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Abstract

A new Old World trident bat (Rhinonycteridae) is described from an early

Miocene cave deposit in the Riversleigh World Heritage Area, northwestern

Queensland, Australia. Living rhinonycterids comprise a small family of insect-

eating, nasal-emitting rhinolophoid bats from Africa, Madagascar, Seychelles,

the Middle East, and northern Australia. The new fossil species is one of at least

12 rhinonycterid species known from the Oligo-Miocene cave deposits at River-

sleigh. We refer the new species to the genus Xenorhinos (Hand, Journal of Ver-

tebrate Paleontology, 18, 430–439, 1998a) because it shares a number of unusual

cranial features with the type and only other species of the genus, X. halli,

including a broad rostrum, very wide interorbital region, pronounced ventral

flexion of the rostrum, very constricted sphenoidal bridge, and, within the nasal

fossa, reduced bony division, and relatively well developed turbinals. Xenorhinos

species lived in northern Australia during the global Miocene Climatic Opti-

mum, in closed wet forests, unlike the drier habitats that trident bats largely

inhabit today. Our phylogenetic analysis suggests that more than one dispersal

event gave rise to the Australian rhinonycterid radiation, with two lineages hav-

ing sister-group relationships with non-Australian taxa.
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1 | INTRODUCTION

The Old World trident bat family Rhinonycteridae is a
small family distributed today in parts of mainland
Africa, Madagascar, Seychelles, southern Arabia, Iran,
Pakistan, and northern Australia (Benda & Vallo, 2009;
Figure 1). The nine living rhinonycterids (species of

Rhinonicteris, Cloeotis, Triaenops, and Paratriaenops) are
small to medium-sized, insect-eating bats (3–18 g;
Benda, 2019) that emit their echolocation calls through
their nasal cavities and whose common names refer to
their trident- or diamond-shaped nose-leaves (Armstrong
et al., 2016). These complex flaps and folds surrounding
the external nares in nasal-emitting bats may act as a
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baffle and help focus the echolocation emission beam
(Hartley & Suthers, 1987; Pedersen & Müller, 2013;
Vanderelst et al., 2013). Rhinonycterids today inhabit
tropical and subtropical monsoonal forests, open savanna
woodlands, shrublands and grasslands, and roost in
caves, mines, buildings, and tree hollows (Benda, 2019).

Rhinonycterids were historically included in the family
Hipposideridae (Old World leaf-nosed bats; 90 extant species,
Simmons & Cirranello, 2022), but are now distinguished

from hipposiderids by their nose-leaf structure, genetic dif-
ferences including a unique retrotransposon insertion, and
craniodental features such as a tall postorbital zygomatic
process, C1 accessory cusps, P2 and P4 size, M2 heel devel-
opment, degree of M3 reduction, relatively small c1 and
relatively large p2 (Foley et al., 2015; Hand, 1998a;
Hand & Kirsch, 1998; Hill, 1982; Wilson et al., 2016). Rhi-
nonycterids and hipposiderids share a close relationship
with horseshoe bats (Rhinolophidae; 110 extant species,

FIGURE 1 (a) Distribution of rhinonycterid bats: red, Cloeotis percivali; blue, Triaenops spp.; yellow, Paratriaenops spp. (arrow indicates

Seychelles); orange, Rhinonicteris aurantia; hatched blue and yellow, overlapping distributions of Paratriaenops and Triaenops spp. in

Madagascar; black triangles indicate records of extinct rhinonycterid species (see Table 1). (b) Simplified map of the Riversleigh World

Heritage Area (WHA), in Waanyi country, northwestern Queensland (after Arena, 2004). (c) Karst terrain in the Riversleigh WHA, D-Site

Plateau (M. Archer). (d) Roofed, developing limestone caves in the Riversleigh WHA (H. Godthelp). (e) Unroofed, paleo-caves containing

Oligo-Miocene fossils in the Riversleigh WHA (A. Gillespie). (f) Flowstone containing fossil bones at RSO Site, Godthelp Hill (J. Woodhead).
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Simmons & Cirranello, 2022), with molecular data sug-
gesting an origin for this group approximately 45–41 mil-
lion years ago (Ma) (Álvarez-Carretero et al. 2022; Amador
et al., 2018; Foley et al., 2015), and the split between Rhi-
nonycteridae and Hipposideridae occurring around 41–
39 Ma in Africa (Amador et al., 2018; Chornelia &
Hughes, 2022; Foley et al., 2015). The distribution of Rhi-
nonycteridae once also included southern Europe and
Asia (Mein & Ginsburg, 1997; Sigé, 1968; Sigé et al., 1982,
1994; Ziegler, 1994), the oldest known representatives
being an early Oligocene species from Taqah, Dhofar,
Oman, at �31 Ma (Sigé et al., 1994), and the youngest
extinct rhinonycterid being a Holocene species from west-
ern Madagascar (Samonds, 2007). With 17 extinct species

currently recognized (Table 1), fossil rhinonycterid species
outnumber the nine rhinonycterid species alive today.

From the Riversleigh World Heritage area (WHA) in
northwestern Queensland, Australia, at least 12 extinct
rhinonycterid species have been recovered from Oligo-
Miocene cave deposits (Hand, 2006; Wilson et al., 2016).
One of the most distinctive of these is the early Miocene
Xenorhinos halli Hand, 1998a, from Bitesantennary Site
on the D-Site Plateau (Figure 1), a Riversleigh cave
deposit radiometrically dated at 17.11 ± 0.24 Ma
(Woodhead et al., 2016). Xenorhinos halli has a striking
cranial morphology, in its pronounced ventral flexion of
the rostrum, voluminous nasal fossa, unusual internal
nasal skeleton, broad interorbital area, extremely reduced

TABLE 1 List of extinct rhinonycterid species, including age, locality, and primary taxon reference.

Species Age Locality Reference

Brachipposideros omani Early Oligocene Taqah, Dhofar, Oman Sigé et al., 1994

Brachipposideros sp. 1 cf.
B. branssatensis

Late Oligocene St-Victor-La-Coste, Gard, France Sigé, 1967; Sigé et al., 1982

Brachipposideros
branssatensis, and
Brachipposideros sp. 2
cf. B. branssatensis

Late Oligocene Coderet, Allier, France; La Colombière, Hérault,
France

Hugueney, 1965

Brachipposideros tedfordi Late Oligocene to
early Miocene

White Hunter, Upper, RV, and Bitesantennary
Sites, Riversleigh WHA, Australia

Hand, 1997a

Brachipposideros
collongensis, and
Brachipposideros sp.
cf. B. collongensis

Early to middle
Miocene

Bouzigues, Hérault, France; Vieux Collonges,
Rhône, France; Cases de Pène, Pyrenées
Orientales, France; La Grive-Saint-Alban, Isère,
France; Petersbuch, Eichstätt, Germany;
Stubersheim, Baden-Württemberg, Germany;
La Retama, eastern central Spain

Álvarez Sierra et al., 2006;
Depéret, 1892; Mein, 1958;
Mein & Cornet, 1973; Sigé, 1968;
Ziegler, 1994, 2003

Brachipposideros
dechaseauxi

Early to middle
Miocene

Bouzigues, Hérault, France; Port-la-Nouvelle,
Aude, France;

Sigé, 1968; Legendre, 1982

Brachipposideros
aguilari

Early to middle
Miocene

Serre de Vergès, Pyrénees Orientales, France;
Port-la-Nouvelle, Aude, France;
La Grive-Saint-Alban, Isère, France

Guerin & Mein, 1971;
Legendre, 1982; Meurisse
et al., 1969

Brachipposideros
nooraleebus

Early Miocene Microsite, Riversleigh WHA, France Sigé et al., 1982

Miophyllorhina
riversleighensis

Early Miocene RV Site, Riversleigh WHA, Australia Hand, 1997b

Brachipposideros
khengkao

Early Miocene Li Mae Long, Lamphun district, Thailand Mein & Ginsburg, 1997

Xenorhinos bhatnagari
sp. nov.

Early Miocene RSO Site, Riversleigh WHA, Australia This paper

?Brachiposideros watsoni Early Miocene Bitesantennary Site, Riversleigh WHA, Australia Hand, 1997a

Brachipposideros sp. Early Miocene Upper Site, Riversleigh WHA, Australia Hand, 1997a

Brevipalatus mcculloughi Early Miocene Bitesantennary Site, Riversleigh WHA, Australia Hand & Archer, 2005

Xenorhinos halli Early Miocene Bitesantennary Site, Riversleigh WHA, Australia Hand, 1998a

Archerops annectens Middle Miocene AL90 Site, Riversleigh WHA, Australia Hand & Kirsch, 2003

Triaenops goodmani Holocene Anjohibe Cave, northwestern Madagascar Samonds, 2007
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palatines and pterygoids, very short hard palate, and very
constricted sphenoidal bridge. From analogy with extant
nasal-emitting bats, the unusual rostral, nasal and palatal
morphology of X. halli appears to be correlated with
ultrasound production and emission (Hand, 1998a), and
represents a unique combination of cranial features not
seen in other rhinolophoids.

Here, we describe a new fossil Xenorhinos species
from craniodental material recovered from a slightly
younger early Miocene cave deposit in the Riversleigh
World Heritage Area. The new species shares many of
the same unusual characteristics of X. halli, but also
exhibits some less divergent morphologies. The new spe-
cies adds to the known diversity of rhinonycterids that
once inhabited northern Australia, and also provides an
opportunity to revisit the distinctive cranial morphology
characterizing Xenorhinos species among rhinolophoids.

2 | MATERIALS AND METHODS

Skull terminology follows Hand (1993, Figure 3; 1998a,
Figure 1) and Giannini et al. (2006, 2012). Internal nasal
terminology follows Bhatnagar & Kallen (1974b), Gian-
nini et al. (2006, 2012), Smith et al. (2012, 2021), Curtis &
Simmons (2017), and Ito et al. (2021). Dental terminology
follows Sigé et al. (1982, Figure 1); case denotes upper
(e.g., M1) and lower (e.g., m1) teeth. The prefix QM F
refers to specimens held in the fossil collections of the
Queensland Museum, Brisbane; AR refers to specimens
in the paleontological collections at the University of
New South Wales, Sydney.

Craniodental measurements of the fossils were made
using a Wild 5MA stereomicroscope with Wild MMS235
Digital length measuring set (accurate to 0.01 mm). Rep-
resentative specimens of the new fossil taxon and Xenor-
hinos halli (see below) were scanned using a U-CT
(Milabs, Utrecht) at UNSW Sydney with 55 kV and
0.17 mA, ultrafocused setting at resolutions of 16 μm and
35–50 μm. Scan data were used to make 3D virtual
models using MIMICS 21.0 (Materialise), and 3D visuali-
zations were made using 3Matic 13.0 (Materialise). Coro-
nal, axial and sagittal virtual slices of the nasal fossa were
made in MIMICS 21.0, with the transverse plane aligned
to the hard palate (rather than the basicranium).

To assess the phylogenetic relationships of the new spe-
cies among extant and extinct rhinonycterids, we used a
morphological matrix (augmented from Hand &
Kirsch, 1998) of 65 characters scored for 48 rhinolophoid
taxa, including 43 rhinonycterid and hipposiderid taxa, and
the outgroup taxa Rhinolophus megaphyllus, R. euryale and
R. hipposideros (Rhinolophidae), andMacroderma gigas and
Megaderma spasma (Megadermatidae) (Appendix A).

Because the internal nasal morphology of very few bat
species has been documented so far, potential
phylogenetically-informative characters pertaining to the
nasal fossa were not included in our analysis at this time.
Maximum parsimony analyses were carried out using
PAUP 4.01b10 (Swofford, 2003) with all characters unor-
dered; the tree search was heuristic, comprising 1,000 ran-
dom addition replicates. We constrained the analysis using
a backbone scaffold (Appendix B) based on the molecular
results of Álvarez-Carretero et al. (2022), who sampled
182 genes in all four genera and seven of the nine living
rhinonycterids, representing the most comprehensive
genomic sampling of the family to date. The taxon-
character matrix used in the phylogenetic analysis was
curated in MorphoBank 3.0 (O'Leary & Kaufman, 2012)
and is provided in Supporting Information File S1.

3 | GEOLOGICAL SETTING

The fossil material described here was collected under per-
mit in the Riversleigh WHA, Boodjamulla National Park,
in Waanyi country, northwestern Queensland, Australia.
The Riversleigh WHA is dominated by freshwater lime-
stone karst terrain, in which many caves have developed
and are developing. Extensive paleokarst deposits occur
among the Cenozoic carbonate deposits (Archer
et al., 2006, 1989, 1994, 1997; Arena et al., 2014). Hundreds
of un-roofed, fossil-rich cave deposits have been found in
the WHA (Arena et al., 2014), including two that have pro-
duced the Xenorhinos fossils described here—Ross-Scott-
Orr (RSO) Site on Godthelp Hill (Archer et al., 1994), and
Bitesantennary Site on the D Site Plateau (Hand &
Archer, 2005; Figure 1). At RSO Site, the type locality for
the new species of Xenorhinos, thick flowstones that made
up the floor of the cave contain many fossil teeth and
bones (Figure 1f). At Bitesantennary Site, a structure inter-
preted as a stalagmite overlies and abuts the richly fossilif-
erous cave-fill (Arena et al., 2014). The speleothems
associated with the fossils at RSO Site and Bitesantennary
Site have been dated as 16.55 ± 0.29 Ma and 17.11
± 0.24 Ma, respectively (Woodhead et al., 2016), and as
such are early Miocene in age (Gradstein et al., 2012). Ver-
tebrate faunal assemblages from these two deposits con-
tain frogs, lizards, birds and marsupials, as well as bats,
and are biocorrelated with other faunal assemblages
assigned to Riversleigh's early Miocene Faunal Zone B
(Archer et al., 1997; Arena, 2004; Arena et al., 2016;
Creaser, 1997; Myers et al., 2017; Travouillon et al., 2006;
Woodhead et al., 2016). At Bitesantennary Site,
bacterially-mediated phosphatisation related to the accu-
mulation of Miocene guano from bats appears to have
resulted in extraordinary preservation of invertebrates,
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including sperm cells and subcellular organelles in ostra-
cods (Matzke-Karasz et al., 2014).

4 | SYSTEMATIC PALEONTOLOGY

Order Chiroptera Blumenbach, 1779
Suborder Yinpterochiroptera Springer
et al., 2001
Superfamily Rhinolophoidea Gray, 1825
Family Rhinonycteridae J.E. Gray, 1866
Xenorhinos Hand, 1998a
Xenorhinos bhatnagari sp. nov
urn:lsid:zoobank.org:pub: B8B8A8BF-5C10-
4B26-AE8B-3DC2DD7FCD8C
Figures 2– 5, Table 2

Holotype: QM F61041, rostral fragment with right
P4–M2 and alveoli for right C1, P2, and M3 (Figure 2a,b).

Paratypes: QM F61042, near-complete but edentulous
cranium with alveoli for left and right C1 to M3
(Figures 3–5); QM F61043, right maxilla, with C1–M3;
QM F57981, right maxilla, with P4–M3; QM
F57982, right maxilla, with P4–M3; QMF57983,
left maxilla, with P4–M3; QM F61044, right dentary with
c1–m3; QM F61045, left dentary with p4–m3; QM
F61046, left dentary with c1–m3; QM F61047, right max-
illa with M1–M3 (Figure 2c,d); QM F61048, left maxilla
with P4–M3 (Figure 2e,f); QM F61049, left maxilla with
P4–M3 (Figure 2g,h); QM F61050, right maxilla with P4–
M2 (Figure 2i,j); AR22799, right C1 (Figure 2k–m); QM
F61051, left dentary with p4–m3 (Figure 2n–p); AR22801,
left dentary with c1 and m1 (Figure 2t–v); QM F61052,
right dentary with p4 and m2 (Figure 2q–s).

Diagnosis: The fossils described here are referred to
Xenorhinos because they exhibit the following combina-
tion of craniodental features: dental formula I?/2 C1/1
P2/2 M3/3; posterior accessory cusp present on C1, reten-
tion of reduced P2, little reduction of M3; cranium with
broad rostrum and interorbital region, large lacrimal
foramen, exceptionally short palate, tall postorbital zygo-
matic process, constricted sphenorbital bridge, and pro-
nounced ventral flexion of rostrum; dentary with low
coronoid process (2–2.5 � crown height of m3), wide
condylar process at level of tooth alveoli, and broad, lat-
erally deflected angular process.

Xenorhinos bhatnagari differs from X. halli, the type
and only other species of the genus, in its proportionately
longer rostrum and shorter braincase, slightly more
inflated rostrum and longer hard palate, its more com-
plete ossified nasal septum, less constricted sphenorbital
bridge, its round rather than elongated infraorbital fora-
men, longer, more complete sagittal crest extending to

the lambdoid crest, shorter sphenorbital fissure and basi-
sphenoid, presence of a foramen subovale, M2 with three
rather than four roots and smaller heel directed posteri-
orly rather than posterolingually, and dentary with
broader angular process that is more laterally deflected
(see Description, Figures 2–6, and Table 2).

Type locality and age: Ross-Scott-Orr (RSO) Site, on
Godthelp Hill, D Site Plateau in the Riversleigh World Heri-
tage Area, Boodjamulla National Park, in Waanyi country,
northwestern Queensland, Australia (Archer et al., 1994;
Arena et al., 2014; see Geological Setting, and Figure 1).
GPS co-ordinates for this fossil locality have been lodged
with the Queensland Museum, Brisbane. A speleothem
(flowstone) that was part of the RSO Site deposit and associ-
ated with the bat fossils has been radiometrically dated at
16.55 ± 0.31 Ma (Woodhead et al., 2016; Figure 1f).

Etymology: The species is named in honor of the late
Professor Kunwar Bhatnagar, in recognition of his
ground-breaking contributions to the study of bats, and
in particular to bat anatomy and bat ecomorphology.

Taphonomy and associated fauna: Like most fossil
deposits on Godthelp Hill, RSO Site is interpreted to rep-
resent a cave deposit (Archer et al., 1994; Arena
et al., 2014; see Geological Setting). The RSO deposit con-
tains at least five kinds of bats, as well as frogs, lizards, a
cockatoo, swiftlet and dromornithid bird, bandicoots,
koalas, burramyid and ringtail possums, and kangaroos
(Archer et al., 2006).

4.1 | Description

Xenorhinos bhatnagari is described below insofar as it dif-
fers from X. halli, the type and only other species of the
genus (Hand, 1998a, Figures 1 and 2). Specimen mea-
surements for both species are given in Table 2.

As in X. halli, the dental formula of Xenorhinos bhat-
nagari is I?/2 C1/1 P2/2 M3/3. The upper dentition is
known from C1–M3 (Figure 2a–m). P2 is slightly smaller
in X. bhatnagari than in X. halli, but still occurs in the
toothrow; M1 has four roots as in X. halli but M2 differs
in having three roots, its heel being smaller and directed
posteriorly rather than posterolingually. As in X. halli,
M3 retains a premetacrista but no postmetacrista, and is
narrower than M1 and M2. Dentaries from RSO Site
(Figure 2n–v) are assigned to this taxon on the basis of
overall morphology, size, fit to cranium, and dental
occlusion. The dentary symphysis is vertically orientated
as in X. halli, but chin development is less conspicuous.
The coronoid process is subequal in height to the tip of
c1, and is slightly more than 1 M crown height above the
apices of m3 (�2.5 � molar height, rather than twice the
height). As in X. halli, the condyle is low, level in height
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FIGURE 2 Legend on next page.
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with the hypoconids of m1–3, but the angular process is
broader and more conspicuously deflected laterally. The
c1 is relatively tall and straight, and approximately twice
the height of p4. Lower molar length decreases from m1
to m3, as does relative trigonid length; m3 retains an
entoconid and hypoconulid.

The dentitions of both X. bhatnagari and X. halli are
similar to that found in other rhinonycterids, including spe-
cies of Rhinonicteris, Triaenops, Paratriaenops, Brevipalatus,
Brachipposideros, and to a lesser extent Cloeotis. These bats
exhibit a broad range of skull shapes and morphology but
preserve a dentition that is probably plesiomorphic among
rhinolophoids (Wilson et al., 2016). Living rhinonycterids
are insectivorous, with a diet that includes moths, beetles,
flies, termites, cicadas, hemipterans, and cockroaches
(Benda, 2019; see also Discussion).

Xenorhinos bhatnagari is known from several partial
skulls including the holotype rostrum QM F61041
(Figure 2a,b) and a near-complete but damaged cranium
QM F61042 (Figures 3a–c, 4a–c, 5). The cranium is
slightly shorter in overall length than in X. halli, the ros-
trum is longer, braincase shorter, and interorbital width
is greater (division between rostral and braincase lengths
taken from level of greatest interorbital constriction;
Table 2). The rostrum is slightly damaged anteriorly in
both QM F61041 and QM F61042, but rostral length and
width in X. bhatnagari appear to have been approxi-
mately equal, as they are in X. halli (Table 2). The nasals
are less caudally retracted than in X. halli. In lateral pro-
file, the rostrum slopes dorsocaudally (from alveolus of
C1 to dorsal surface of nasal) more gradually that in
X. halli, in which it is more stepped (Figures 3b,e and
4b,e). Posterolateral rostral inflations appear to be slightly
better developed (but still poorly defined; Figures 5d and
6d), and supraorbital crests less developed in
X. bhatnagari. In lateral view, the angle of ventral flexion
of the rostrum on the basicranial axis (Pedersen, 1993,
1995) is extreme, that is, greater than �25�, as it is in
X. halli. The antorbital bar has a more pronounced wing
in X. bhatnagari, and the infraorbital foramen is round
rather than elongate (Figures 2 and 3). In both species,
the infraorbital foramen is dorsal to M3, and the lacrimal
foramen is large (Figure 3b,e).

The palate is slightly longer in X. bhatnagari
(Figure 3c) than in X. halli (Figure 3f); in X. bhatnagari,
the junction of the palate and premaxillae extends poste-
riorly to the level (at midline) of the M1 paracone (rather
than metacone), and the palate midline extends posteri-
orly (at midline) to level with the M3 protocone or meta-
cone (rather than the posterior face of M2), although a
median indentation in the posterior margin of the palate
may extend anteriorly to the M3 paracone. The median
spine at the anterior emargination of the nasals is longer
and more pronounced than in X. halli, and the posterior
margin of the palate is V-shaped rather than rounded.
The palatines and pterygoids are extremely reduced in
both species but the sphenoidal bridge is slightly broader
in X. bhatnagari. The sphenorbital fissure is shorter but
the semicircular optic foramen is similar in size to X.
halli. In both species, the pterygoid hamulus is located
1 M length posterior to the level of M3, occurring in the
rostral portion of the skull.

The braincase is relatively shorter, and width at mas-
toids is narrower than in X. halli. The sagittal crest is low
and relatively complete, extending from the frontals to
lambdoid rather than attenuating at the interparietal-
parietal junction as in X. halli. The zygoma bears a tall,
rounded process, as in X. halli. The basisphenoid is
shorter than in X. halli (appearing to be diamond-shaped
rather than elongate in ventral view), and a foramen sub-
ovale is present. In both species, the cribriform plate is
widely perforated only dorsally, as in other rhinolophoids
(Bhatnagar & Kallen, 1974a). The foramen magnum is
directed posteroventrally, as it is in X. halli (Figure 3c,f).
The ectotympanics, auditory ossicles, and periotics are
missing from crania of X. bhatnagari.

As in X. halli, X. bhatnagari has a very broad, tall ros-
trum containing a voluminous nasal fossa, despite lacking
the cup-like dorsal and lateral bony swellings seen in rhi-
nolophids (Curtis & Simmons, 2017). Within the nasal
fossa of specimens of both X. bhatnagari and X. halli, the
internal nasal skeleton appears to be generally well pre-
served (Figure 4). Most principal elements have smooth,
complete edges which we interpret as unbroken surfaces;
where there is a possibility or certainty of incomplete or
damaged bone (e.g., in the ethmoidal lattice), this is noted

FIGURE 2 Xenorhinos bhatnagari sp. nov., early Miocene, RSO Site, Riversleigh World Heritage area, (a–b) QM F61041, holotype, rostral

fragment with right P4-M2 and alveoli for right C1, P2 and M3. (a) Oblique view. (b) Upper dentition, oblique occlusal view. (c–d) QM F61047,

right maxilla with M1-3 and alveoli for P2 and P4. (c) Buccal view. (d) Oblique occlusal view. (e–f) QM F61048, left maxilla with P4-M3 and

alveoli for C1 and P2. (e) Buccal view. (f) Oblique occlusal view. (g–h) QM F61049, left maxilla with P4-M3 and alveolus for P2. (g) Buccal view.

(h) Oblique occlusal view. (i–j) QM F61050, right maxilla with P4-M2 and alveoli for C1, P2 and M3. (i) Buccal view. (j) Oblique occlusal view.

(k–m) AR22799, right C1. (k) Buccal view (l) Occlusal view. (m) Lingual view. (n–p) QM F61051, left dentary with p4-m3. (n) Buccal view.

(o) Occlusal view. (p) Lingual view. (q–s) QM F61052, right dentary with p4 and m2. (q) Buccal view. (r) Occlusal view. (s) Lingual view. (t–v)
AR22801, left dentary with c1 and m1. (t) Buccal view. (u) Occlusal view. (v) Lingual view.
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FIGURE 3 (a–c) Xenorhinos bhatnagari sp. nov., RSO Site, Riversleigh World Heritage area, north-western Queensland, Australia. 3D

model of paratype cranium (QM F61042). (a) Dorsal view. (b) Lateral view. (c) Ventral view. (d–f) Xenorhinos halli Hand, 1998a,

Bitesantennary Site, Riversleigh World Heritage area. 3D model of holotype cranium (QM F22918). (d) Dorsal view. (e) Lateral view.

(f) Ventral view.
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below. It is possible and even likely that in life nasal carti-
lage (as found in some mammals including humans)
would complete some of the bony structures we describe.

In X. bhatnagari, the nasal fossa is divided sagittally
by an ossified nasal septum (ONS) such that left and right
respiratory passages are separated for most of their length
(Figure 4b). Like the hard palate, the ONS is relatively
short in X. bhatnagari, extending from a point level with
the anterior root of M1 to the cribriform plate caudally
(Figure 4b). We interpret a jagged-edged hole or gap in
the ONS (Figure 4b) to represent either a preservational
artifact, or perhaps an area of missing cartilage; in the
same area in X. halli there is a complete absence of the
ONS (see below and Figure 4e). In X. halli, the ventral
edge of the ONS meets the short hard palate rostrally at
approximately the same point with respect to the tooth
row (although closer to the external nares, due to greater

nasal retraction), but it then curves dorsally away from
the hard palate such that in lateral view (Figure 4e) there
is a wide gap between the hard palate and the smooth
ventral edge of the ONS for at least half its length, leaving
the left and right respiratory passages undivided by bone
caudoventrally. Further, whereas in X. bhatnagari the left
and right olfactory recesses are mostly separated by the
ONS, in X. halli they are either in open communication
or were separated in life by cartilage or soft tissue
(Figure 4e). In both species, the ONS meets the roof of
the nasal fossa approximately halfway along the nasal
chamber's length such that the rostrodorsal part of the
fossa was also evidently undivided by the ONS
Figure 4b,e). The ONS has a large central vacuity that
increases in size caudally (Figures 4–6).

In the absence of ontogenetic data about the internal
nasal structures in extant rhinonycterids, it is difficult to

FIGURE 4 (a–c) Xenorhinos bhatnagari sp. nov. 3D model of paratype cranium (QM F61042). (a) Anterior view showing ossified nasal

septum (ONS, lilac) and laminae (green). (b) Sagittal section showing ONS (purple). (c) Parasagittal section showing ethmoidal turbinals

(red, yellow) in olfactory recess, and rostral laminae and/or turbinals (green, fuchsia). (d–f) Xenorhinos halli Hand, 1998a. 3D model of

holotype cranium (QM F22918). (d) Anterior view. (e) Sagittal section showing ONS (lilac). (f) Parasagittal section showing ethmoidal

turbinals (red, yellow) in olfactory recess, and rostral laminae and/or turbinals (green, fuchsia). Colors correspond to possibly homologous

structures in the two species. C1, upper canine; et, ethmoturbinal; fr, ?frontoturbinal; fs, frontal sinus; LH, lamina horizontalis; M3, third

(last) upper molar; na, external nares; NPD, nasopharyngeal duct; OC, oral cavity; ONS, ossified nasal septum; OR, olfactory recess; pal,

hard palate.
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ascertain homologies for ethmoturbinal elements and lami-
nae in the extinct Xenorhinos species, particularly given the
evident reduction and fusion between these elements that
occur in this bat family (e.g., Curtis & Simmons, 2017; Ito
et al., 2021; Smith et al., 2012). Therefore, in the descriptions
below, we have used general terms to note differences
between X. bhatnagari and X. halli in these structures, except
where it seems reasonable to be more specific or to speculate
about their identity by extrapolating from understanding
about extant hipposiderids and rhinolophids (Curtis &
Simmons, 2017; Curtis et al., 2020; Ito et al., 2021).

A series of ethmoidal turbinals and associated lami-
nae are preserved in specimens of both Xenorhinos spe-
cies (Figures 4–6). As in other rhinolophoids, the lamina

horizontalis (LH) appears to be near vertically orientated
(Ito et al., 2021), being inclined rostrodorsally with
respect to the rostrocaudal plane, and this at least par-
tially separates the nasopharyngeal duct from the olfac-
tory recess. In Xenorhinos species, however, there is
incomplete lateral development of the LH (and possibly
also the lateral processes of the vomer) caudal to the pos-
terior limit of the hard palate, such that the olfactory
recess is open rostromedially (Figure 3c,f). Curtis and
Simmons (2017) found that most rhinolophids have
fenestrae in the LH between the ethmoturbinals, or the
lamina is otherwise solid.

The LH also partially divides each nasal cavity sagit-
tally into a rostrolateral maxillary chamber and narrower

FIGURE 5 Xenorhinos bhatnagari sp. nov., paratype cranium (QM F61042). Parasagittal CT slices (left), with white line indicating

position of coronal CT slices (right). Colors as in Figure 4, that is, ethmoidal turbinals (yellow, red) and rostral laminae and/or turbinals

(green). et, ethmoturbinal; fs, frontal sinus; LH, lamina horizontalis; MX, maxilla; NPD, nasopharyngeal duct; ONS, ossified nasal septum;

OR, olfactory recess; pal, hard palate; ZYG, zygoma.
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median passage (Figure 4a). This lamina extends rostro-
ventrally only for a short distance (Figure 4) but dorsally
extends to articulate with a number of lamina and eth-
moidal structures in the roof of the nasal fossa (see
below). Rostrodorsally, it branches to partly fill the nasal
cavity, protruding conspicuously into the median pas-
sageway (Figure 4a,d). In X. bhatnagari, the structure is
larger, has a more bulbous profile, is thinner-boned with
more perforations, and extends further ventrally into the
respiratory passage than in X. halli (Figure 4f). We can-
not be certain whether this structure is solely part of the
LH or if it incorporates some of the anterior part of

ethmoturbinal I or ethmoturbinal II (as Ito et al., 2021
note for other bats) or the maxilloturbinal (Curtis &
Simmons, 2017). In X. halli, the LH meets the cranial
vault caudomedially, but there is no connection to this in
X. bhatnagari (compare Figures 5d and 6d). Xenorhinos
species lack the distinctive strand-like medial and lateral
turbinal processes (of the maxilloturbinal or ethmoturb-
inal I) that characterize rhinolophid bats (Curtis &
Simmons, 2017; Curtis et al., 2020; Ito et al., 2021).

In rhinolophoids more broadly, the maxilloturbinals
are relatively reduced (Ito et al., 2021), and particularly
so in rhinonycterids (Curtis & Simmons, 2017). A

FIGURE 6 Xenorhinos halli Hand, 1988a, holotype cranium (QM F22918). Parasagittal CT slices (left), with white line indicating

position of coronal CT slices (right). Colors as in Figure 4, that is, ethmoidal turbinals (yellow, red) and rostral laminae and/or turbinals

(green). C1, upper canine; et, ethmoturbinal; fs, frontal sinus; LH, lamina horizontalis; M2, second (middle) upper molar; M3, third (last)

upper molar; MX, maxilla; NPD, nasopharyngeal duct; ONS, ossified nasal septum; OR, olfactory recess; pal, hard palate; ZYG, zygoma.
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maxilloturbinal is evidently absent in R. aurantia
(Curtis & Simmons, 2017), and in T. persicus a small bony
projection ventral to the opening of the lateral nasal
swelling may represent a greatly reduced maxilloturbinal
(Curtis & Simmons, 2017; Ito et al., 2021). An equivalent
structure is not obvious in Xenorhinos species
(Figure 4c,f) but may be present as an undifferentiated
portion of the hard palate, or forms part of the mid-
rostral turbinal structure noted above. A nasoturbinal is
also not apparent, or is otherwise not preserved in our
Xenorhinos specimens.

In Xenorhinos species, a frontoturbinal may be pre-
sent, as it is in other rhinolophoids (Ito et al., 2021). In
the dorsocaudal space of the lateral recess, caudal to the
LH, a curved structure extends ventrally and rostrally
from the roof of the nasal fossa (internal surface of the
frontal) to meet the vertical section of the LH
(Figure 4c,f; Figures 5 and 6), as it does in (e.g.) hipposi-
derids Aselliscus stoliczkanus and Hipposideros gentilis
(Ito et al., 2021, Figure 6). The frontoturbinal extends
anteriorly as well as medially, making two connections to
the LH in X. bhatnagari, whereas in X. halli a single con-
tact appears to be restricted to the posterior edge of LH
(Figure 4c,f). In X. bhatnagari, there is some separation
(or at least a depression) between what has been inter-
preted here to be the lateral extension of the LH and the
frontoturbinal, hinting at these being separate elements
(Figure 5c).

Further caudally, in the olfactory recess, two parallel,
sheet-like ethmoturbinals are present in both species of
Xenorhinos (Figures 4c,f, 5e,f and 6e,f). These draped turb-
inals appear to be better developed (have a greater surface
area) than the reduced, plate-like elements that have been
reported for extant rhinonycterids (i.e., R. aurantia and
T. persicus; Curtis & Simmons, 2017, Figures 13 and 14).
In Xenorhinos spp., the dorsal-most of these ethmoturb-
inals occurs in a position similar to that seen in rhinolo-
phids (Curtis & Simmons, 2017) and some hipposiderids
(Ito et al., 2021, Figure 6), and articulates with the LH
about half way along its length in lateral profile
(Figures 5e and 6e). This ethmoturbinal (ethmoturbinal I?)
is slightly sinusoidal (more so in X. halli) and curves dorso-
caudally to meet the cranial vault and cribriform plate
(as in the hipposiderid H. gentilis; Ito et al., 2021). In
X. bhatnagari, this ethmoturbinal is highly perforated and
the surface and shape is irregular where it meets LH,
rather than a smooth sheet as in X. halli. It is shorter ros-
trocaudally in X. bhatnagari than it is in X. halli
(Figure 4c,f). The second, more caudal ethmoturbinal in
the olfactory recess (ethmoturbinal II?) meets the LH only
lateroventrally (i.e., it is not a wide sheet that extends
medially as in ethmoturbinal I). In both Xenorhinos spe-
cies, this second ethmoturbinal curves sharply ventrally

for its rostral-most third and is also perforated medially.
Neither of the ethmoturbinals are conspicuously scrolled
or branched in Xenorhinos species.

Body size: Long bone shaft diameter provides the
most accurate estimate of body mass in bats (Giannini
et al., 2012; Gunnell et al., 2009; Moyers Arévalo
et al., 2020; Safi et al., 2013). We used humerus shaft
diameter to estimate body mass in Xenorhinos bhatnagari
based on the mean of 10 complete and near-complete
humeri from RSO Site (AR11454A) referred to this taxon
on the basis of size and similarity to those of the extant
R. aurantia and T. persicus, and extinct French and River-
sleigh Brachipposideros species (SJH, pers. obs.). Using
the equations of Gunnell et al. (2009) and proxy of maxi-
mum mid-shaft diameter of the humerus, we estimate a
body mass of 36.67 g for the early Miocene X. bhatnagari,
which is twice the weight of the largest living rhinonyc-
terid species, T. persicus (�18 g), and 10 times that of the
smallest extant species, C. percivali (�3 g) (Benda, 2019).
We have not yet been able to confidently associate post-
crania with crania for X. halli, but because it shares simi-
lar skull and dental dimensions with X. bhatnagari
(Table 2), it seems likely that the two species were of
approximately similar body mass.

5 | PHYLOGENETIC
RELATIONSHIPS

In our phylogenetic analysis, Xenorhinos bhatnagari could
be scored for 54 of 65 characters in the craniodental char-
acter matrix, rendering it 83% complete, while X. halli was
scored for 60 of 65 characters (92% complete); for both spe-
cies, missing values relate largely to upper and lower inci-
sor morphology (see Supporting Information File S1). A
total of 64 characters were parsimony informative. Con-
strained parsimony analysis found a single most parsimo-
nious tree (tree length 442 steps, CI 0.213, RI 0.553;
Figure 7; Supporting Information File S2). Because numer-
ous relationships among extant rhinolophoids were speci-
fied a priori by the molecular scaffold, tree support values
were not calculated. Rhinonycteridae and Hipposideridae
were both monophyletic, and relationships in both fami-
lies were fully resolved (Figure 7).

Within Rhinonycteridae, Australian Miocene Xenor-
hinos spp. formed the sister taxon to a clade of Australian
extinct and extant Rhinonicteris, Brevipalatus and Bra-
chipposideos species. Sister to this broad Australian group
was a clade consisting of the extant African Triaenops
persicus and Malagasy T. menamena. One step removed
was a clade comprised of the extant southern African
Cloeotis percivali and Australian middle Miocene Arche-
rops annectens, with Malagasy Paratriaenops furcula
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sister to those species (Figure 7). Apparent apomorphies
of Xenorhinos spp. include a very wide interorbital area,
extremely short palate, enlarged lacrimal foramen,
greatly reduced pterygoid, anterior position of pterygoid
hamulus, greatly constricted sphenorbital bridge, and sig-
nificant post-palate exposure of the ossified nasal septum.

Within Hipposideridae, relationships among numerous
extant species were constrained by, and therefore broadly
consistent with, those of Álvarez-Carretero et al. (2022); we
found Hipposideros to be paraphyletic (extant species of
Anthops, Aselliscus, Coelops, Doryrhina, and Macronycteris,
occurring among Hipposideros species), and Asellia tridens
to be basal to other hipposiderids (see also Álvarez-
Carretero et al., 2022; Amador et al., 2018; Foley
et al., 2015, 2017; Patterson et al., 2020). We included the
early Miocene Australian Hipposideros bernardsigei and Riv-
ersleigha williamsi, and French H. (Pseudorhinolophus) bou-
ziguensis, three fossil taxa previously assigned to
Hipposideridae (Hand, 1997a, 1998b; Ravel et al., 2016;
Sigé, 1968; Wilson et al., 2016). In our analysis, Hipposideros

bernardsigei grouped with extant African, New Guinean
and Australian Hipposideros species (see also Wilson
et al., 2016), while H. (Ps.) bouziguensis and R. williamsi
grouped with a clade of extant Asian Hipposideros species
that included H. larvatus, H. armiger, and H. lankadiva.
Given this result, it is possible that R. williamsi might ulti-
mately be recognized as a species of Hipposideros, although
this was not a conclusion reached in analyses by Hand &
Kirsch (1998; see also Wilson et al., 2016 regarding River-
sleigha), and we remain circumspect while revision of the
speciose and taxonomically-challenging family Hipposideri-
dae continues (Foley et al., 2017; Patterson et al., 2020).

6 | DISCUSSION

6.1 | Evolutionary history of
rhinonycterids

The phylogenetic relationships of bats in the superfamily
Rhinolophoidea have been recently examined by several
authors (e.g., Álvarez-Carretero et al., 2022; Amador
et al., 2018; Foley et al., 2015; Wilson et al., 2016), with
interpretations of relationships among rhinonycterid gen-
era varying between studies. In the most recent and com-
prehensive molecular study (of Mammalia), Álvarez-
Carretero et al. (2022) sampled 182 genes in seven of the
nine extant rhinonycterid species and recovered sister-
group relationships between Cloeotis and Paratriaenops,
and separately Rhinonicteris and Triaenops. This con-
trasts with the earlier molecular results of Foley et al.
(2015), who recovered a closer relationship between
Triaenops and Cloeotis species (tree topology of [(Para-
triaenops, ((Triaenops, Cloeotis), Rhinonicteris)]), as did
Amador et al. (2018; although they did not sample Rhino-
nicteris). Using a similar craniodental matrix to ours but
a backbone constraint based on the molecular results of
Foley et al. (2015), Wilson et al. (2016) identified a sister-
group relationship between extant African Triaenops and
Australian Miocene Xenorhinos species among rhinonyc-
terids. Here, we used a molecular constraint based on the
results of Álvarez-Carretero et al. (2022) and found Triae-
nops species formed the sister group of a broader group
of extinct and extant Australian rhinonycterids that
included Xenorhinos species; more distantly from this
clade, we found a sister-group relationship between
extant African Cloeotis and Australian Miocene Archerops
(Figure 7), as did Wilson et al. (2016).

An African origin for family Rhinonycteridae has
been proposed by most authors, with the split of Rhino-
nycteridae from Hipposideridae thought to have occurred
in the Afrotropics around 45–40 Ma (Amador et al., 2018;
Chornelia & Hughes, 2022; Foley et al., 2015). It is

FIGURE 7 Single most parsimonious tree (length 442 steps, CI

0.213, RI 0.553) resulting from maximum parsimony analysis of

65 craniodental character matrix, with relationships among extant

rhinolophoid taxa constrained by the results of recent molecular

analyses (Álvarez-Carretero et al., 2022). † indicates extinct taxon.
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proposed that rhinonycterids initially diversified in Africa
and gave rise there to three of the four extant lineages,
with a single dispersal to Australia producing the Rhino-
nicteris lineage (Chornelia & Hughes, 2022; Foley
et al., 2015). In these models, divergence of extant genera
began 30–20 Ma, and modern species diversification
some 5–3 Ma (Amador et al., 2018; Chornelia &
Hughes, 2022; Foley et al., 2015). Our phylogeny suggests
a minimum divergence date for the Triaenops lineage
from other rhinonycterids of >25 Ma, the minimum age
of the extinct Rhinonicteris tedfordi from Riversleigh's
Faunal Zone A deposits (Archer et al., 2006; Arena
et al., 2016; see Figure 7).

When fossil rhinonycterids are included in the phylo-
genetic analyses, a more complex biogeographic history
is apparent for Australian Rhinonycteridae. Middle
Eastern-African-Malagasy Triaenops species appear to
form the sister-group of part of the Australian radiation
and Cloeotis percivali sister-group to the Australian
Archerops annectens lineage. This would suggest at least
two separate dispersals of rhinonycterids between Africa
and Australia before the late Oligocene (�25 Ma), as was
found also by Wilson et al. (2016) using an alternate
molecular constraint. Bats have demonstrated excep-
tional overwater dispersal abilities. At least two oceanic
crossings of >3,000 km are inferred for bats to have
reached Hawaii from North America (Russell et al., 2015;
Ziegler et al., 2016), and rhinonycterids (Triaenops and
Paratriaenops spp.) appear to have made multiple, unidi-
rectional crossings between the African mainland and
Madagascar in the later Cenozoic (Russell et al., 2008;
Samonds et al., 2013). Nevertheless, direct overwater dis-
tances between Australia and Africa or the Middle East
would probably have been prohibitive for bats then
(Samonds et al., 2013) as now (>7,000 km).

Alternatively, a more contiguous paleodistribution of
rhinonycterids in the Old World tropics and subtropics, fol-
lowed by differential extinctions, could have resulted in the
family's modern disjunct distribution (Figure 1), and be con-
sistent with our phylogeny, that is, there being more than
one source/origin for the Australian radiation (Figure 7).
Outside their modern distribution, rhinonycterids have been
recorded from France (Sigé, 1967, 1968; Legendre, 1982),
Germany (Ziegler, 1994, 2003), Spain (Álvarez Sierra
et al., 2006), and Thailand (Mein & Ginsburg, 1997) and,
within their current range, from Oman (Sigé et al., 1994),
Australia (Hand, 2006; Sigé et al., 1982), and Madagascar
(Samonds, 2007) (Figure 1; Table 1). In Europe, one to three
rhinonycterid species occur in several Oligo-Miocene
(25–12 Ma) deposits (Table 1), before the family disappears
in the later Miocene when regional and global temperatures
and precipitation began to fall (Legendre, 1982; Zachos
et al., 2001).

In Australia, rhinonycterids have been continuously
present since at least 25 Ma, with several species recorded
from Riversleigh's oldest deposits (Hand, 2006, 2012).
How much earlier they occur there is not known, due to
the absence of an Australian land mammal record from
55 Ma to 26 Ma (Black et al., 2012; Long et al., 2002).
When the fossil record resumes after the gap, rhinonyc-
terids had already radiated in northern Australia
(Hand, 2006). It is also not known whether they were
ever in New Guinea; no living or fossil rhinonycterids are
known from New Guinea, but little of that landmass was
emergent before the late Miocene (Hall, 2013) and the
island's subsequent mammal fossil record is still poorly
known (Beck, 2017; Black et al., 2012).

6.2 | Australian rhinonycterid diversity
and paleohabitat

More than 300 different fossil vertebrate assemblages
have been recorded in the Riversleigh WHA, and many
of these accumulated in fossil caves (Archer et al., 1994;
Arena, 2004; Arena et al., 2014). These cave deposits are
characterized by the presence of flowstone, stalagmites,
cave pearls and rim pools, and an abundance of bat bones
and guano-derived phosphates (Arena et al., 2014). Cave-
roosting species are the most diverse and abundant bats
represented in the Riversleigh deposits, but cave-dwelling
has not been a prerequisite for being preserved, as the
fish, frogs, turtles, crocodiles, snakes, lizards, birds, and
many marsupials found in these deposits demonstrate
(Archer et al., 2006).

Of the many Riversleigh fossil bats recorded, rhino-
nycterids are the most speciose and abundant, with at
least 12 species identified from late Oligocene to middle
Miocene sites and an additional four species from the
early Pleistocene, and some species being represented by
dozens of specimens each (Archer et al., 1994;
Hand, 2006, 2012). Other kinds of bats also occur in the
deposits, generally in smaller numbers, such as emballo-
nurids, hipposiderids, megadermatids, molossids, vesper-
tilionids, and mystacinids (see Hand, 2006, 2012).
Xenorhinos bhatnagari is preserved in the early Miocene
RSO Site deposit with several other rhinonycterid species
(representing at least two genera—Rhinonicteris and Bra-
chipposideros), marsupials, birds, lizards and frogs
(Archer et al., 2006). In Riversleigh's older Bitesantenn-
ary Site deposit, Xenorhinos halli is preserved also with
frogs, lizards, birds, marsupials, as well as a megaderma-
tid bat and at least eight other bat species, representing
four genera—Brevipalatus, Riversleigha, Rhinonicteris and
Brachipposideros (Hand & Archer, 2005). For both RSO
and Bitesantennary Sites, the immediate depositional
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environment is interpreted to have been a cave developed
in Oligocene freshwater limestone surrounded by low-
land rainforest (Archer et al., 1994; Arena et al., 2014;
Travouillon et al., 2009).

Riversleigh's Xenorhinos bhatnagari and X. halli lived
during the warmest part of the Neogene, the Miocene Cli-
matic Optimum, which occurred between �17 and
14.5 Ma (Woodhead et al., 2016; Zachos et al., 2001). This
was a time of global warmth, and high sea levels and pre-
cipitation. The Riversleigh faunal assemblages during this
time are the most faunistically diverse of any on the
Australian continent, including today's Queensland wet
tropical rainforest communities (Archer et al., 1997, 2006).
Paleoecological studies of these biotas suggest that they
represent temperate lowland closed forest habitats, in con-
trast to the drier, less biodiverse assemblages that followed
late Miocene changes to vegetation and paleoenviron-
ments in northern Australia and globally (Archer et al.,
1995; Myers et al., 2017; Travouillon et al., 2009;
Woodhead et al., 2016; Zachos et al., 2001). Long-term,
overall trends apparent from fossil and modern records for
bats in the Riversleigh WHA, over the last 25 million
years, show a decline in rhinonycterids, hipposiderids and
mystacinids, an increase in diversity in vespertilionids,
pteropodids, and emballonurids, and relatively stable
diversity in megadermatids and molossids (Hand, 2012).

The early Miocene rainforest paleoenvironments that
Xenorhinos species inhabited contrast with the habitats of
living rhinonycterids, which occur today in Australia and
elsewhere in predominantly drier environments, typically
tropical and subtropical monsoonal forests, open savanna
woodlands, shrublands and grasslands (Benda, 2019).
Australia's only surviving rhinonycterid, R. aurantia, still
lives in the Riversleigh area today, in open savanna
woodlands and grasslands, although it roosts only in
warm, extremely humid caves which are sparsely distrib-
uted across northern Australia (Churchill et al., 2008;
Figure 1). This species does not occur in today's bat-rich,
closed forests on Australia's east coast, and there is no
fossil evidence of rhinonycterids having occurred there
(e.g., Hocknull et al., 2007).

As noted above, modern rhinonycterid diversity
appears to be lower than it was in the past in some
regions (i.e., the early to middle Miocene of Europe and
northern Australia), where three or more syntopic species
occur in several fossil deposits (Table 1). Rhinonycterid
extirpation in Europe has been associated with global
drying and cooling that began in the later Miocene
(Legendre, 1982; Zachos et al., 2001), and changing cli-
matic conditions may also have initiated a decline in rhi-
nonycterid diversity in Australia at around the same time
(Hand, 2012). However, data points in the broader rhino-
nycterid fossil record are still few and far between, both

geographically and temporally, and it is difficult to
extrapolate these findings to other parts and periods of
their wide paleodistribution.

6.3 | Xenorhinos rostral morphology and
internal nasal structure

Nasal emission radically affects bony and soft tissue
structures immediately adjacent to the vocal tract, with
strong selective forces acting on the form of the pharynx
and larynx and their function during echolocation
(Pedersen, 1995). Possible correlates between nasophona-
tion and some of the most distinctive morphological
characteristics of X. halli were noted by Hand (1998a).
These features included a broad rostrum and interorbital
region, voluminous nasal fossa, pronounced ventral flex-
ion of the rostrum, very short hard palate (�1.5 M
length), extremely reduced palatines and pterygoids, pter-
ygoid hamulus in the rostral portion of cranium, and a
very constricted sphenoidal bridge.

Most of these distinctive characteristics observed in
X. halli also occur in X. bhatnagari, with differences
between the two species generally being a matter of
degree, and X. bhatnagari tending to be less specialized
than X. halli. For example, X. bhatnagari has less
retracted nasals, a slightly longer hard palate and slightly
less reduced palatines and pterygoids, less constricted
sphenoidal bridge, and smaller sphenorbital fissure (see
Description). There are also differences between the two
species within their nasal fossa. In X. bhatnagari, the
ossified nasal septum (ONS) separates the left and right
respiratory passages, as it does in most bats, whereas in
X. halli the ONS is reduced, leaving the nasal passages
only separated dorsally (partially) by bone. In
X. bhatnagari, the turbinals appear to be better developed
than they are in X. halli, but in both Xenorhinos species
they are much better developed than in extant rhinonyc-
terids (see below).

In the Old World nasal-emitting rhinonycterids, rhi-
nolophids and hipposiderids, the number and size of eth-
moturbinals in the olfactory recess have been reduced in
number and size compared with many other bats
(e.g., Eiting, Smith, & Dumont, 2014; Eiting, Smith,
Perot & Dumont, 2014; Giannini et al., 2012; Smith
et al., 2012, 2021). In the rhinonycterids R. aurantia and
T. persicus, the turbinals are reduced to a single plate-like
ethmoturbinal, and in R. aurantia the maxilloturbinals
are also absent, resulting in a respiratory pathway that is
completely devoid of turbinals (Curtis & Simmons, 2017;
Nelson et al., 2007). In T. persicus a small bony projection
ventral to the opening of the lateral nasal swelling may
represent a maxilloturbinal (Curtis & Simmons, 2017).
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There is evidence of turbinals potentially interfering with
patterns of sound wave diffraction in mammals (Lopez-
Proveda & Meddis, 1996), and Pedersen (2000) suggested
that in nasal-emitting bats there has been an evolution-
ary trade-off between olfaction and amplitude of the
echolocation call. In rhinolophids, hipposiderids, and rhi-
nonycterids, turbinals may affect impedance and/or fil-
tering of the fundamental and harmonics in the
echolocation call (Armstrong & Coles, 2007; Pedersen &
Müller, 2013); it has been noted that rhinolophid species
with larger turbinals typically emit lower frequency calls
than similarly-sized hipposiderids with reduced turbinals
(Curtis & Simmons, 2017).

In the early Miocene Xenorhinos species, the turbinals
are not nearly as reduced in number, form, or surface
area as they are in extant R. aurantia and Triaenops spe-
cies. This includes the ethmoturbinals in the olfactory
recess, whose greater surface area suggests relatively
more olfactory epithelium (Bhatnagar & Kallen, 1974b;
Smith et al., 2012), and potentially better olfaction in
Xenorhinos species than in the modern species. It also
includes the more rostral turbinals/laminae, which in
Xenorhinos species impinge on the respiratory passage
and appear to have intercepted airflow. These structures
presumably were vascularised and potentially carried
respiratory epithelium (Smith et al., 2012; Nelson
et al., 2007), perhaps tapping into the countercurrent sys-
tem that helps reduce respiratory heat and water loss in
mammals (Hillenius, 1992; Nelson et al., 2007). These
same turbinals/laminae lie also in the path of echoloca-
tion call transmission, and may have alternatively or
additionally played a role in nasophonation. Curtis &
Simmons (2017) found unique, strand-like medial and
lateral turbinal processes in rhinolophids that lie directly
in the respiratory pathway. These processes are covered
in a thin, poorly vascularized, sparsely ciliated mucosa
poorly suited for preventing respiratory heat and water
loss (Curtis et al., 2020), and instead appear to have been
co-opted for a role in echolocation call transmission
(Curtis et al., 2020).

Rhinonycterids use nasally-emitted, multiharmonic
quasi constant frequency (QCF) echolocation calls that are
well-suited to detecting insect prey in cluttered environ-
ments (Armstrong & Coles, 2007; Schnitzler & Kalko, 2001).
They use these calls to catch insects in the wing or tail
membrane, or by surface gleaning, while foraging low over
ground, grasses and bushes (Benda, 2019). Their prey con-
sists predominantly of moths, beetles, flies, termites, cicadas,
hemipterans, and cockroaches (Benda, 2019). Peak energy
in rhinonycterid echolocation calls ranges from a high fre-
quency in T. persicus (�80 kHz; Benda, 2019) to an ultra-
high frequency in C. percivali (212 kHz; Fenton &
Bell, 1981), the highest for any bat. A similar diet and high

frequency call to these extant rhinonycterid species might
be proposed for the extinct Xenorhinos species, based on
their dentition and by phylogenetic inference. However, the
cranial morphology in Xenorhinos species is in many
respects unlike that in modern rhinonycterids. The palate is
very short in Xenorhinos species, as is the ventral (but not
dorsal) interorbital region, with the pterygoid hamulus
occurring in the rostral portion of the skull. The nasophar-
ynx was thus also presumably very short, probably radically
affecting the frequency of the echolocation call in these bats
(Armstrong & Coles, 2007; Hand, 1998a; Hartley &
Suthers, 1988; Pedersen, 2000; Pedersen & Müller, 2013;
Suthers et al., 1988). The presence of well-developed ante-
rior and ethmoidal turbinals, and the incomplete bony divi-
sion of the nasal fossa, may well have modified call
resonance and amplitude in the species of Xenorhinos.

Xenorhinos species were also quite large bats compared
to extant rhinonycterids, with X. bhatnagari estimated to
have a body mass of 36.67 g, twice that of the largest rhi-
nonycterid alive today and 10 times that of the smallest
extant species (see Body Size, above). The widely-
recognized negative relationship between call frequency
and body size in bats (Jones, 1999) would predict a lower
frequency call for Xenorhinos species than for extant rhi-
nonycterids, enabling these relatively large bats to detect
larger prey and at greater distances. However, the negative
correlation between call frequency and body size in nasal-
emitters is complicated (e.g., Jacobs et al., 2007; Wu
et al., 2015), and the effects of body size, ecology, and phy-
logeny on echolocation calls have been shown to vary at
different taxonomic levels (Luo et al., 2019).

If our phylogeny is correct, it suggests that extreme turb-
inal reduction in living rhinonycterids (e.g., R. aurantia and
T. persicus) may represent convergent loss that occurs in both
large- and small-bodied species living in relatively dry or sea-
sonally dry habitats. Alternatively, better developed turbinals
in the fossil taxa could represent a retained plesiomorphy
and/or independent development in the Australian rainforest
Xenorhinos group. Broader survey of extant and extinct rhi-
nonycterid species should help to better assess these alterna-
tives. For extant rhinonycterid species, this might profitably
also include embryological, histological, physiological, and
functional observations (e.g., Armstrong & Coles, 2007;
Nelson et al., 2007). Regarding extinct taxa, several additional
rhinonycterid species represented by cranial and/or dental
remains are yet to be described from the Riversleigh WHA
and elsewhere. The inclusion of new rhinonycterid taxa,
combined with additional craniodental characters, would
help test the phylogenetic and paleobiogeographic hypothe-
ses presented here and elsewhere (e.g., Amador et al., 2018;
Chornelia & Hughes, 2022; Foley et al., 2015; Rossoni
et al., 2021; Samonds et al., 2013; Wilson et al., 2016), and so
too hypotheses regarding the evolutionary history of turbinal
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morphology in Rhinonycteridae (e.g., Nelson et al., 2007; this
paper).

Overall, it seems likely that the unique cranial mor-
phology in the early Miocene Xenorhinos bhatnagari and
X. halli may be correlated with an unusual echolocation
call and/or a particular feeding behavior. Recent discov-
eries of a skull of X. halli from Bitesantennary Site con-
taining well-preserved left and right petrosals, and
isolated petrosals of X. bhatnagari from RSO Site, provide
an opportunity to further investigate the likely auditory
and echolocation capabilities of Xenorhinos species compared
with extant rhinolophoid bats (Davies et al., 2013a, b),
differences that could reflect changes over time in the
way this group of bats has adapted to the changing envi-
ronments of northern Australia.
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APPENDIX A

LIST OF SPECIMENS IN PHYLOGENETIC
ANALYSIS
Institutional abbreviations: AM, Australian Museum, Syd-
ney; AMNH, American Museum of Natural History, New
York; AR, Vertebrate Paleontology Collection, University
of New South Wales, Sydney; BM(NH), Natural History
Museum, London; QM, Queensland Museum, Brisbane;
SMF, Naturmuseum Senckenberg, Frankfurt; UM, Univer-
sité Montpellier, Montpellier; USNM, National Museum
Natural History, Smithsonian Institution, Washington,
DC; WAM, Western Australian Museum, Perth.

Taxa: Hipposideridae: Anthops ornatus AM M5831, AM
M6351; Asellia tridens AR21820; Aselliscus tricuspidatus

AR21823; Coelops frithii BM(NH) 20.11.1.23, USNM 308,425,
AMNH107508; Doryrhina cyclops AM M29300; Hipposideros
armiger AR21821, WAM M21164; H. ater AR17662, WAM
M15920; H. bicolor AM M9231; H. caffer AM M9950;
H. cervinus QM J15117; H. corynophyllus AM M17966;
H. diadema AR5194, WAM M32581; H. galeritus WAM
M25961; H. jonesi BM(NH) 66.6244, BM(NH) 63.1605;
H. muscinus AM M17331; H. pomona BM(NH) 2003.298,
BM(NH) 1997.387; H. semoni AM M10207, WAM M18055;
H. speoris WAM M23642, AMNH M208842; H. stenotis AM
M9852, WAM M19319; H. wollastoni AM M21745; Macro-
nycteris commersoni AR21822, WAM M32679. Rhinony-
cteridae: Cloeotis percivali SMF47483, AMNH168160;
Paratriaenops furcula BM(NH) 95.1.6.8, BM(NH) 95.1.6.17;
Rhinonicteris aurantia AR2050; Triaenops persicus AR21824;
T. menamena AR22804. Megadermatidae: Megaderma
spasma AR21825;Macroderma gigas AR20505, AR5193. Rhi-
nolophidae: Rhinolophus megaphyllus AR1655, AM M12549;
R. euryale AR21828; R. hipposideros AMNH 245,359. Fossil
taxa: Archerops annectens Hand & Kirsch, 2003 QM F31570;
Brachipposideros nooraleebus Sigé et al., 1982 QM
F19034-19042; Brachipposideros watsoni Hand, 1997b QM
F22915; Brevipalatus mcculloughi Hand & Archer, 2005
QM F22821; H. bernardsigei Hand, 1997a QM F23859;
H. (Pseudorhinolophus) bouziguensis AR21819 Sigé, 1968,
UM CB172; Rhinonicteris tedfordi Hand, 1997b QM F22910;
Riversleigha williamsi Hand, 1998b QM F24100; Xenorhinos
halli Hand, 1998a QM F22918; X. bhatnagari QM F61041,
QM F61042 (this paper).

APPENDIX B

MOLECULAR SCAFFOLD TOPOLOGY USED IN
PHYLOGENETIC ANALYSIS
Molecular scaffold topology (in Newick format) of “back-
bone” constraint in the phylogenetic analysis based on
the results of Álvarez-Carretero et al. (2022).

((((((((((Hipposideros_speoris,Hipposideros_galeritus),
(Hipposideros_fulvus,((Hipposideros_pomona,Hipposide
ros_bicolor),Hipposideros_ater))),(Anthops_ornatus,((Hipp
osideros_armiger,Hipposideros_larvatus),(Hipposideros_
diadema,(Hipposideros_lylei,Hipposideros_turpis))))),Hipp
osideros_jonesi),(Coelops_frithii,Aselliscus_tricuspidatus)),
(((Hipposideros_caffer,Hipposideros_ruber),Doryrhina_cy-
clops),Macronycteris_commersoni)),Asellia_tridens),((Cloe
otis_percivali,Paratriaenops_furcula),(Triaenops_persic
us,Rhinonicteris_aurantia))),(Rhinolophus_euryale,Rhino
lophus_hipposideros)),Megaderma_spasma);
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