highly cryptic species within some species groups.

A simple statistical analysis was conducted to examine highly significant characters between potential cryptic species. The characters that are significantly different between two potential cryptic species are presented in Supplementary Table 9 and Supplementary Figures 5A–D, and selected trait were shown in boxplot (Figures 3A–F). A Welch t-test was used to assess significant traits to differentiate between potential cryptic species within R. affinis, R. macrotis, and R. pusillus. An ANOVA and Tukey test were conducted for R. sinicus. Acoustic differentiation between potential cryptic species showed significantly differences between FMAXE of R. affinis (aff11 = 76.45 kHz, aff34 = 84.46 kHz, p-value = 3.43e-05), R. macrotis (mac3A = 75.97 kHz, max3B = 59.4 kHz, p-value = 2.3e-16), R. pusillus (pusM = 91.44, pusS = 103, p-value = 0.0004) and R. sinicus (sin2 = 83.03 kHz, sin34 = 86.49 kHz, sin89 = 82.95 kHz). Acoustic differentiation cannot be used in isolation for species identification (though it can signal potential cryptic species in need of further study), but accompanied with other morphological traits it can provide useful support. Although R. affinis showed two significantly distinct phonic types, but had highly similar morphological measurements (i.e., forearm length, aff11 = 51.98 mm and aff34 = 52.16 mm, p-value = 0.87). In contrast, in R. sinicus (sin3 and sin 89) are not different acoustically, but showed distinct morphological characteristics (forearm length; sin2 = 44.56 mm, sin89 = 51.62 mm; ear length: sin2 = 14.28 mm, sin89 = 19.17 mm, and including other morphological traits (Supplementary Table 9).




DISCUSSION


Species Delimitation Model of Potential Cryptic Rhinolophus Species

Species relationships based on phylogenetic analysis using COI gene were generally consistent with previous publications in this taxonomic group. The phylogenetic relationship is in concordance with morphological identification of species group, for instance, R. luctus, R. sedulus, and R. trifoliatus are grouped together due to similarity in noseleaf structure by the presence of lateral lappets in the base of sella and long woolly hair. R. JLE in the same clade, closer to newly described species R. francisi (not included in this study), and which appears to have similar morphological appearance to R. luctus, although further taxonomic assessment is still needed (Soisook et al., 2015). The results also showed the strength of COI gene for validation of species identification, which has been highlighted in other studies (Francis et al., 2010; Kekkonen and Hebert, 2014; Srinivasulu et al., 2019). The placement of R. luctus, R. JLEsp, R. sedulus, and R. trifoliatus clades as sister to all other Asian Rhinolophidae, is in broad agreement with other publications, even using different genetic markers, including nuclear introns and partial mtDNA (e.g., Francis et al., 2010; Stoffberg et al., 2010; Foley et al., 2015; Dool et al., 2016). Joint maximum likelihood and Bayesian tree inferences were able to infer better support for most of the inter-species relationships using COI, but multifurcating branches/polytomies still occur within younger species groups (e.g., Francis et al., 2010). The polytomy in main branch was resolved when two species were removed from the analysis, R. ferrumequinum and R. xinanzhongguensis, which are closely related to Afro-Palearctic lineages (Zhou et al., 2009). The presence of polytomies in the tree may be due to multiple divergence events simultaneously between the species groups (Lin et al., 2011), insufficient information from a single gene to resolve relationships between clades, or rapid speciation between these clades. Thus, we agree with previous publications that multiloci approaches can yield more robust phylogenetic information (Posada and Crandall, 1998; Baker and Bradley, 2006; Salicini et al., 2011; Yang and Rannala, 2014; Dool et al., 2016). Phylogenies using only mitochondrial genes may be susceptible to mitochondrial introgression or incomplete lineage sorting, thus requires evaluation against nuclear phylogenies to fully validate. Previous studies have reported the mito-nuclear discordances in Rhinolophidae with mtDNA introgression (Dool et al., 2016; Demos et al., 2019; Mao and Rossiter, 2020); however, these studies typically have limited taxonomic coverage and extended geographical sampling is still needed. Dool et al. (2016), used nuclear introns, but could not resolve the more internal relationships in the families. Additionally, Demos et al. (2019), also found conflicting signals between nuclear and mitochondrial phylogenies, and suggested expanding geographic sampling to resolve these uncertainties. The aforementioned studies focused on Afrotropical clades with limited taxonomic sampling from Asia lineages, highlighting the need for further research.

However, these approaches come with challenges, whilst concept and theory are one thing, obtaining sufficient data can be challenging (Blomberg et al., 2003). Our findings are supported by analysis limited to particular species groups, for instance R. macrotis (Zhang et al., 2018; Liu et al., 2019) and R. sinicus (Mao et al., 2019), these studies sampled different populations in China but included few samples from the rest of Southeast Asia. Zhang et al. (2018) used mito-nuclear genes to assess species boundaries in the R. macrotis group and concluded that R. cf. siamensis, R. huananus, and R. cf. macrotis should be lumped together because there was insufficient evidence to support delineating between these putative species. Hence, they suggest revising the taxonomy of R. huananus as a synonym of R. cf. siamensis and R. cf. macrotis. Analysis based on multilocus data (Zhang et al., 2018) agrees with our results, as the result placed R. macrotis, R. cf. siamensis, and R. huananus in one clade [R. macrotis identifies with mac3 (see Supplementary Table 3)], even though we are using single gene analysis. Regardless number of genes and loci used in phylogenetic studies, we emphasize the importance on using integrative taxonomic approaches (Dayrat, 2005; Will et al., 2005; Agnarsson and Kuntner, 2007; Vogler and Monaghan, 2007; Francis et al., 2010; Padial et al., 2010; Fujita et al., 2012; Taylor et al., 2018) in delineating species by combining phenotypic and genotypic data. Furthermore, the identification of key characters to reliably identify these species in the field are essential to ensure that species can be accurately identified, and thereby to survey their distribution more easily.

The informativeness of intra- and interspecific genetic differences varies between species groups, and the species can be categorized in the “gray zone of speciation” when the genetic divergences were lower than 2% (Roux et al., 2016). Low levels of genetic divergence between allopatric populations may result from frequent gene flow in the past, and low genetic divergence within sympatric populations may be due to hybridization or genetic introgression. Low genetic divergence in extant taxa may be the result of hybridization, cross-species gene flow, mitochondrial introgression and imperfect reproductive isolation which may occur with secondary contact during ancestral range expansion (Huang, 2020; Smith and Carstens, 2020; Çoraman et al., 2020; Jiao and Yang, 2021). In contrast, high levels of intraspecific genetic divergences between allopatric populations indicated substantial geographic variation in COI gene, nevertheless, it also shows a high genetic divergence within some sympatric lineages (Francis et al., 2010).

Multispecies coalescent models (MSC) have proved to be statistically efficient with more intensive computation in assigning cryptic species using single locus data even though it contains less phylogenetic information than those using more genetic information (Yang and Rannala, 2017; Leaché et al., 2019). However, more reliable results may be obtainable by increasing the number of loci analyzed, especially for the case of incipient species with a high probability of gene flow between populations. Different combinations of priors were used, due to the lack of empirical data for certain parameters such as population size (θs) and the divergence time at the root of species tree (τ0) of Rhinolophidae which was measured by the expected number of mutations per site, to project the possibility of different substitution rates between species (Nabholz et al., 2007, 2009). Across all the prior settings, BPP shows no influence of prior combinations for species with 2–3 groups, but affects the posterior probability of species model for species with >5 groups, hence should be used with caution. The computational constraint increases when large numbers of groups are analyzed, which may affect the species delimitation model chosen for different prior combinations.

Current BPP methods generally ignores gene flow, which implies the algorithm does not consider the migration rate in the current generation, or in ancestral populations (Yang and Rannala, 2010, 2017; Leaché et al., 2019; Flouri et al., 2020). Ignoring gene flow may cause the algorithm to detect populations and sub-populations rather than cryptic species (Sukumaran and Knowles, 2017). Thus other algorithms must be utilized to reflect gene flow to resolve these issues, for instance using genealogical divergence index (gdi) (although this is challenging to meaningfully analyze without nuclear DNA) (Jackson et al., 2017; Long and Kubatko, 2018; Eberle et al., 2019; Leaché et al., 2019; Chan et al., 2020; Jiao and Yang, 2021). Therefore, in the absence of gene flow, we assumed the result from BPP in our analysis may be over-split due to the high mobility of most species of bat, although it should be noted that species-specific ecomorphology means some species may still be unlikely to move through open landscapes. Although each candidate does not necessarily represent new species, they represent separate maternal lineages with long histories of evolutionary independence. Despite lacking a migration rate in its algorithm, BPP utilizes a more robust framework based on multispecies coalescent models, which are computationally effective compare to other species delimitation methods (i.e., general mixed Yule coalescent model (GMYC) (Fujisawa and Barraclough, 2013), Poisson Tree Processes (PTP, m-PTP) (Zhang et al., 2013; Kapli et al., 2017; Luo et al., 2018) and significantly improves single-locus species delimitation (Yang and Rannala, 2017). A “next-generation barcoding” using a single gene and incorporating a multispecies coalescent model has been proven to improve the standard barcoding framework (Dowton et al., 2014; Yang and Rannala, 2017). Thus when used in conjunction with phenotypic data this approach provides a low-cost tool to achieve a reliable result when limited genes are available. However, incorporating multiple genes as a standard would enhance our ability to better understand species diversity and their evolutionary history, and standard collection efforts should ensure that such data is shared. Furthermore, systematic work should not rely on genetic data alone, but potential species should require validation with multiple data types such as phenotypic, geographical distribution, behavioral and ecological information (Sukumaran and Knowles, 2017; Luo et al., 2018). Therefore, it is crucial to integrate other taxonomic data such as morphology and acoustics, to determine whether species are cryptic or incipient. The importance of using such approaches to reduce the risk of false-positives (type II error), which could artificially inflate the number of potential species should not be understated.



Phenotypic Disparities and Informative Traits to Identify Cryptic Species

Our analysis shows incongruence between genetic and morphological data in some instances when genetic divergence is low. We identified two sister R. macrotis lineages, but they are morphologically and acoustically distinct. In contrast, conserved morphology with little variation was present in R. affinis but there was high divergence in genetic and acoustic traits. Theoretically, genotype and phenotype are expected to be congruent (Pavey et al., 2010); however, incongruence between genotype and phenotype is possible (Jacobs et al., 2013, 2016; Schumer et al., 2015), in most cases in widespread species with high mobility and unidentified reproductive isolation barriers. In addition, for recent divergences in the early stages of speciation, the morphological disparities may be not have accumulated yet. Although morphological characters are conserved, some selective traits are advantageous in evolution such as acoustics have the potential to form a pre-mating barrier and thus prevent gene-flow even in the absence of physical barriers (either geographic, or functional such as bacular differences). The multifunctional use of calls in the Rhinolophidae may act as pre-mating barrier, subject to pressures of climate, landscape structure, dietary availability, and community structure. Yet whilst these factors and acoustic partitioning between conspecific species, the presence of an acoustic fovea means that short time periods in allopatry may enable the formation of pre-mating barriers in the absence of morphological change. Acoustic fovea in Rhinolophidae act to compensates for the Doppler shift effect, and the returning echoes must fall within the frequency range of acoustic fovea (Schuller and Pollak, 1979; Neuweiler, 1990). This fine-tuned function is closely related to acoustic traits, the emitter and the receiver (Kingston et al., 2001). Thus, only morphological characters that play an important role in emitting and receiving acoustic calls that may varies when call frequency are different. This is in agreement with our result in general as sella and lancet (as the emitter) and ears (as the receiver) are correlated with acoustic calls (FMAXE).

Our acoustic data from bat populations in other parts of Southeast Asia was limited (as molecular and acoustic data had to be paired); however, the results based on available data is consistent with BPP analysis. For instance, R. affinis shows two phonic types with acoustic differences of 8 kHz [aff34 = 84.46 kHz (83.3–85.88 kHz) and aff11 = 76.45 kHz (76–77.04 kHz)], in concordance with BPP analysis. In BPP, we merged R. affinis clade 3 and 4 because of the low support of splitting in ancestral nodes between them (thus, aff34), but high support of split to R. affinis clade 11 (Figures 1, 2). The two phonic types of R. affinis are genetically and acoustically different, yet morphologically very similar. Acoustic differentiation in R. affinis is also reported to be geographically diverse, ranging from 68.9 (Borneo) to 82.3 (Java, Indonesia) (Ith et al., 2015). The acoustic divergence in this species may result from periods of allopatry where populations were subjected to different pressures (diet, habitat structure, and community composition) driving differences in the call frequency of maximum energy (FMAXE) of each population and forming a pre-mating barrier. Little morphological variation also found R. pusillus, although the call frequency between two potential cryptic species is significantly different (91.44 and 103 kHz). Nevertheless, high variations between potential cryptic species are found within R. macrotis (18 characters) and R. sinicus (19 characters) (Supplementary Figure 5). Wing characters such as wingspan and aspect ratio are significantly different between the two phonic types of R. macrotis. Meanwhile, wing loading and wing-tip index are significantly different in three R. sinicus potential cryptic species. The differences in wing shape between potential cryptic species may correlate with niche partitioning strategy by partitioning foraging space, or foraging method and to facilitate species coexistence in sympatry, or occupy slightly different habitats with different degrees of forest density.

Multiple hypotheses have been proposed to understand the ecology and the evolutionary significance of acoustic differences in morphologically conserved species. First, acoustic differentiation can be the consequence of genetic drift and or founder effects in isolated populations, or selection within communities (Jones, 1997). The isolation process has potential to form a pre-mating barrier when the population becomes sympatric with other populations of that the same species due to a lack of con-specific recognition. Second, the “acoustic resource partitioning” hypothesis, suggests acoustic divergences may occur to partition dietary niches and thus assist foraging efficiency (Stoffberg et al., 2011). Third, “social selection models” hypothesis, which hypothesized that acoustic divergence can occur when acoustic calls are used for intraspecific communication and to reduce competition with conspecifics (Guillen et al., 2000). The first hypothesis is more likely applicable to allopatric populations. The second and third hypotheses may be applicable in sympatric populations, and acoustic divergences may also evolve as the result of interactions with other environmental factors such open and closed landscape, community structure, resource availability, and other ecological drivers. As Rhinolophidae emit the echolocation calls through nasal passages, and acoustic differences may align with phenotypic disparities expressed as noseleaf characters.

The majority of the characters that are significantly different between potential cryptic species which also differ acoustically are sella characters. Sella characters were shown to be significantly correlated with acoustic traits, this result is in contrast with general allometric hypothesis. In allometric hypothesis, acoustic call frequency decreases as body size increases (Jacobs and Barclay, 2007), however, our result showed that body characters such as forearm and body mass have a weaker relationship with acoustic calls than sella characters. Furthermore, our results highlight the importance of sella shape in distinguishing potential cryptic species as it exhibits a strong relationship with ear morphology and acoustic calls frequency. Species with lower frequency acoustic calls tend to have larger ears, and wider-taller sellas. For instance, R. rex, R. luctus, and R. marshalli have relatively lower frequency calls and larger ears and sellas relative to body size. In contrast, R. sinicus, R. pusillus, R. affinis, and R. stheno have relatively smaller ears and narrow-smaller sella. Thus, we identify sella traits to be some of the most important traits to identify cryptic species. This result agrees with previous experimental studies which stated that noseleaf and ear pinnae play important roles in acoustic and the variation are driven by a trade-off between sensitivity and accuracy (Reijniers et al., 2010).

The acoustic function associated with sella length is to forming baffles for the echolocation ultrasound beam. Species with larger sella produce narrower acoustic beams, thus produce low call frequencies, which is consistent with basic physical principles: the larger an aperture is relative to wavelength, the narrower a beam it is capable of producing (Zhang et al., 2009). In R. rex (25 kHz) for example, the use of low call frequencies and focus beams suffer atmospheric sound absorption (Zhang et al., 2009), thus wider coverage can only be achieved by scanning which is time-consuming and energetically costly. In addition, the furrows in the lancet have been shown to act as resonance cavities to widen biosonar/echolocation beam in other species (Zhuang and Müller, 2006), which are absent and less developed in R. rex but well developed in other species with higher frequencies such as R. affinis. The acoustic function of lancet furrows which may widen the acoustic beam may be inferred as a strategy for monitoring the ground to maintain a constant weight and avoid ground collision, as some rhinolophid bats are known to fly close to the ground (i.e., R. rouxi) (Neuweiler, 1990; Zhuang and Müller, 2006). Therefore, furrows in the lancet also assist directional sensitivity to enable foraging and navigation. When species have a basal lappet (i.e., R. luctus), and well-developed lancet furrows, these two structures decrease the ambiguity in selecting relevant targets for ranging by focusing emission beams in the FM component of the calls (Vanderelst et al., 2013). Other than Rhinolophidae, another nasal-emitting family is Phyllostomidae which also develop distinctive noseleaf structures. In Phyllostomidae (New-World leaf-nosed bats), long lancet-shaped processes are related to nasal echolocators and have significantly narrower nostrils than species which rely on oral echolocation (e.g., Vespertilionidae). However, the variety of noseleaf structures in animal-eating Phyllostomidae bats (subfamily Phyllostominae) coincided with variation in diet, but not with variety in echolocation calls (Bogdanowicz et al., 1997). Nasal echolocators with narrow nostrils may be due to a trade-off between sonar pulse emission and stereo-olfaction (Brokaw and Smotherman, 2020). For instance, some insectivorous bats, such as Molossidae, may rely on stereo-olfaction more than expected which may hypothesized similarly in other insectivorous bats (Brokaw and Smotherman, 2020), although olfactory tracking in insectivorous Rhinolophidae remains under-studied. Further studies investigating the evolutionary trade-offs of echolocation of nasal-emitting bats with morphological, physiological and behavioral studies may improve our understanding on the function of various noseleaf features in Rhinolophidae. In this study, we highlight the importance of noseleaf features in shaping acoustic emission, and each part of the noseleaf has a significant function in emission acoustic calls and are not mere decorations, thus their value as traits in cryptic species identification should not be underestimated.

Our study demonstrates that the use of available datasets in conjunction with testing multispecies coalescent models offers a promising approach to the delineation of species in cryptic Rhinolophidae. The initial 11 Rhinolophus species are actually species complexes which potentially harbor a large number of cryptic species with a total of 44 candidate cryptic species (i.e., R. luctus, R. pearsonii, R. shameli, R. stheno, R. affinis, R. sinicus, R. malayanus, R. pusillus, R. macrotis, R. marshalli, and R. rex) in Southeast Asia and South China. Within them, we estimate 15 potential cryptic species from South China Karst alone using a combination of phenotypic and genotypic approaches. This result highlights the probable underestimation of richness during biodiversity assessments. However, due to limitations in this study (only CO1 has been collected from bats in most of Asia), we recommend using multiple loci and genes for future studies, and highlights the value of incorporating complete morphological and acoustic data. The value of these approaches to identify and delineate cryptic species is further supported by other studies in specific clades (Zhang et al., 2018, 2021; Liu et al., 2021), and further data would bolster patterns shown here. In addition, validation using measurements to identify the phenotypic disparities in various characteristics to support the likelihood of separate species, in particular for noseleaf and wing characters, are often neglected in phylogenetic analysis. Experimental and computational studies investigating the relationship between acoustic emissions and noseleaf structure highlight the importance of noseleaf traits in Rhinolophidae. We propose noseleaf metrics should be adopted as basic measures in bat monitoring, as invasive approaches cannot be applied whilst in the field, and as bats are long-lived and have slow reproduction rate, thus obviously non-destructive measures are needed. Other traits such as dental, cranial, mandibular and bacular characters are frequently used to identify species in rodents and various bat families such as Miniopteridae and Vespertillionidae (Francis et al., 2007; Goodman et al., 2009). Yet insufficient data exists to understand which traits are relevant, and may not recognize cryptic diversity at fine scales (Taylor et al., 2018). Selecting characters at fine scales to identify cryptic species may be different in each bat family, and further studies are needed to optimize trait selection to accurately identify species for other bat families. Voucher specimens provide important information for taxonomic studies, however, a careful consideration of sample size and other biological information is needed (i.e., life expectancy, population growth rates, and threats). Additional information on morphology can be obtained with standardized photographs, which can be deposited digitally for wider access and greater ease of comparison with other specimens. As key traits such as noseleaf traits and other soft tissue may deform or change color in alcohol or formaldehyde solution in museum specimens, thus digital specimens taken from live individuals with scaled-photographs provides an alternative to use for long term research and are less destructive.




CONCLUSION

Our study highlights the importance of using molecular species delimitation methods in concert with an integrative taxonomic framework to avoid false positives that would potentially mislead the identification of cryptic species. The use of MSC models in BPP analysis in Rhinolophidae proved to be a valuable approach to recognize hidden species within a putative species complex, however, using a range of different prior settings (the ratio of population size to divergence times) are crucial to ensure accurate validation of species delimitation models. Morphologically and acoustically, our results show deviation of general rules of the allometric hypothesis, suggesting that body size is weakly correlated with acoustic calls in Rhinolophidae. However, ears, sella traits and internarial cups are the better predictors of potential cryptic species, and are highly correlated with acoustic call frequencies. Each part of noseleaf plays an important role in call emission and acoustic beam formation which supports the importance of sella and lancet measures as diagnostic traits for potential cryptic species. We demonstrate that detailed measurements of sella characters significantly contribute to our ability to delineate cryptic species, yet these characters are generally overlooked in assessments. We identified 44 potential cryptic rhinolophids species within 11 species of Rhinolophus sensu lato in Southeast Asia and South China, highlighting the need for further work to describe species across the region and better understand their cryptic diversity, and underscoring the unappreciated cryptic diversity in the group. Increasing sampling size for systematic and geographic coverage with multilocus information, supplemented with morphological and acoustic data from the region would facilitate assessment of the diversity, ecology and evolutionary of rhinolophids regionally and globally.
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