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The present study sheds light on species delimitation in what has been previously described
as Rhinolophus arcuatus, a morphologically conservative bat species complex nominally dis-
tributed throughout archipelagic South-East Asia from New Guinea to Sumatra. Given that
rhinolophids tend to be relatively weak fliers, hence have low vagility, we hypothesized that
some specimens attributed to R. arcuatus, but originating from geographically disjunct popu-
lations, may in fact represent distinct species. To test this hypothesis, we examined speci-
mens attributed to R. arcuatus as well as to other species in the Rhinolophus euryotis species
group using both morphological techniques and mitochondrial cytochrome b and control
region sequences. Careful morphological analysis reveals heretofore cryptic but nevertheless
distinct, species-level morphological differences among specimens derived from geographi-
cally isolated locations. Furthermore, molecular data illuminate the existence of several spe-
cies-level sequence divergences among specimens heretofore attributed to R. arcuatus. These
analyses similarly suggest the existence of additional species in other South-East Asian
Rhinolophus taxa previously considered monotypic. We suggest at least one description to be
undertaken of a previously unrecognized species as well as the elevation of several others
from sub-specific to specific status.
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Introduction
Horseshoe bats of the genus Rhinolophus Lac�ep�ede, 1799
(Chiroptera: Rhinolophidae) are mostly insectivorous and
distributed throughout the Old World – primarily in the
tropical regions – from Africa, through Europe, to Aus-
tralasia. Most of the ca. 80 species (Koopman 1994;
Csorba et al. 2003; Simmons 2005) are specialized for
seeking prey from a perch, although a few are known to
glean (Norberg & Rayner 1987). The wing morphology
of rhinolophids is therefore constrained by their foraging
strategies: most species have short, rounded wing tips and
are capable of highly manoeuvrable flight at slow speeds
(Norberg & Rayner 1987). The common name for this
genus comes from a specialized horseshoe-shaped struc-
ture on the rostrum, thought to direct or focus echoloca-
tion calls produced in the nasal cavities. This horseshoe
structure and associated lancet, connecting process and
sella structures, as well as overall size, have been used to
good effect in order to distinguish among species (Peters

1871; Hill 1959, 1988, 1992; Hill & Schlitter 1982; Hea-
ney et al. 1998; Csorba et al. 2003; Guill�en-Servent et al.
2003). However, recent research has shown that Rhinolo-
phus contains many morphologically cryptic, previously
unrecognized species and that changes in echolocation call
frequency are often the mechanism for speciation (Cooper
et al. 1998; Csorba et al. 2003; Kingston & Rossiter 2004;
Sun et al. 2008; Sedlock & Weyandt 2009; Chattopadhyay
et al. 2010). The morphological conservatism pervading
this genus has complicated taxonomic and phylogenetic
reconstruction, resulting in conflicting phylogenetic trees
over the years; indeed, even within the same book,
authors of different sections have chosen to follow differ-
ent species taxonomic arrangements (Csorba et al. 2003;
Guill�en-Servent et al. 2003)!
The focus of the present work is the putative species

Rhinolophus arcuatus, a member of the Rhinolophus euryotis
group, with particular focus on R. arcuatus from Sulawesi.
Originally described from Luzon Island in the Philippines
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(Peters 1871), R. arcuatus as currently recognized has a
range extending throughout numerous islands in South-
East Asia (Fig. 1): the species is distributed from New Gui-
nea in the east to Sumatra in the west, and as far north as
Luzon (Hill 1992; Csorba et al. 2003). However, as the
range has expanded, so have taxonomic uncertainties con-
cerning this species. Ingle & Heaney (1992), for example,
noted the presence of two discrete morphotypes in the
Philippines, namely R. arcuatus small and R. arcuatus large,
but did not formally describe them. Sedlock & Weyandt
(2009) further demonstrated the presence of two geneti-
cally (3–4% sequence divergence) and morphologically dis-
tinct morphotypes (‘wide’ and ‘narrow’ noseleaf), attributed
to R. arcuatus from Mt. Banahaw, Luzon. One of the pres-
ent authors (LAR) also noted a third discrete morphotype
occurring sympatrically with R. arcuatus small and R. arcua-
tus large at one site on Luzon Island, suggesting the likely
presence of at least three to five species on Luzon alone.
Prior to field work undertaken by LAR in 2000 and

2002, there was a single record of R. arcuatus from Sulawe-
si (Hill 1988): a specimen captured near Poso, Central
Sulawesi, and attributed to R. a. proconsulis (Hill 1988).
Rhinolophus a. proconsulis was originally described from spec-
imens captured in Gua Bungoh, Bau, 1st Division, Sara-
wak, Borneo (Hill 1959). Subsequently, Hill (1992)
modified his taxonomic opinion of the Sulawesi R. arcuatus,
and Csorba et al. (2003) followed this opinion, both
concluding that the Sulawesi specimen likely constituted at
least a new subspecies of R. arcuatus.

Given the complex geological history of South-East Asia
and that many species in Rhinolophus are relatively weak fliers,
it is possible – even likely – that populations on different
islands and island groups throughout the range of R. arcuatus,
and attributed to that species, could in fact represent species
distinct from, but morphologically cryptic with, R. arcuatus.
As such, the putative species R. arcuatus may therefore repre-
sent a morphologically cryptic species complex remarkably
rich in potential for biogeographic studies. Here, we test the
hypothesis that R. arcuatus are conspecific throughout their
range and, rejecting this hypothesis based on morphological
and molecular analyses, propose the elevation of a subspecies
to species level, further suggesting that there are several pre-
viously unrecognized species in the complex.

Materials and methods
Fieldwork

Whole specimens of Rhinolophus collected in Sulawesi by
LAR and coworkers in 2000 and 2002 were preserved in 95%
ethanol; specimens were deposited in the Museum of Verte-
brate Biology at Portland State University, the Museum of
Southwestern Biology at the University of New Mexico, and
the National Museum of Indonesia (NMI, formerly Museum
Zoologicum Bogoriense). The NMI specimens were not
examined as part of this work. Information on collection
localities is provided in Appendix I for specimens used in
genetic analyses, and Appendix S1 for specimens examined in
morphological analyses. Rhinolophus collected in the Philip-
pines by LAR and co-workers in 1992–1993 and deposited at

Collection localities from Csorba et al. 2003

Collection localities of Ruedas and co-workers

Fig. 1 Distribution map of Rhinolophus arcuatus showing published collection locations with circles and collection locations of LAR and
coworkers in triangles. Sulawesi is indicated in dark grey.
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the Cincinnati Museum of Natural History and Science were
also examined in this study (Appendices I and S1).

Morphometrics

A total of 52 skull and wing measurements and indices
were used in this study, following Freeman (1981) and
Csorba et al. (2003). These are illustrated in Fig. 2 and
described in the Supporting Information (Data S1).
A total of 128 specimens were measured (Appendix S1),

including the holotype and paratypes of R. a. proconsulis
from Borneo, the original specimen from Sulawesi attrib-
uted by Hill to R. a. proconsulis, the Sulawesi R. arcuatus
specimens collected by LAR, and numerous R. arcuatus
specimens from the Philippines.
Measurements were taken either with digital calipers

(Fowler) or from high-quality digital images using IMAGE-

PROPLUS (version 4.5.0.19, Media Cybernetics, Inc, Rock-
ville, MD USA). Log-transformed skull and wing data
were analysed both separately and in combination using
principal components analysis (PCA) in the SAS statistical
package (Release 9.1, SAS Institute Inc., Cary, NC USA).
Three-dimensional graphs of the first three principal com-
ponents were produced using SIGMAPLOT (version 9.01; Sy-
stat Software Inc., San Jose, CA, USA).

Molecular markers and sequence data

DNA was extracted from a ca. 2 mm3 sample of skeletal
muscle or liver, or from a ca. 3 mm2 section of wing

membrane. Total genomic DNA (gDNA) was extracted
using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA,
USA) following the manufacturer’s protocol. The mito-
chondrial cytochrome b (Cytb) gene and control region
(CR) were sequenced as follows: the polymerase chain reac-
tion (PCR) was carried out in an Illustra PuRe Taq Ready-
To-Go PCR bead tube (GE Healthcare, Piscataway, NJ,
USA) containing 3 lL gDNA (ca. 200 ng) and 2.5 lM of
each primer, to a final volume of 25 lL. Primer sequences
and thermal cycling profiles are shown in Table S1. PCR
product was run on a 2% Agarose E-gel (Invitrogen, Grand
Islans, NY, USA) and visualized under ultraviolet light.
Selected amplicons were then purified using a Qiaquick
PCR Purification Kit (Qiagen) or by excising the band from
the gel and purifying it using a Qiaquick Gel Extraction kit
(Qiagen) following the manufacturer’s instructions. Cycle
sequencing reactions were performed in a 10 lL total volume
containing 2.5 lL of purified PCR product and 0.25 lM
sequencing primer in a BIGDYE version 3.1 reaction mix-
ture (Applied Biosystems, Foster City, CA, USA). Sequenc-
ing primers were the same as PCR primers. The thermal
protocol for the sequencing reaction was 96 °C for 5 min
and 25 cycles of 96 °C for 10 s, 50 °C for 5 s and 60 °C
for 4 min. Sequencing was performed on an ABI 3100
Automated DNA Sequencer (Applied Biosystems).
A total of 111 individuals were sequenced for these analyses.

A list of specimens and sequences used is provided in Appen-
dix I and includes samples from the following locations: Sulaw-

Also: Tail, hind foot, tibia, aspect ratio, tip index, 
Digit3:Digit5

Fig. 2 Morphological measurements taken from each specimen. Details and names of measurements can be found in Data S1.
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esi, Indonesia; Papua New Guinea (PNG); Cambodia; Luzon,
Panay, Mindoro and Mindanao Islands of the Philippine
Islands. In particular, we included sequences from R. ‘arcuatus’,
R. euryotis, and Rhinolophus celebensis from Sulawesi, R. arcuatus
from near the type locality in Luzon, and Rhinolophus species in
the euryotis group from the Philippines. Hereafter, we will use
quotation marks in the body of the text to refer to potentially
incorrect species identifications made by previous collectors.

Phylogenetic analyses

Sequences were aligned initially using MEGALIGN (version
6.1, DNA* Lasergene 6, Madison, WI, USA). Monophyly
of Rhinolophidae was assumed and Hipposideros armiger,
H. diadema, H. pomona, and H. pratti (Hipposideridae) were
chosen as out-groups. The Cytb gene and CR were analy-
sed separately with a Bayesian inference approach using
MRBAYES (version 3.1.2; Huelsenbeck & Ronquist 2001).
Both genes were analysed individually for 2 9 107 genera-
tions, with trees sampled every 2000 generations. Burn-in
was assessed visually and trees preceding the asymptote of
the log likelihood scores’ curve were discarded. In addition,
GARLI (ver. 2.0; Zwickl 2006) was used to infer separate
maximum-likelihood trees for each gene. GARLI was run
until several searches found the same best tree. One thou-
sand bootstrap replicates were performed for each tree.
For the CR, we used the HKY+I+Γ model of evolution.

This model was chosen using MRMODELTEST (version 2.3;
Nylander 2004) based on the Akaike information criterion
(AIC). Individual parameters were – lnL = 6199.4316; AIC =
12410.8633; base frequencies: A = 0.3707; C = 0.2385;
G = 0.1092; T = 0.2817; ti/tv ratio = 4.0971; proportion of
invariable sites = 0.3104; gamma distribution shape parame-
ter = 0.7655. For the Cytb gene, MrModeltest selected
GTR+I+Γ model of evolution based on the AIC. Model
parameters were – lnL = 9336.3975; AIC = 18692.7949; base
frequencies: A = 0.3241; C = 0.3849; G = 0.0890; T =
0.2020; rate matrix: A–C = 0.4927; A–G = 14.2629; A–T =
0.6273; C–G = 0.3700; C–T = 8.7184, G–T = 1.0000;
proportion of invariable sites = 0.5011; gamma distribution
shape parameter = 0.9840. A genetic distance matrix based
on the GTR+I+Γmodel of evolution was calculated from the
Cytb sequence data using PAUP (v. 4.0b10; Swofford 2000) for
the clades of interest to show both inter- and intra-specific
genetic distances (Table 1). Trees were assessed visually using
TREEVIEW (v. 1.6.6; Page 1996) and FIGTREE (v.1.3.1, Andrew
Rambaut, Institute of Evolutionary Biology, University of
Edinburgh, UK). Specimens that grouped together in distinct
clades were given clade designations (Tables 1 and 2) and
were used particularly in population genetic analyses.

Population genetic structure and diversity

For all population genetic analyses, ‘populations’ were
defined by clade designation, as determined in the phylo-

genetic analyses described above. Some clades represent
separate species (i.e. R. euryotis), while many clades belong
to the R. arcuatus complex (Table 2). This use of clades
will capture genetic structure among populations regardless
of whether R. arcuatus from different islands are in fact
separate populations of a single species. While clade status
was determined in phylogenetic analyses that used as input
the same sequence data set as was used for population
genetic analyses, we nevertheless gain additional insight
into relationships among clades by determining within and
among clade diversity and structure. To fully exploit all
available sequence data, we used three separate sequence
data sets as input: (i) Cytb sequences only (ca. 925 bp),
(ii) CR sequences only (ca. 420 bp), and (iii) Cytb and
CR sequences concatenated (ca. 1300 bp). We did this
because while the majority of Cytb and CR sequences were
from the same tissue samples (specimens), in some cases, we
had sequences either for Cytb or CR, but not both, for a
given specimen (Appendix I and Table 2). We determined
genetic structure and diversity, and tested for selective neu-
trality using settings described below (Excoffier et al. 2006).
All analyses of genetic structure and diversity were run in
ARLEQUIN 3.11 (Excoffier et al. 2005).
Genetic diversity was calculated using multiple diversity

indicators: (i) gene diversity ‘G’, calculated from the proba-
bility that two randomly chosen haplotypes are different,
(ii) nucleotide diversity ‘N’, calculated as the probability
that two randomly selected homologous sites are different,
assuming no recombination and selective neutrality (Tajima
1983, 1993; Nei 1987), (iii) number of polymorphic sites
‘S’ (Nei 1987), (iv) mean number of pairwise differences
between every pair of haplotypes, ‘p’ (distance method:
Tamura & Nei). Finally, we calculated two measures of
theta (h = 2 Mu, where M = 2N for diploid populations of
size N and u is the overall mutation rate at the haplotype
level): Theta S and Theta Pi. Theta S (hS) is calculated
assuming an infinite-site equilibrium between number of
segregating sites (S), the sample size (n) and h, as well as
no recombination (Tajima 1989). Theta Pi (hp) is estimated
from the infinite-sites equilibrium relationship between the
mean number of pairwise differences (p) and theta (h).
We tested for selective neutrality under the infinite allele

model using Tajima’s D (Tajima 1989, 1996) and Fu’s FS
(Fu 1997) – these analyses both assume no recombination,
which is probably appropriate for short mtDNA sequences.
Significant Tajima’s D values can be the result of recent
population expansion or bottlenecks, as well as selective
effects. Fu’s F statistic is also very sensitive to demographic
expansion, which usually results in large negative F values.
For all of these analyses, the observed data were tested
against a null distribution of the test statistic generated by
16,000 simulations (significance level: 5%). However, the
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. Table 2 List of islands found within each island group and the cor-
responding number of sequences and haplotype identifications
(IDs) from that island

Island Group Island Sequence ID CR Clade Cytb Clade

Papua New
Guinea

Papua New
Guinea

AF065090 K Not used
AF065091 K Not used
AF065089 J Not used

Sulawesi Sulawesi MSB93099 H H
MSB93100 H H (PDX50)
PDX50 H H (MSB93100)
PSUT67 H H
PSUT68 H Not used
PSUT72 H H
PSUT73 H (RCD3811) H
PSUT74 H H
RCD3811 H (PSUT73) H
0182 I Not used
0183_CR I (B10_CR) I
417 I I
421 I (B11_CR) I
B10_CR I (0183_CR) Not used
B11_CR I (421) Not used
C03_CR I Not used
C09_CR I Not used
418 Not used I

Philippine
Islands

Luzon M49 B (M376/M1068) A (M376/M1068)
M376 B (M49/M1068) A (M49/M1068)
M377 C D
M50 E A (M357/M159)
M3 E Not used
M43 E Not used
M12 F A
M159 F (M357) A (M50/M357)
M357 F (M159) A (M50/M159)
M31 F (M348) A
M348 F (M31) A
M57 F A
M52 F A (M53)
M1 Not used A (M353/GQ..69)
M53 Not used A (M52)
M352 F A
M353 F A (M1/GQ..69)
M369 F A
M386 F A
184_CR F A
M127 D B
M137 D B
M16 D Not used
M17 D (M195) B
M64 D B (M195)
M195 D (M17) B (M64)
GQ368669 Not used A (M1/M353)
GQ368675 Not used A
GQ368676 Not used A
GQ368683 Not used F
GQ368688 Not used F
GQ368686 Not used F

Panay M461 C A
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Fu’s F statistic should be considered significant at the 5%
level if the P-value is below 0.02, and not 0.05 (Fu 1997;
Excoffier et al. 2006). In order to determine genetic struc-
ture among clades, we ran a standard analysis of molecular
variance (AMOVA, Weir & Cockerham 1984; Excoffier et al.
1992) and a locus by locus AMOVA. With no missing data,
these two analyses should produce the same results. AMOVA

takes the number of mutations between haplotypes into
account when testing genetic structure of clades. For all
AMOVAs, clades were clustered based on geography to form
the following groups (where sequence availability permit-
ted): Philippine Islands (clades located on Luzon, Panay,
Mindoro or Mindanao), Sulawesi, PNG, and Cambodia. A
Euclidean square distance matrix was used for AMOVA com-
putations (distance method: Tamura & Nei) and to create
a minimum spanning tree (MST, Rohlf 1973). The AMOVA

is a non-parametric analysis in which haplotypes are per-
muted among populations (clades), or among population
groups (geographic location, described above), to obtain a
null distribution against which the empirical/observed data
are tested for significance. We also computed pairwise FST
among clades using Tamura & Nei distances (Tamura &
Nei 1993). Significance for the AMOVA and pairwise FST
was determined using null distributions calculated from
16,000 permutations with a significance level of 0.05.

Molecular dating and calibration

To simultaneously co-estimate phylogeny and divergence
times within our Rhinolophoidea data set, we used a Bayes-
ian Markov chain Monte Carlo (MCMC; Metropolis et al.
1953; Hastings 1970) method for performing relaxed
molecular phylogenetic analysis, as implemented in the pro-
gram BEAST (v. 1.5.1; Drummond et al. 2006; Drummond &
Rambaut 2007). Molecular clocks were calibrated by assum-
ing that the cladogenesis between lineages leading to Hippo-
sideros and Rhinolophus occurred 45 million years ago
(MYA). This assumption was based on a number of factors;
we assumed (following Sig�e 1990) that †Vaylatsia Sig�e,
1990, Late Eocene and Oligocene of Europe, is either a
descendant or early sister group to Rhinolophus. Rhinolophus
sensu stricto is present in the Middle Eocene and another
early rhinolophid, †Palaeonycteris Pomel 1854 (nec †Palae-
onycteris Weber & Abel 1928, †Picrodontidae incertae sedis)
in the Upper Oligocene. Like Rhinolophus, Hipposideros sensu
stricto is present in the Middle Eocene. Other acknowl-
edged hipposiderids are likewise present from the Eocene,
including †Palaeophyllopora Revilliod, 1917 (Middle Eocene
to Late Miocene) and †Paraphyllophora Revilliod, 1922
(Upper Eocene to Late Oligocene). Thus by the Middle
Eocene, hipposiderid and rhinolophid lineages were well
established. Using a midpoint of 40 MYA for the Middle
Eocene, we extrapolated that cladogenesis between the two
lineages should have preceded the established presence in
the fossil record of quantiose genera or species in the two
families by at least 5 MYA, hence our estimate of 45 MYA.

BEAST runs were conducted using substitution rates, pro-
portion of invariable positions and gamma shape parame-
ters obtained using MrModeltest under the GTR+I+Γ
model of evolution based on the AIC, as described above
(see Phylogenetic analyses). We used a relaxed lognormal
molecular clock model, which has been shown to generate
accurate estimates of rates with narrow highest posterior
density (HPD) intervals (Drummond et al. 2006; Ho 2007)
and a Yule prior to simulate the process of speciation, with
reciprocal monophyly of the in-group (Rhinolophidae) and
out-group (Hipposideridae) assumed a priori. Operators
were tuned in successive runs of the program, with slight
changes to the scaling factors until the effective sample size
for each parameter exceeded 200 (Drummond & Rambaut
2007). Once optimum operator scaling was achieved, we
ran the analysis twice for 2 9 107 generations (saving every
1000th generation) discarding approximately the first 10%
of generations as burn-in (Shapiro et al. 2011), assuring
that stationarity had been reached by visual inspection of
the graphed output; 2 9 107 generations resulted in
acceptable mixing as diagnosed using TRACER (v. 1.5; Ram-
baut & Drummond 2004). Convergence of the two BEAST

runs likewise was assessed in TRACER.

Table 2 Continued

Island Group Island Sequence ID CR Clade Cytb Clade

M616 Not used A (M514/M462)
M514 C A (M462/616)
M525 C (M462) Not used
M545 C A
M462 C (M525) A (M514/M616)
M540 F A

Mindoro M1068 B (M49/M376) A (M49/M376)
Mindanao M1576 G C

M1494 G C
M1726 Not used C
M1461 A (M1634) Not used
M1462 A (M1651) E
M1463 A E
M1341 A Not used
M1651 A (M1462) E
M1634 A (M1461) E
M1457 A Not used
M1797 M Not used

Cambodia Cambodia 2005–81–7 L J

Clade designations were determined using Bayesian analyses of control region (CR)
and cytochrome b (Cytb) sequences, respectively. Each ID occupying a unique row
has a unique haplotype definition unless another ID is included within parentheses
in either the CR Clade or Cytb Clade columns, in which case the haplotype for that
sequence is shared with the sequence indicated. For example, the only sequence
from Mindoro Island shares a haplotype with Luzon Island. Samples were ‘Not used’
in cases where sequences were obtained for only CR or only Cytb, but not both.
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Results
Morphology

When skull and wing data were analysed together, the first
three principal components (PC) accounted for 84.5% of
variation in the data (PC1: 62%, PC2: 17.5%, PC3: 5%).
Eigenvectors for all measurements are given in Table S2.
Rhinolophus ‘arcuatus’ from Sulawesi show no overlap in
multivariate morphological space with R. arcuatus from the
Philippines (Fig. 3). It is also noteworthy that Bornean
R. ‘a.’ proconsulis (including the holotype) are morphologi-
cally distinct from Philippine R. arcuatus, from the original
Sulawesi R. ‘a.’ proconsulis specimen [listed by Hill (1959) as
R. proconsulis], and from more recent specimens of R. ‘arcu-
atus’ collected from the highlands of Sulawesi’s Central
Core region. However, the original Sulawesi R. ‘a.’ procon-
sulis specimen is morphologically similar to more recent
specimens of putative R. ‘a’. proconsulis from Sulawesi.

Molecular markers and sequence data

A Cytb genetic distance matrix for the primary clades of
interest is shown in Table 1. Genetic divergence among

clades of the R. euryotis group is ca. 4% (range: 0.48–
7.75%) for the Cytb gene.
Bayesian trees derived from analysis of the molecular

data are shown in Fig. 4. For both genes, all recent
specimens of R. ‘arcuatus’ from Sulawesi are closely
related to each other, forming a monophyletic clade
(clade H for both data sets) with high support values
[Cytb: 1.00 posterior probability (pp) and 0.99 bootstrap
support (bs); CR: 1.00 pp and 0.86 bs]. Surprisingly,
the sister taxon to R. ‘arcuatus’ from Sulawesi is R. ‘euryo-
tis’ also from Sulawesi, rather than nominal R. arcuatus
from the Philippines, with high nodal support (Cytb:
1.00 pp and 0.96 bs; CR: 0.97 pp and 0.64 bs). Speci-
mens from the Philippines do form a well-supported
clade (clades A–G for both Cytb and CR; Cytb: 0.95 pp
and 0.34 bs; CR: 1.00 pp and bs); however, taxa from
each Philippine island are not monophyletic. The
R. euryotis group proposed by Csorba et al. (2003) and
Guill�en-Servent et al. (2003) is upheld (Cytb: 1.00 pp and
0.9 bs; CR: 1.00 pp and bs), with R. arcuatus, R. euryotis,
and Rhinolophus shameli forming a monophyletic group.

Fig. 3 Principal components analysis graphs for skull and wing data combined. All three graphs show the same data from different angles.
The solid circle encloses the Rhinolophus “arcuatus” and R. ‘a.’ proconsulis specimens from Sulawesi. The dashed circle surrounds the
specimens attributed to R. ‘a.’ proconsulis from Borneo.
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Fig. 4 Rhinolophus phylogenies inferred using Bayesian inference. Non-italicized numbers at nodes indicate Bayesian posterior probabilities
while italicized numbers are maximum-likelihood bootstrap values. A. Control region tree. Lettered clades correspond to the letters in
Appendix I. B. Cytochrome b tree. Lettered clades correspond to the letters in Table 1.
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Finally, R. celebensis is clearly distinct from remaining Su-
lawesi Rhinolophus and most closely associated with
R. borneensis.

In the phylogenetic tree resulting from analysis of the CR
(Fig. 4A), R. euryotis and R. ‘arcuatus’ from PNG are not as
closely related to each other as are R. ‘arcuatus’ and R. ‘euryo-
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tis’ from Sulawesi: the latter two are sister taxa, with PNG
R. euryotis basal in the same clade; PNG R. ‘arcuatus’ have in
contrast an unresolved relationship, using this marker, with a
number of arcuatus group species from the Indo-Pacific. Rhi-
nolophus philippinensis and Rhinolophus megaphyllus are likewise
paraphyletic and share a clade with R. celebensis from Sulawe-
si. Interestingly, in the tree produced using Cytb sequences
(Fig. 4B), two samples tentatively identified as Rhinolophus
affinis from Borneo and another R. affinis sequence from
GenBank groups with the R. euryotis group, although R. affi-
nis is a member of the R. megaphyllus group.

Population genetic diversity and neutrality tests

Not all sequences used in the population genetic analyses
represented unique haplotypes (Table 2). Among the Philip-
pine Islands clades, there were fewer haplotypes than
sequences for clades from Luzon and Mindoro Islands. The
single specimen from Mindoro (M1068) shared a common
haplotype with two specimens from Luzon (M49, M376) at
both CR and Cytb. Also, clade designations varied between
Cytb and CR, which is not unexpected given the varying
rates of evolution for these mitochondrial markers.
Genetic diversity measures are shown in Table 3 for all

sequence data sets (Cytb only, CR only, Cytb + CR). For
concatenated Cytb + CR sequences, the two Sulawesi
clades (Clade H/R. ‘arcuatus’, and particularly Clade I/
R. ‘euryotis’) showed the highest levels of molecular diver-
sity as indicated by nucleotide diversity and other measure-
ments. For the Cytb only data set, Clade I (Sulawesi
R. ‘euryotis’) had particularly high diversity, while Clade H
(Sulawesi R. ‘arcuatus’), although showing high levels of
genetic diversity, did not stand out from other clades. For
the CR only data set, Clade K (PNG R. ‘arcuatus’), Clade I
(Sulawesi R. ‘euryotis’) and Clade H (Sulawesi R. ‘arcuatus’)
stand out with particularly high diversity measurements.
The CR sequence data set was the only one that included
samples from PNG. In general, measurements of genetic
diversity were much lower with Cytb only data (average
molecular diversity across clades: 3.23, average nucleotide
diversity across clades: 0.003) than when using only CR
sequences (average molecular diversity: 6.34, average nucle-
otide diversity: 0.015). This is congruent with the hypothe-
sis that the CR evolves more rapidly than Cytb.
Results for tests of neutrality are summarized in Table 3.

Because both tests are based on polymorphism within
clades, we could not determine selective neutrality for
clades represented by single samples. For the Cytb + CR
data set, the Clade F (CR)/Clade A (Cytb) complex (Lu-
zon/Panay: R. arcuatus) was negative and significantly dif-
ferent from neutrality (P-value < 0.05) for both Tajima’s D
(–1.37) and Fu’s FS (–2.72). Three other clades were not
significantly different from neutral expectations using Fu’s

FS, but were marginally non-neutral using Tajima’s D: (i)
the Clade D (CR)/Clade B (Cytb) complex (R. arcuatus
large) from Luzon (Tajima’s D: 0.44), (ii) the Clade A
(CR)/Clade E (Cytb) complex (Rhinolophus inops/subrufus)
from Mindanao (0.74), and (iii) the Clade H (CR)/Clade H
(Cytb) complex (R. ‘arcuatus’) from Sulawesi (–0.33). Using
the CR sequence data set, again Clade F (Luzon/Panay:
R. arcuatus) exhibited significant departure from neutrality
for both Tajima’s D (–1.12) and Fu’s FS (–4.56). Four other
CR clades were significantly non-neutral for Tajima’s D,
but none had large Tajima’s D values: Clade C (R. arcua-
tus) from Panay (–0.44), Clade D (R. arcuatus) from Luzon
(–0.11), Clade H (R. ‘arcuatus’) from Sulawesi (0.03), and
Clade I (R. ‘euryotis) from Sulawesi (0.33). For the Cytb
sequence data set, two clades showed significantly non-
neutral and large Tajima’s D and Fu’s FS values: (i) Clade A
(Tajima’s D: –1.54, Fu’s FS: –6.23), found on Luzon, Panay
and Mindoro (R. arcuatus), and (ii) Clade H (R. ‘arcuatus’)
from Sulawesi (Tajima’s D: –1.03, Fu’s FS: –2.68).

Population genetic structure

Global AMOVA results, as a weighted average over loci, were
very similar to those of the standard AMOVA, so are not
included here. Although AMOVA results for the three
sequence data sets (Cytb + CR, CR, Cytb) all showed
highly significant levels of genetic structure (P-val-
ues � 0.01), the proportion of genetic variation found
among groups (geographic location), among populations
(clades) within groups, and within populations varied
between data sets (Tables S3a–c). For the Cytb + CR data
set, a clear majority of the genetic variation, 56.14%, was
found among groups (Philippines, Sulawesi, Cambodia);
33.24% of the variation was contained among clades within
groups; and 10.62% of the genetic variation was found
within clades (Table S3a). The CR data set showed a simi-
lar trend, but much more genetic variation was found
within clades, as would be expected under the model that
the CR evolves faster than Cytb: 47.61% of the variation
was among groups (Philippines, Sulawesi, Cambodia,
PNG), 35.71% among clades within groups, and 16.68%
within clades (Table S3b). On the other hand, in the Cytb
sequence data set, most of the genetic variation was found
among clades within groups (47.59%), rather than among
groups (Philippines, Sulawesi, Cambodia: 44.74%), with lit-
tle variation found within clades (7.67%; Table S3c). The
Cytb data set shows higher global FST based on the AMOVA

(FST: 0.923) than does the CR data set (FST: 0.833). The
large and significant proportion of variation found among
populations is not surprising given that some clades actually
represent distinct species, while others presently designated
as populations of a single species (R. ‘arcuatus’) may repre-
sent heretofore cryptic species.
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We found significant and very strong genetic structure
for most pairwise FST values among clades regardless of
the sequence data set used in the analysis (Tables S4–S6).
However, perhaps more informative were rare cases of rel-
atively small pairwise FST values. For all sequence data sets,
Clade H (Sulawesi R. ‘arcuatus’) showed particularly large
and significant pairwise FST values with all clades other
than Clade I (Sulawesi R. ‘euryotis’), including all other
clades representing R. ‘arcuatus’ (Tables S4–S6). Regardless
of the sequence data set used, Clade H had the smallest
significant pairwise FST value with Clade I (Sulawesi
R. ‘euryotis’): Cytb + CR (FST: 0.75), Cytb only (FST: 0.81)
and CR only (FST: 0.70). In addition, several pairs of Phil-
ippine Islands clades showed small pairwise FST values rela-
tive to the average. In particular, the Clade F (CR)/Clade
A (Cytb) complex (R. arcuatus) showed relatively small pair-
wise FST with the Clade D (CR)/Clade B (Cytb) complex
(R. arcuatus large, FST: 0.67) and with the Clade C (CR)/
Clade A (Cytb) complex (R. arcuatus, FST: 0.48) (Table S4).
These values are small only relative to the average signifi-
cant FST value (Cytb + CR data set: 0.82, Cytb data set:
0.89, CR data set: 0.74); even the smallest of the statisti-
cally significant pairwise FST values were relatively large
(Cytb + CR: 0.48, Cytb: 0.70, CR: 0.19; Tables S4–S6),
with the possible exception of the smallest pairwise FST
value from the CR data set (Table S6).
Minimum spanning trees (MST) produced from each of

the sequence data sets reflect previously indicated structure
(Figs S1–S3). All MSTs show that Clade H (Sulawesi
R. ‘arcuatus’) is genetically more distant from remaining
R. ‘arcuatus’ clades than Clade I (Sulawesi: R. ‘euryotis’) is
from those clades, and that Clades I and H are more
genetically similar to each other than to any other clade
(Figs S1–S3).

Molecular dating

Our analysis assumed an initial diversification date of
45 MYA for Rhinolophoidea (cladogenesis between Hip-
posideridae and Rhinolophidae) in the relaxed lognormal
molecular clock model implemented by BEAST. Estimated
divergence dates for the major lineages were mapped onto
the tree resulting from the MCMC analysis by BEAST (Fig.
S4), as were the upper and lower bounds of the 95% HPD
for each node. The hypothesized estimates for major clado-
genic events are listed in Table 4. The results are generally
congruent with those of the Cytb tree (Fig. 4B) and shed
additional light on major biogeographic events in the
region. Clade A identified in Fig. 4B is constituted by the
‘small’ and ‘narrow’ R. arcuatus. This clade separated from
its sister taxon R. arcuatus ‘large’ ca. 1.2 MYA and diversi-
fied into a Mindoro and Luzon Isl. group and a Panay Isl.
group ca. 775 KYA. The Luzon group includes individuals

previously identified by Sedlock & Weyandt (2009) as the
narrow sella morph individuals and appears distributed at
least on Mt. Makiling (Luzon), Zambales Mts. (Luzon) and
Mindoro Isl. These individuals appear to form a primarily
montane forest species although they were sampled as low
as 620 m on Mt. Makiling. Individuals in clade A from
Panay – which is separated from Greater Luzon by persis-
tent deep water channels – are distinct from the Greater
Luzon individuals and appear to have diversified in Panay
ca. 380 KYA. Clade B, R. arcuatus ‘large’ of Ingle & Hea-
ney (1992) separated from the ‘narrow sella’ group, Clade
A, 1.2 MYA, with the specimens we examined from the
Zambales Mts. diversifying ca. 442 KYA. Clade C includes
specimens previously referred to as R. arcuatus from Min-
danao, including a putative ‘small’ form (sensu Ingle &
Heaney 1992); this clade originated 1.62 MYA, and the
specimens we sampled diversified ca. 406 KYA. Clade D is
constituted by members of an undescribed species from the
Zambales Mts. of Luzon Isl. and originated 2.03 MYA,
diversifying ca. 1.24 MYA. Clade E, including specimens
referred to as either R. inops or R. subrufus, from Mindanao
originated 3.3 MYA, but had a relatively recent diversifica-
tion on Mindanao based on the specimens that we exam-
ined; the most ancient event was 690 KYA, but two
branching events in this clade were congruent with the
Last Glacial Maximum (97 and 77 KYA). Clade F includes
individuals previously identified by Sedlock & Weyandt
(2009) as belonging to the ‘wide sella’ morph of R. arcua-
tus, from lowland forest in Luzon’s Mt. Makiling. This
clade originated about 4 MYA and diversified about
1 MYA. Clade G includes an undescribed species of Rhinol-
ophus from Mindanao Isl., Philippines. This clade origi-
nated 4.23 MYA and diversified 2.67 MYA. Clades H and
I include the undescribed R. ‘arcuatus’ group species from
Sulawesi (Clade H) as well as presumptive R. ‘euryotis’, also
from Sulawesi. The origin of the joint clades is estimated
at 5.20 MYA. Diversification between Clades I and J
occurred 2.14 MYA, with R. ‘euryotis’ diversifying in Su-
lawesi ca. 1.28 MYA, and the undescribed R. ‘arcuatus’,
more recently at 400 KYA. The branch leading to R. affinis
originated 10.34 MYA and includes relatively deep internal
divergences, suggesting the possibility of a morphologically
cryptic species complex; the two specimens from Borneo
are hypothesized to have separated from the Chinese line-
age 3.13 MYA. The clade including R. celebensis, Rhinolo-
phus virgo, Rhinolophus macrotis, Rhinolophus pusillus,
Rhinolophus monoceros, and Rhinolophus cornutus originated
16.88 MYA, with an internal divergence estimate of
12.50 MYA. Rhinolophus celebensis appear relatively homoge-
neous and are hypothesized to have diversified 1.81 MYA,
following a cladogenic event from the lineage leading to
R. virgo at 6.29 MYA. That lineage in turn diverged from
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the R. macrotis lineage at 11.05 MYA. Specimens of
R. macrotis from Nepal and China show deep divergence
suggesting that they may represent independent species;
the R. macrotis specimen from Nepal is from south of the
Himalayas, whereas the Chinese specimen is from Yunnan
Province, well east of the Naga Hills that form a south-
ward highland extension of the Himalayas terminating in
the Indian Ocean. The R. macrotis–virgo–celebensis lineage is
hypothesized to have differentiated from the R. cornutus–
monoceros–pusillus lineage ca. 12.50 MYA, with internal
diversification among species in the clade occurring ca.
3.38 MYA between R. cornutus and R. monoceros/R. pusillus.
Cladogenesis between R. pusillus and R. monoceros is

hypothesized to have occurred 1.70 MYA, with internal
diversification of R. pusillus from the Hainan region begin-
ning ca. 1.27 MYA. The lineage including the European
Rhinolophus euryale and putatively widespread Eurasian Rhi-
nolophus ferrumequinum diverged from the aforementioned
clades ca. 18.05 MYA, with divergence between R. euryale
and R. ferrumequinum hypothesized to have occurred
11.08 MYA. Rhinolophus ferrumequinum lineages from Yun-
nan and Japan diverged ca. 3.58 MYA.
The Rhinolophus pearsoni clade presents some interesting

features: the initial lineage divergence from remaining
Rhinolophus is hypothesized to have occurred ca. 19.69
MYA, with a relatively deep internal diversification among

Table 4 Results of the temporal estimates of diversification based on the relaxed lognormal molecular clock model implemented by BEAST

Species or Species group Clade Origin Diversification Notes

Rhinolophus euryotis group A 0.78 0.75 Luzon & Mindoro
A 0.78 0.38 Panay
B 1.23 0.42 arcuatus ‘large’
C 1.62 0.41 ‘arcuatus’ Mindanao
D 2.03 1.24 R. sp A, Philippines
E 3.31 0.69 inops or subrufus
F 3.99 0.91 arcuatus ‘wide sella’
G 4.23 2.67 R. sp B, Philippines
H, I 5.20 Origin of H & I clades
H 2.14 0.40 R. cf. arcuatus, Sulawesi
I 2.14 1.28 R. euryotis, Sulawesi
J 5.53 – Rhinolophus shameli, Cambodia

Rhinolophus affinis 10.34 3.13 3.13 MYA distinguishes specimens
between China and Borneo (62 KYA)

Rhinolophus sinicus 14.53 –

cornutus–monoceros–pusillus–macrotis–virgo–celebensis 16.88 12.50
Rhinolophus macrotis vs. virgo–celebensis 11.05 –

R. macrotis 4.13 Separating specimens between Nepal and China
R. virgo v. Rhinolophus celebensis 6.29 1.81 Diversification estimate for R. celebensis only
cornutus–monoceros–pusillus 12.50 3.38 Origin relative to macrotis–virgo–celebensis
Rhinolophus cornutus 3.38 0.50
Rhinolophus monoceros 1.70 –

Rhinolophus pusillus 1.70 1.27
Rhinolophus euryale– Rhinolophus ferrumequinum 18.05 11.08
R ferrumequinum 11.08 3.58 Separates specimens between China and Japan
Rhinolophus pearsoni 19.69 9.94 Deep divergence estimates suggest a morphologically

cryptic polytypic species complex
Rhinolophus luctus–R. hipposideros 21.11 19.38
R. luctus 19.38 1.15
R. hipposideros 19.38 0.95
Rhinolophus, initial diversification 21.11
Hipposideros–Rhinolophus (root) 45.0
Hipposideros, initial diversification 24.24
Hipposideros sp A 26.24 – Sulawesi
Hipposideros armiger armiger–diadema–pratti 24.24 15.84
Hipposideros diadema– Hipposideros pratti 15.48 –

Estimated divergence dates for the major lineages were mapped onto the tree resulting from the MCMC analysis by BEAST (Fig. S4), as were the upper and lower bounds of
the 95% highest posterior density (HPD) for each node. Our analysis assumed an initial diversification date of 45 MYA for Rhinolophoidea (cladogenesis between Hipposideri-
dae and Rhinolophidae; see Materials and methods). Clade refers to the results of the Bayesian analysis of the Cytochrome b gene (Fig. 4B), where applicable, that is, in the
euryotis group that includes Rhinolophus arcuatus. Origin refers to hypothesized estimate for the cladogenesis of the branch including that group, in millions of years. Diversifi-
cation refers to the deepest internal diversification, also in millions of years (refer to Fig. S4).
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specimens identified as R. pearsoni taking place ca.
9.94 MYA. Furthermore, that estimate separates two clades
of R. pearsoni, each with representatives in China and Viet-
nam. In one clade, divergence between Chinese and Viet-
namese lineages is estimated at 7.14 MYA, in the other, at
4.68 MYA. Internal (non-geographic) divergence estimates
are 162 KYA (Guanxi, China) and 1.02 MYA (Lang Son,
Vietnam). These data strongly suggest that there exist at
least four distinct species-level taxa within what currently is
recognized as R. pearsoni.
The final Rhinolophus lineage resulting from our analyses

comprises R. luctus and R. hipposideros. This lineage repre-
sents an early divergence event within Rhinolophus
(21.11 MYA), with divergence between the two species
hypothesized to have taken place ca. 19.38 MYA. Internal
divergence within the species are more recent: 1.15 MYA in
R. luctus (between Burma and Huibei, China) and 950 KYA
in R. hipposideros between Greece and United Kingdom.
Divergence estimates within Hipposideros were not strictly

a part of this study as we used the several hipposiderid taxa
as out-groups to root the Rhinolophus tree. Divergences
among species in Hipposideros that we examined (15.48–
26.24 MYA) were generally deeper than those in Rhinolo-
phus (see Fig. S4, Supporting Information).

Discussion
Both morphological and genetic data ineluctably lead to
the conclusion that specimens of R. ‘arcuatus’ collected in
Sulawesi represent an undescribed species. The morpho-
logical data show a clear distinction between Sulawesi and
Philippine R. ‘arcuatus’ notwithstanding the tendency for
morphology to be highly conserved in the R. arcuatus com-
plex. Likewise, Bornean R. ‘a.’ proconsulis is morphologically
distinct from R. arcuatus from the Philippines. Based on
these results, we recommend that the subspecies proconsulis
(restricted to Borneo) be elevated to species level, as it is
not morphologically congruent with R. arcuatus. This diag-
nosis is hampered by the lack of genetic samples of Bor-
nean R. ‘a.’ proconsulis to compare to Philippine R. arcuatus,
but the morphological data are unequivocal. Available
genetic data show that the Sulawesi R. ‘arcuatus’ are more
closely related to R. ‘euryotis’ from Sulawesi than they are
to the Philippine R. arcuatus. Indeed, based on Bayesian
analyses, the genetic distance between the Sulawesi
R. ‘arcuatus’ and the Philippine R. arcuatus is ca. 4%, which
is the same as or greater than that between other well-
established species within the R. euryotis group. This is
greater than the 2.5% distance proposed by Bradley &
Baker (2001), as suggestive of species separation, and is
particularly informative in light of the 5% difference
between the clearly and definitively recognized species
R. shameli from Cambodia and R. ‘arcuatus’ from Sulawesi.

In contrast, R. ‘arcuatus’ and R. ‘euryotis’ from Sulawesi are
only 2.2% divergent yet are considered distinct species
based on nasal sella morphology.
Analyses of the cranial data alone (data not shown) are

similar to those of cranial and wing data combined, sup-
porting the contention that morphological characters of the
skull are important in differentiating among species. How-
ever, when wing morphology alone is considered (data not
shown), there is no distinction among taxa or geographic
areas. This morphological conservatism suggests that these
bats are foraging in a similar manner, and may be part of
the reason these specimens have so long been considered
as a single species.
As is the case in the Philippines, there is within Sulawesi

the potential for recognition of more than one form of
R. ‘arcuatus’. The most recent specimens were collected in
the montane and submontane transitional forest of Tengah
Province (2120 m), whereas the single other specimen previ-
ously collected was found in the lowland rainforests of Poso
(Hill 1988). Elevational preferences have also been reported
for R. arcuatus in the Philippines (Ingle & Heaney 1992;
Sedlock & Weyandt 2009). Morphological data for the Su-
lawesi animals suggest that these specimens are poorly dif-
ferentiated; however, without genetic data from lowland
R. ‘arcuatus’ to corroborate the morphological results, we
must remain open to the possibility of more than one species
within Sulawesi R. ‘arcuatus’. Morphological data demon-
strate a large difference between the lowland Sulawesi speci-
men attributed to R. ‘a.’ proconsulis by Hill (1988) and
Bornean R. proconsulis (previously R. a. proconsulis); it is
therefore likely that they are distinct species. Indeed, it has
recently been pointed out that some specimens of R. affinis
have been erroneously identified as R. arcuatus (Suyanto &
Struebig 2007), further confusing the identification of both
new and old specimens. Perhaps the only way to sort out
these issues is by using molecular techniques; unfortunately,
there are no tissues associated with Hill’s nominal R. ‘a.’ pro-
consulis from Borneo or his Sulawesi specimen.
Based on the CR data, R. ‘a.’ mcintyrei (Hill & Schlitter

1982) on PNG is also distinct from near topotypical
R. arcuatus and should be elevated to specific status as
R. mcintyrei. The type locality of R. euryotis is Ambon
Island, in the Molucca Archipelago, on the Sahul Shelf
(Australia, New Guinea and adjacent islands). Our results
clearly demonstrate that island populations of Rhinolophus
species display a propensity for speciation, a phenomenon
potentially explained by Kingston & Rossiter (2004). How-
ever, in the absence of data to the contrary, it is perhaps
expedient to hypothesize conspecificity to Sulawesi and Sa-
hul Shelf R. euryotis (CR clade J), which would pro tempore
retain the name. The specifically distinct species from Su-
lawesi (Clade I: R. ‘euryotis’) now adopts the name Rhinolo-
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phus tatar Bergmans & Rozendaal, 1982. We note, how-
ever, that the type locality of R. tatar is the Dumoga Nat-
ure Reserve, in Sulawesi’s Northern Peninsula. Because
there are strong differences among other taxa from the dif-
ferent regions of Sulawesi (Evans et al. 2003), which
became a single island only recently (Hall 1996, 2002), and
because the Sulawesi material examined herein as putative
R. tatar is from the Central Core region of Sulawesi, it
remains possible that our material represents something
distinct from R. tatar; this hypothesis requires further
testing.
Population genetic analyses indicate very strong genetic

structure among clades, particularly between R. ‘arcuatus’
from Sulawesi and the other R. arcuatus clades from the
Philippine Islands and PNG. This is not surprising given
that these clades are separated by considerable expanses of
ocean. The presence of stronger genetic structure between
‘populations’ (clades) of the ‘same’ species on different
islands than between different species on the same island
additionally supports the hypothesis that in situ morpholog-
ically cryptic speciation has occurred. While a few clades
from the Philippine Islands, such as Clade A (Cytb) may
represent very diverged populations of R. arcuatus, it is
unlikely that even all Philippine clades presently identified
as R. arcuatus constitute a single species. The strong struc-
ture found among the Philippine clades suggests that gene
flow among islands is limited, which would be expected if
bats in populations currently ascribed to the single species
R. arcuatus are not very vagile. During the last Pleistocene
glaciations, the four major island groups of the Philippines
were never in contact with each other (Inger 1954; Voris
2000). Nevertheless, specimens from Luzon and Mindoro
share a haplotype. These two islands are very close to each
other (16 km presently, marginally closer during the last
ice age), suggesting a possible minimum distance between
islands insufficient to prevent dispersal, notwithstanding
the deep (permanent) channel separating the two islands
(Smith 1912; Voris 2000).
Levels of genetic diversity were highest for clades in Su-

lawesi and PNG. This is not particularly surprising in the
case of PNG, as it has a larger land area (thus in theory is
able to support larger effective population sizes) and was in
contact with mainland Australia at various points in the
Pleistocene as part of a Greater Sahul Shelf landmass; the
depth of the Torres Strait is under 10 m, suggesting that
land connection would have been available during much of
the geological past. It was unexpected that Clades H
(R. ‘arcuatus’) and I (R. ‘euryotis’) from Sulawesi show such
high levels of genetic diversity in comparison with nominal
R. arcuatus clades on Luzon, Panay, Mindoro, and Minda-
nao. These are all oceanic islands that have never had con-
tact with the mainland. The Philippine islands are further

north in the Indo-Malayan region and therefore potentially
more isolated from sources of colonization than is Sulawesi.
Other studies have indicated that colonization of islands
seems to have occurred in a stepwise fashion with some
species of bats, from west to east, with genetic diversity
showing a corresponding decrease with distance from the
mainland (Schmitt et al. 1995; Maharadatunkamsi et al.
2000). Unfortunately, in order to determine if this is the
case with R. euryotis group species, we first would need to
determine true biological species limits on all these islands,
and further, would need samples from other islands, partic-
ularly Borneo: the putative stepping stone to both the Phil-
ippine Archipelago and Sulawesi.
Our data suggest that nominal R. arcuatus group species

show limited dispersal even within the Philippines. This
further supports the idea that R. ‘arcuatus’ clades from Su-
lawesi and PNG are not merely disjunct populations of a
single species, but rather that those clades are sufficiently
diverged to represent different species.
One potential caveat to the genetic data presented here

is that only mitochondrial genes were used to infer the
phylogenies. It is possible that mitochondrial introgression
could impact our conclusions based on the phylogenies;
only by including nuclear data can we be sure that our
mitochondrial gene trees reflect the true species trees
(Funk & Omland 2003). However, our taxonomic sugges-
tions are based on both morphological and genetic data
and so should not be greatly skewed or affected by mito-
chondrial introgression.
The evidence presented here suggests that Rhinolophi-

dae in South-East Asia have undergone replicated adaptive
radiations, with the result that similar morphotypes appear-
ing on different islands or archipelagoes are less closely
related to each other than to different morphotypes on the
same island or archipelago (R. M. Brown, pers. comm.).
This phenomenon has been demonstrated by Losos et al.
(1998) in the Anolis lizards of the Greater Antilles. At least
two other research groups have shown this to be the case
with rhinolophid bats in South-East Asia. Cooper et al.
(1998) demonstrated that R. philippinensis, R. megaphyllus,
and an intermediate form from the same geographic area,
were more closely related to each other than either were to
the same morphotypes from different areas in eastern Aus-
tralia and PNG. Kingston & Rossiter (2004) showed simi-
lar results in the same species group from Sulawesi, and
suggested that changes in primary echolocation frequency
(‘harmonic hopping’) is the mechanism driving evolution-
ary change and consequent rapid speciation. Recently,
Murray et al. (2012) found similar patterns of cryptic diver-
sity in the genus Hipposideros throughout South-East Asia
and hypothesized that this diversity was likely produced by
mechanisms comparable to those acting on Rhinolophus. In
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the case of the data presented here, the R. arcuatus sensu
lato and R. ‘euryotis’ from Sulawesi are more closely related
to each other than they are to their putative conspecific
counterparts on different islands.
The biogeography of South-East Asia has fascinated sci-

entists since the time of Wallace. Geological features and
repeated effects of glaciations on connectivity of islands in
this region have given rise to complex faunas made up of
both continental and island-derived species (Stelbrink et al.
2012). While interesting, these phenomena have served to
confound a clear picture of the systematics of many organ-
isms. We have not provided a fully resolved phylogeny for
all members of the R. euryotis group due to a lack of data;
however, we demonstrate that it is a complex of several
morphologically cryptic species-level taxa. Our revelation
of replicated adaptive radiations in this biologically complex
group of bats sows the seed for future biogeographic stud-
ies of this equally complex region.

Taxonomic summary

The present analysis was explicitly focused on R. arcuatus
and the R. euryotis species group. Accordingly, the taxo-
nomic summary is primarily concerned with these species.
The astute reader no doubt will have noted that the results
of the molecular dating analysis suggest the presence of
additional morphologically cryptic species in specimens
identified as belonging to R. macrotis, R. ferrumequinum and
R. pearsoni. More detailed analyses of those taxa should be
undertaken to reveal whether the hypotheses suggested in
the present work indeed are borne out.
Rhinolophus arcuatus, Philippines
The Philippine Archipelago populations were not the

focus of this work. Hence, we will limit ourselves to summa-
rize potential taxonomic conundrums. We strongly suspect
the presence of at least five species in the R. arcuatus com-
plex. Ingle & Heaney (1992) split R. arcuatus from Luzon
into ‘large’ and ‘small’ morphs. In addition, an intermediate
morph is present in Luzon’s Zambales Mountains, sympatri-
cally with the former two morphs (L. A. Ruedas, unpublished
observations of specimens in National Museum of the Phil-
ippines and Cincinnati Museum of Natural History). An
additional distinct morph is present in Panay (specimens in
CMNH). The picture was further complicated by Sedlock &
Weyandt (2009), who documented the existence of sympatric
‘wide sella’ and ‘narrow sella’ forms on Mt. Banahaw, Luzon.
It is unclear whether these belong to either of the previously
documented R. arcuatus large or R. arcuatus small species:
Ingle & Heaney (1992) list forearm measurements as 43–
45.5 mm (small morph) and 47–50 mm (large morph); the
specimens of Sedlock & Weyandt (2009) range from
45.35 � 1.83 (mean � SD, narrow morph) to 46.58 � 1.73
(wide morph). Thus, they overlap both previously docu-

mented morphs (measurements not available for intermedi-
ate morph of Zambales). These data suggest that there may
be as many as five species present in Luzon alone, with addi-
tional species on the various remaining islands of the archi-
pelago. We recommend that a formal description be
undertaken so that at least a comparative framework may be
established to assess species limits of Philippine R. arcuatus.
Rhinolophus arcuatus proconsulis, Borneo
Our morphological data show that this taxon is morpho-

logically distinct and unlikely to be conspecific with any
R. arcuatus from the Philippines. Furthermore, from an
ecological perspective, while Philippine Archipelago
R. arcuatus appear to be forest species, this taxon was col-
lected in a cave. Accordingly, this taxon should henceforth
be known as Rhinolophus proconsulis Hill, 1959.
Rhinolophus arcuatus proconsulis, Sulawesi
This specimen, another cave dwelling taxon, was

assigned by Hill (1988) to R. arcuatus proconsulis. Our mor-
phological data indicate that this taxon is neither conspe-
cific with putatively topotypical Luzon R. arcuatus nor with
R. proconsulis from Borneo. No name is available, but an
extensive description was provided by Hill (1988), under
the assumption that this taxon belonged in R. a. proconsulis.
We suggest the name Rhinolophus belligerator. The name
(Latin: belligerent combatant, 3rd declension nominative
masculine; rather than bellator, a more legitimate soldier or
warrior) is suggested because the single known specimen is
from Permana Cave, near Poso, Sulawesi Tengah Province,
Sulawesi, Indonesia. The name is suggested because the
specimen originates in an area where a long-running and
senseless Muslim–Christian civil war has been going on for
many years. Hill (1988) provided a description and identi-
fied the sole known specimen (Natural History Museum,
London, 1987.45), which becomes the holotype.
Rhinolophus arcuatus, Sulawesi Central Core area

(this paper)
The specimens analysed in this manuscript resulting from

the collections of LAR and collaborators in the Central Core
of Sulawesi (Toraja Highlands and Danau Lindu regions), all
forest bats, are herein definitively shown not to be conspe-
cific with Philippine R. arcuatus and are additionally distinct
from the lowland troglodytic R. belligerator. Accordingly,
they constitute a novel species. We do not wish to assign a
name at this time: a full description will be forthcoming.
Rhinolophus arcuatus mcintyrei, New Guinea
Based on our analysis of the mitochondrial CR sequence

data, R. a. mcintyrei (Hill & Schlitter 1982), from PNG, is
distinct from putatively topotypical R. arcuatus. This taxon
should henceforth be known as R. mcintyrei Hill and
Schlitter, 1982.
Rhinolophus euryotis, New Guinea and outlying

islands (Sahul Shelf)
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As indicated in the body of the text above, this taxon is
as problematic as R. arcuatus. Our data demonstrate the
presence of at least two species: one on the Sahul Shelf
(Australia, New Guinea and adjacent islands) and another
on Sulawesi. The type locality of R. euryotis is Ambon
Island, in the Molucca Archipelago, on the Sahul Shelf.
Accordingly, and for now, Sahul Shelf populations (to the
exclusion of Sulawesi populations, below) should retain the
name R. euryotis Temminck, 1834.
Rhinolophus euryotis, Sulawesi
Our data demonstrate that the Sulawesi populations that

we examined from the Central Core region of Sulawesi
and heretofore assigned to R. euryotis are not conspecific
with R. euryotis as restricted above to the Sahul Shelf.
Accordingly, the specifically distinct species from Sulawesi
is likely R. tatar Bergmans and Rozendaal, 1982 which
those authors note was confounded with R. euryotis by Tate
& Archbold (1939). Readers are cautioned that – as is the
case with R. arcuatus – there may exist additional, morpho-
logically cryptic species in the R. tatar species complex
present on Sulawesi (see Discussion in the text).
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Fig. S1. Minimum Spanning Tree (MST) created using

Euclidean square distance matrix (distance method: Tamura
& Nei) and the CR + Cytb sequence dataset as input.
Fig. S2. Minimum Spanning Tree (MST) created using

Euclidean square distance matrix (distance method: Tamura
& Nei) and the CR sequence dataset as input.
Fig. S3. Minimum Spanning Tree (MST) created using

Euclidean square distance matrix (distance method: Tamura
& Nei) and the Cytb sequence dataset as input.
Fig. S4. Co–estimated phylogeny and temporal diver-

gence times within the Rhinolophoidea dataset.
Data S1. Description of morphological measurements.
Table S1. Primers and thermal profiles used for amplifi-

cation of cytochrome b and control region DNA.

Table S2. Eigenvalues for first three PC’s for all vari-
ables analyzed together. Abbreviations as in Data S1.
Table S3. Results for analyses of molecular variance

(AMOVA) run in Arlequin v 3.5.
Table S4. Pairwise FST values between clades produced

with the Cytb + CR sequence dataset (distance method:
Tamura & Nei).
Table S5. Pairwise FST values between clades produced

with the Cytb sequence dataset (distance method: Tamura
& Nei).
Table S6. Pairwise FST values between clades produced

with the CR sequence dataset (distance method: Tamura &
Nei).
Appendix S1. Specimens examined in the morphological

analyses.

38 ª 2013 The Norwegian Academy of Science and Letters

Biogeography of the R. arcuatus complex � L. E. Patrick et al.


