
ORIGINAL ARTICLE

Explosive radiation at the origin of Old World fruit bats
(Chiroptera, Pteropodidae)

Francisca Cunha Almeida1,2 & Lucila Inés Amador3 & Norberto Pedro Giannini3,4,5

Received: 5 July 2020 /Accepted: 3 January 2021
# Gesellschaft für Biologische Systematik 2021

Abstract
Pteropodidae constitutes one of the most diverse bat families. These bats have evolved a phytophagous diet, likely lost laryngeal
echolocation capability, and attained the largest body sizes among bats. Previous phylogenetic studies suggested that the family
might have experienced an explosive diversification at its origin. Here, we readdress this hypothesis using a macroevolutionary
approach based on Bayesian statistics (BAMM), a sampling of 139 pteropodid species, and divergence date estimates obtained in
a comprehensive phylogenetic study of Chiroptera with multiple fossil calibration points. We evaluated the effect of missing data
and of a reduced outgroup by repeating the analyses across simulated complete phylogenies and across a comprehensive
Yinpterochiroptera phylogeny, respectively. Additionally, we performed an alternative analysis to detect diversification-rate
shifts through time, the birth-death-shift method. In contrast with a previous study, we found strong statistical signals of rapid
diversification at the origin of Pteropodidae. BAMM also detected diversification-rate shifts (increases) at the origin of Pteropus,
as well as at crown Hipposideridae and Rhinolophidae. The birth-death-shiftmethod detected a shift at approximately 25 million
years ago, the estimated crown ages of both Pteropodidae and Hipposideridae. Our results point to a complex dynamics in the
evolution of bat families, likely related to key innovations, demographic factors, and environmental opportunity enhanced by
global-scale climatic and geographic changes.
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Introduction

One fundamental question in biology is how and why diver-
sity varies between groups of organisms (Cornwell and
Nakagawa 2017). Differences in diversity are observed in a

variety of groups and at different taxonomic levels such as
among vertebrate classes, mammalian orders, bat families,
and butterfly genera (Alfaro et al. 2009; Jones et al. 2005;
Mullen et al. 2011; Stadler 2011a). The number of species is
the most obvious aspect of diversity in which groups differ
between each other, but disparities are also observed in mor-
phology, diet types, mating systems, and virtually every other
organismic feature. Some taxa have high diversification rates
as a result of high speciation rates, low extinction rates, or a
combination of both, which are products of complex process-
es involving both extrinsic and intrinsic factors, such as cli-
mate, ecological opportunity, and adaptive novelties (Ricklefs
2007; Yoder et al. 2010; Dumont et al. 2012; Givnish 2015).
However, differences in diversity are expected because the
processes that generate biodiversity (i.e., speciation and genet-
ic differentiation) are stochastic to varying degree. Thus, to
determine whether a group presents a significantly elevated
(or reduced) diversification rate, it is necessary to use sophis-
t icated stat is t ical methods within a t ime-scaled,
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comprehensive phylogenetic framework (e.g., Chan and
Moore 2002; Rabosky 2006; Rabosky and Glor 2010;
Stadler 2011b; Rabosky et al. 2014).

We focus here in one group within bats (Chiroptera:
Mammalia), an order that includes ca. 1400 currently recog-
nized extant species classified into 21 families (Wilson and
Mittermeier 2019; Simmons and Cirranello 2020). This re-
markable diversity is, among the mammalian orders, only sec-
ond to that of rodents. Bats have also evolved a notable variety
of morphofunctional, ecological, and ethological adaptations.
Remarkably, the number of species greatly varies among cur-
rently recognized families, from just 1 (in Craseonycteridae)
or 2 (in Cistugidae, Myzopodidae, and Mystacinidae) to more
than 400 in Vespertilionidae (Simmons and Cirranello 2020),
prompting hypotheses of accelerated diversification rates in
several families (e.g., Jones et al. 2005; Lack and Van Den
Bussche 2010; Fenton 2010; Almeida et al. 2011; Monteiro
and Nogueira 2011; Rojas et al. 2012). Nevertheless, these
hypotheses have not been generally supported. In particular,
Shi and Rabosky (2015) addressed diversification rates in bats
using a supermatrix tree including 812 bat species, but they
found only a single diversification rate shift located at the base
of Stenodermatinae, a subfamily of New World leaf-nosed
bats (Phyllostomidae) with frugivorous habits, thereby
rejecting all other hypotheses of rapid diversification within
Chiroptera. Shi and Rabosky (2015) concluded that speciation
rates decelerated toward the present, and, more importantly,
that diversification rates have been relatively homogeneous
across the different chiropteran clades; this, in spite of the
dramatic richness differences observed across chiropteran
families (see above).

Pteropodidae (Old World fruit bats), with approximately 200
species (45 genera) and several peculiar morphofunctional traits,
stands among the highly diverse bat families (Wilson and
Mittermeier 2019; Simmons and Cirranello 2020). While a ma-
jority of bats feed on insects, Pteropodidae is the only exclusively
phytophagous bat family. In fact, phytophagy has rarely evolved
in bats, but intensely so within Phyllostomidae and in the ances-
tor of all pteropodids (Giannini 2019). Pteropodids are also out-
standing among bats for lacking the laryngeal echolocation ca-
pability present in all other bat families (probably as a result of a
secondary loss; see Teeling et al. 2012; Boonman et al. 2014;
Wang et al. 2017; Thiagavel et al. 2018), and for their wide
interspecific body size variance, including the by far largest bat
species (Nowak 1994). Mean body size in species of Old World
fruit bats ranges from 14 to ca. 1500 g, while in all other bat
families, body size has a median value of ~ 16 g (never
exceeding 250 g; see Moyers Arévalo et al. 2020 and citations
therein). The evolution of very large sizes in pteropodids has
been hypothesized to be a consequence of the functional release
from physical constraints imposed by echolocation on body size
(see Moyers Arévalo et al. 2020 and citations therein). Lack of
sophisticated laryngeal echolocation made pteropodids

dependent upon olfaction and vision to navigate in search for
food, mates, and roost, although echolocation based on tongue-
clicking (in Rousettus) and wing clicking (in several other gen-
era) evolved secondarily in a few pteropodids allowing these
forms to inhabit dark caves (Yovel et al. 2011; Boonman et al.
2014).

Pteropodids are restricted to the tropics of Africa, Asia, and
Oceania, including many islands of the Indian and Pacific
Oceans (Nowak 1994; Giannini 2019). This family composes
the clade Yinpterochiroptera (Teeling et al. 2005; Amador
et al. 2018) along with the superfamily Rhinolophoidea,
which includes six families of insectivorous bats, also distrib-
uted in the Old World. The first comprehensive phylogeny of
Pteropodidae included 56 terminals representing 42 genera,
and it was based on an 8181 bp molecular matrix that com-
bined mitochondrial and nuclear loci (Almeida et al. 2011).
Despite recovering several suprageneric relationships with
high support (including many of the subfamilies proposed
by Bergmans 1997), the analyses were not able to resolve
the family’s basal relationships. Both systematic bias and phy-
logenetic conflict were statistically dismissed as causes of the
polytomy. This result led the authors to hypothesize that
crown pteropodids experienced an explosive radiation, which
would account for the blurred phylogenetic signal at the base
of their phylogeny and for their high taxonomic and morpho-
logical diversity. More recently, several phylogenetic studies
analyzed ever more comprehensive samplings of
Pteropodidae at the species level and confirmed the difficulty
in resolving its deep relationships (Shi and Rabosky 2015;
Amador et al. 2018; Almeida et al. 2020). Nevertheless, the
hypothesis of high diversification rate at the origin of
Pteropodidae was not supported by a recent macroevolution-
ary study on bats (Shi and Rabosky 2015).

Diversification rates are intrinsically dependent on diver-
gence time estimates. Yet, there are significant differences
between the estimates of bat families ages obtained in differ-
ent studies. In the particular case of Pteropodidae, the origin of
the family has been dated, depending on the study, from ~ 25
million years ago (mya; Teeling et al. 2005, Jones et al. 2005,
Amador et al. 2018) to ~ 40 mya (Shi and Rabosky 2015).
These important differences in clade age estimates prompted
us to readdress the hypothesis of an explosive radiation of
Pteropodidae (Almeida et al. 2011) using macroevolutionary
methods that allow for the detection of diversification rate
shifts on a dated phylogeny. Our analyses were based on a
recent, updated tree for the family (Almeida et al. 2020) that
includes 75% of the currently recognized species. We used
age estimates obtained in the study of Amador et al. (2018),
which included 804 bat terminals and 44 fossil-based calibra-
tion points (the largest sample so far in bat studies), anchoring
the origin of Pteropodidae at ca. 26mya.We controlled for the
effects of outgroup size using simulations and different
datasets. The results showed a strong statistical support for
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an increased diversification rate in the origin of Pteropodidae,
in agreement with the advanced hypothesis. Surprisingly, sim-
ilar results were also obtained for other large bat clades related
to Pteropodidae, thus questioning the general perception of
bats evolving at uniform rates since the Eocene.

Methods

Phylogenetic tree

Our analyses used a phylogenetic hypothesis obtained from a
matrix that includes 139 pteropodid species, representing all 45
currently recognized pteropodid genera, plus six outgroup spe-
cies (Almeida et al. 2020). The majority of the ~ 47 pteropodid
species missing from the matrix belong to the highly diverse
genera Nyctimene (~ 15 species), Dobsonia (~ 14), and
Pteropus (~ 63), which were represented in the matrix by 6, 8,
and 51 species, or 40%, 57%, and 81% of genus richness, re-
spectively. Species richness in Pteropodidae is only a rough es-
timate as several pteropodid genera are awaiting taxonomic revi-
sion, and genetic samples have been difficult to obtain for the
missing species. The six outgroup species belong in the super-
family Rhinolophoidea, which has been consistently recovered
as sister to Pteropodidae (e.g., Teeling et al. 2000; Lei and Dong
2016; Amador et al. 2018). Our supermatrix included eight loci;
nuclear loci included exon 28 of the vonWillebrand Factor gene
(vWF, 1230 bp), partial recombination activating gene 1 (RAG1,
1084 bp), partial recombination activating gene 2 (RAG2,
760 bp), and partial breast cancer 1 gene (BRCA1, about
1370 bp); mitochondrial loci included complete cytochrome b
gene (Cytb, 1140 bp), partial rRNA 12S gene (1069 bp), the
valine tRNA gene (67 bp), and partial rRNA 16S gene
(1330 bp). Phylogenetic relationships were inferred using both
maximum likelihood and Bayesian methods and were the basis
for a new classification of pteropodids (Almeida et al. 2020).
Further details on the molecular methods, phylogenetic analysis,
and taxonomic implications of the results are described in
Almeida et al. (2020).

Dated phylogeny

The first step for the diversification analyses was to obtain a
dated tree using Bayesian methods implemented in the pro-
gramBEAST 1.8.4 (Drummond and Rambaut 2007). A draw-
back for divergence time estimation in Pteropodidae is the
dearth of fossils assigned to this family in general and the
lack of old fossils in particular. We therefore used
divergence dates from Amador et al. (2018) as the most reli-
able estimates obtained so far because their analysis included a
comprehensive sampling of bat diversity (~ 800 species from
all families), and dating was based on multiple, taxonomically
undisputed fossil calibration points (44 in total) across the

entire order Chiroptera. From that analysis, we took seven
time confidence intervals for cladogenetic events as soft
bounds with normal distribution in order to calibrate our
pteropodid phylogeny (Supporting Information Table S1).
The sequence data were separated into the optimum
partitioning scheme to which were applied the best substitu-
tion models according to PartitionFinder2 (Lanfear et al.
2017). The analysis was set to use an uncorrelated relaxed
clock (Drummond et al. 2006) and a birth-death process with
incomplete sampling as tree prior. A Markov Chain Monte
Carlo (MCMC) was set in two runs of 15 million generations,
sampling every 5000 generations, after which convergence
was checked with Tracer. Results of the two runs were com-
bined using LogCombiner and resumed in a consensus tree
with TreeAnnotator (both from BEAST 1.8.4 package,
Drummond and Rambaut 2007). Resulting divergence date
estimates were very similar to the ones obtained in Amador
et al. (2018), generally within ± 1 my.

Macroevolutionary analysis

As a first approach, we calculated the γ-statistic and its sig-
nificance for the pteropodid tree using the package phytools
for R (Revell 2012). The γ-statistics is a measure of
diversification-rate trends along the phylogeny: positive
values are associated with increasing rates, while negative
values reflect higher rates at the clade origin with a subsequent
decrease (Pybus and Harvey 2000).

To test the hypothesis of an explosive radiation of crown
pteropodids, we used the Bayesian method introduced by
Rabosky et al. (2014) and implemented in the program
BAMM v. 2.5.0 (Bayesian Analysis of Macroevolutionary
Mixtures, Rabosky et al. 2014). The method uses reversible
jump to find shifts in evolutionary regimes (i.e., speciation and
extinction rates) in a time-calibrated phylogeny. This
Bayesian framework allows extracting the probability of dif-
ferent shift events that may have occurred in the phylogeny
from their relative frequencies in the MCMC output, and the
significance of differences in these probabilities can be
assessed with Bayes factor. The analysis assumes that transi-
tions between regimes occur under a Poisson process with a
minimum number of shifts equal to zero (i.e., the entire phy-
logeny evolves under the same rate) and no upper limit. To
generate priors for the analysis, we used the package
BAMMTools v. 2.1.6 for R (Rabosky et al. 2014). We ran
BAMM using these priors for 1 million generations, sampling
every 1000 generations. The results were summarized and
visualized with BAMMTools. Upon inspection of the
MCMC log likelihoods, we discarded the first 10% genera-
tions as burn-in, resulting in effective sample sizes of 694 and
758 for the number of shifts and log likelihood, respectively.
The analysis was rerun twice, increasing the number of ex-
pected shifts to 2 and 3, but the results did not change. We
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obtained from BAMM the number of shifts favored by Bayes
factor, best shift configuration, 95% credibility set of shift
configuration, and macroevolutionary cohorts (i.e., lineages
with high pairwise probabilities of having originated under
the same diversification processes; Rabosky et al. 2014).

Additionally, we calculated the species-level lineage diver-
sification rate (DR; Jetz et al. 2012) to check for more recent
shifts in diversification rates. The DR statistic is less conser-
vative compared with BAMM, allowing for the detection of
more sudden shifts, although this estimate presents a larger
variance (Title and Rabosky 2017).

Effect of missing taxa

Diversification analysis should be ideally run on complete phylog-
enies (nomissing taxon), but our dataset included only about 75%
of known pteropodid species. To evaluate the effect of missing
taxa in the BAMM analysis and the possibility of additional shifts
within Pteropodidae, we simulated complete sampling phyloge-
nies including 186 pteropodid species based on Simmons (2005;
more recent estimates point to ~ 200 extant species). For that, we
addedmissing pteropodid species to thematrix and scoredmissing
data to all characters.We then setMrBayes v. 3.2.6 (Ronquist and
Huelsenbeck 2003) searches constraining the monophyly of the
genera with species with all missing data. We also set divergence
time constraints to the speciose genera with many missing species
(i.e., Dobsonia, Nyctimene, Pteropus, and Rousettus) setting the
ages according to the Pteropodidae dated tree obtained herein. For
Nyctimene, we set a uniform age prior varying from 9.3 to 14
million years (my), which were the mean crown Nyctimene age
and the mean age of the split from Paranyctimene (sister genus),
respectively. For Dobsonia, we used the same approach and ap-
plied the range 6.8 to 14 my, considering the divergence with
respect to Aproteles. For Pteropus and Rousettus, for which we
hadmore comprehensive samplings in previous phylogenies (e.g.,
Almeida et al. 2014;Amador et al. 2018; Tsang et al. 2020),we set
fixed ages at 8.28 and 10.4my (crown ages), respectively.We also
fixed the stem and crown Pteropodidae ages at 55.4 and 25.3,
respectively, following our previous estimates (Amador et al.
2018). A strict clock was applied with a rate normally distributed
with mean 0.0041 substitutions per site per million year and stan-
dard deviation of 0.001 (as previously estimated; Amador et al.
2018). The resulting consensus tree is available as supporting in-
formation (Fig. S1). From the posterior distribution of the obtained
trees, after discarding 20% samples as burn-in, we randomly se-
lected 10 trees to run BAMM as described above.

Effects of divergence time estimates and reduced
outgroup

To evaluate whether the use of a reduced outgroup (only six
species) could be affecting the detection of a shift at the origin
of Pteropodidae, we ran BAMM on trees simulated under two

different time regimes. Using the TreeSim v.2.4 package for R
(Stadler 2011b) and the sim.bd.age.taxa command, we obtain-
ed 20 trees containing 139 in-group terminals. In half of the
trees, the in-group was constrained to have diverged in the last
25 million years (my), and in the other half, in the last 57 my
(estimated date of the split between Pteropodidae and the oth-
er yinpterochiropteran families). We then grafted into those
simulated trees the same outgroup clade from the original
Pteropodidae tree (see above) in a way that the total time
was similar to that of the real dated phylogeny. The simulated
phylogenies were analyzed with BAMM to identify rate shifts
and their branch location in case they were detected.

To overcome a possible bias caused by the use of a reduced
outgroup in the Pteropodidae tree, we ran an additional analysis
using the entire Yinpterochiroptera tree. For this analysis, we
used the dated tree from Amador et al. (2018) and pruned off
branches to leave only the Yinpterochiroptera clade (including
Rhinolophoidea and Pteropodidae) plus eight Yangochiroptera
species (representatives of most chiropteran families) as
outgroup. This dataset includes a total of 227 in-group species
(represented by 229 terminals): 114 Pteropodidae (out of 186),
45 Hipposideridae (81), 55 Rhinolophidae (83), 6
Rhinonycteridae (9), 3 Rhinopomatidae (4), 3 Megadermatidae
(5), and 1 Craseonycteridae (1). Then, we ran BAMM as previ-
ously described for 20 million generations, keeping the results
every 2000 generations. The first 2000 samples (20%) were
discarded as burn-in, and the effective sample sizes of the num-
ber of shifts and log likelihood were 1284 and 537, respectively.
Again, the analysis was run several times using different priors
on the numbers of expected shifts, without significant changes in
the results.

Alternative diversification analysis with TreePar

As an alternative to BAMM, we applied the method proposed
by Stadler (2011a) to detect diversification rate shifts through
time. This method uses the birth-death-shift model to derive
the likelihood of different number of shifts, given estimated
diversification rates (speciation rate minus extinction rate) and
turnover (extinction/speciation rates) for fixed time intervals.
In contrast to BAMM, the birth-death-shift method does not
identify clades where rate shifts occurred, but instead time
periods that experienced rate shifts in the history of a group.
Derived likelihoods are then compared with a likelihood ratio
test to determine which number of shifts is best supported.
This method is implemented in the R package TreePar v.
3.3 (Stadler 2011c) and was applied to both the novel
Pteropodidae tree and the Yinpterochiroptera tree pruned from
Amador et al. (2018). The analysis was carried out without
outgroup and accounting for incomplete sampling (75% of
pteropodids, 60% of yinpterochiropterans), with a grid of 1
million years.
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Results

The γ-statistic was not significant for the Pteropodidae
dataset analyzed (γ = 1.14, p = 0.26), indicating that no
general trend in diversification rate can be detected for the
group using this sampling and phylogenetic hypothesis.
Nevertheless, the γ-statistic was significantly positive for
9 of the 10 “taxonomically complete” simulated trees ana-
lyzed (ranging from1.4 to 2.75, Supporting Information
Table S2), suggesting an increase in the diversification rate
toward their tips. A detectable increase in diversification
rates in the recent history of pteropodids is likely due to
the explosive diversification of the genus Pteropus and pos-
sibly other genera (see below).

Results of BAMM applied to Pteropodidae indicated that
two shifts occurred with the highest posterior probability
(pp = 49%, Bayes factor = 517), while three shifts had the
second highest pp (31%, Fig. 1a). The best shift configura-
tion placed one shift at the origin of crown Pteropodidae and
the other shift in the origin of Pteropus as suggested by the
marginal posterior probabilities (Fig. 1 b and c). Three mac-
roevolutionary cohorts were recovered, i.e., three sets of
taxa that differ among each other in macroevolutionary pa-
rameters, which is in agreement with two rate shifts
(Supporting Information Fig. S2). The 95% credible shift
set also included, albeit with a much lower probability, a
third shift in Epomophorinae (Supporting Information Fig.
S3). Rate-through-time plots clearly captured the initial in-
crease of speciation rate, followed by stability, and a sec-
ondary increase in Pteropus (Fig. 2). These two shifts may
cancel out across the entire family and thus explain the lack
of a general trend pointed out by the γ-statistics (see previ-
ous paragraph).

When BAMM was applied to the taxonomically complete
trees that included all pteropodid species (see “Methods”), the
results were very similar to those obtained with the “real data”
tree, but with a third shift in Epomophorinae appearing in the
best shift configuration of 8 out of 10 analyzed trees
(Supporting Information Table S1, Fig. S4). In one of those
trees, a fourth shift was placed in the genus Dobsonia. These
extra shifts revealed in the analysis of recreated, taxonomical-
ly complete trees were hypothetical in the sense that missing
species were introduced assuming their phylogenetic posi-
tions (i.e., placed in the corresponding genus) and need to be
tested with a real data tree for all pteropodid species.
Nevertheless, these results were supported by the DR statistic,
which had higher values in the same three pteropodid genera:
Pteropus, Dobsonia, and Epomophorus (Supporting
Information Fig. S5).

The results of BAMM applied to the Pteropodidae tree
were challenged, however, by the analysis of simulated
trees. In all 20 trees, obtained with both age schemes, a
diversification shift was detected at the origin of the in-

group clade (simulating Pteropodidae) (Supplementary
Information, Figs. S6 and S7). This is an important result
that shows howBAMM is affected by the outgroup choice if
the hypothesis to test involves a basal tree branch. Although
the different dating schemes did not affect the number of
shifts detected in simulated trees, they directly affected the
diversification rates, as expected (Supplementary
Information, Figs. S6 and S7): the 57-my scheme resulted
in lower rates that kept relatively stable or slightly increased
from origin to tips, whereas the 25-my scheme resulted in
slightly higher rates at the in-group origin that decreased
through time, more similar to what we obtained with the
real Pteropodidae data.

Because the results obtained from the analyses of simulated
trees suggested that the BAMM results for the Pteropodidae
tree might be spurious, we applied BAMM to a real data tree
including a larger outgroup set, i.e., Rhinolophoidea (114 ter-
minals), and a few yangochiropteran species (6 terminals). In
this tree, Pteropodidae was represented by 118 species making
the ratio between in-group and outgroup more even. BAMM
favored four diversification rate shifts (Bayes factor = 76),
with five shifts being the second best scheme. It confirmed
the shifts observed in the first analysis, i.e., at crown
Pteropodidae and Pteropus, and surprisingly suggested that
both Hipposideridae (minus Rhinonycteridae; see Foley
et al. 2015, Amador et al. 2018) and Rhinolophidae also had
increased diversification rates at their origins (Fig. 3); this
result was supported by both marginal posterior probabilities
(Supporting Information, Fig. S8) and cohort analysis (Fig. 4).
The three most probable shift configurations of the 95% cred-
ibility set also supported the four shifts observed in the best
shift configuration (Supporting Information, Fig. S9). Rate
estimates revealed that such pattern might be due to strong
and moderate increases in speciation rates in Pteropus and
Rhinolophidae, respectively, while Pteropodidae and
Hipposideridae had slight increases in speciation rates coupled
with a reduction in extinction rates (Supporting Information,
Fig. S10).

Applying the likelihood-based method implemented in
TreePar, the best fitting model for the Pteropodidae phylogeny
included a single rate shift (LRT, p = 0.97). This shift repre-
sents a fivefold decrease in the diversification rate at 21 mya,
from the high rate (0.48 s/my) estimated for the first ~ 4 mil-
lion years of pteropodid evolution (Fig. 5a), mainly due to a
substantial decrease in the speciation rate (although the extinc-
tion rate also experienced a decrease). When the method was
applied to the Yinpterochiroptera dataset, a single shift was
detected (LRT, p = 1): an ~ 2.7 times increase in the diversi-
fication rate at ~ 25 mya (from 0.05 to 0.14 s/my); this shift is
coincident with the origin of both crown Pteropodidae and
Hipposideridae (Fig. 5b). The shifts revealed by BAMM at
the origins of Rhinolophidae and Pteropus were not detected
by this method.
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Discussion

Explosive diversification in Pteropodidae

The hypothesis that Pteropodidae went through an explosive
diversification at about 25 million years ago was raised by
Almeida et al. (2011) to explain the apparent hard polytomy
observed at the origin of the crown group (followingWhitfield
and Lockhart 2007), after statistically discarding several po-
tential biases in the data. This hypothesis was put to test in the
broad phylogenetic framework of Chiroptera by Shi and
Rabosky (2015), but their results did not show evidence
supporting it. Here, we readdressed this hypothesis using

divergence dates estimated in a comprehensive, fossil-
calibrated analysis (Amador et al. 2018) and a dataset that
included additional pteropodid sequences. The results of both
methods applied herein supported the explosive diversifica-
tion hypothesis recovering elevated rates at the origin of
Pteropodidae. Our analyses also recovered an increased diver-
sification rate at the origin of Pteropus, as previously sug-
gested by Shi and Rabosky (2015) and long suspected by
many systematists (e.g., Almeida et al. 2014).

We argue that the main reason for the disagreement between
our results and those of a previous study where the same meth-
od did not detect shifts at the base of Pteropodidae and other
Yinpterochiroptera families (Shi and Rabosky 2015) lies in

Fig. 1 Results of the BAMM applied to the pteropodid phylogeny. a
Posterior distribution of the number of diversification shifts in all
replicates. b Tree in which branch lengths are proportional to the
marginal probability of a shift occurring along that branch. c Time-

calibrated pteropodid tree showing the best shift configuration and col-
ored according to estimated net diversification rates. Below the tree is a
time axis in million years before present
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differences in node ages between dated trees. As expected and
empirically demonstrated, node age estimates have a significant
effect on results of macroevolutionary analysis (Title and
Rabosky 2017). The other possible reason for the disagreement
was sampling size, as wewere able to include 139 Pteropodidae
species, as compared with the 117 species included by Shi and
Rabosky (2015). However, our results (increased diversifica-
tion and the origin of Pteropodidae) did not change when we
used a reduced dataset of 118 pteropodid species
(Yinpterochiroptera tree). On the other hand, the dated phylog-
eny used by Shi and Rabosky (2015) in their BAMM had node
ages significantly older; in particular, the Pteropodidae crown
age was estimated at 40 million years. The same node was
about 15 million years younger in our dated tree. There were
some differences between studies in taxonomic sampling,
choice of genes, and more importantly, in the calibration of
the molecular clock, which resulted in clade-age estimates gen-
erally older or much older by Shi and Rabosky (2015) than the
ones obtained by Amador et al. (2018) as well as previous
studies (e.g., Teeling et al. 2005). For instance, and only among
clades analyzed herein, ages for crownRhinolophidae were 8.7,
6.5, and 14.3 my in Teeling et al. (2005), Jones et al. (2005),
and Amador et al. (2018), respectively, whereas it was 37.2 my
(2.7-fold) in Shi and Rabosky (2015). For crown Pteropodidae,
age estimates were 24.8, 36.1, and 25.9 my, respectively, as
above, and 40.2 in Shi and Rabosky (2015); in fact, the latter
authors acknowledged the uncertainty of age estimates for
Pteropodidae as a result of a dearth of old fossil pteropodids
(see Giannini 2019).

Explosive radiations may be driven by different factors,
such as colonization of a new habitat, origin of a key

innovation, demography, and high intrinsic evolutionary rates
(Schluter 2000; Gavrilets and Losos 2009; Yoder et al. 2010;
Givnish 2015; Stroud and Losos 2016). Pteropodids possess
several characteristics that are expected in clades that experi-
enced explosive radiations (Almeida et al. 2011). Among
those features are key innovations that allowed them to ex-
plore a radically different niche: pteropodids are primarily
phytophagous that evolved from strictly insectivorous ances-
tors and likely have lost sophisticated laryngeal echolocation
capabilities. Loss of echolocation has released pteropodids
from constraints imposed on body size upper limit by a
high-frequency sonar system (Jones 1999; Moyers Arévalo
et al. 2020). Consequently, body size in pteropodids remains
constrained exclusively by physical limitations related to
powered flight (Norberg and Norberg 2012). Nevertheless,
maximum theoretical size (as calculated by Norberg and
Norberg 2012) has not yet been attained in living species,
which appear to have rapidly evolved large sizes in the past
few million years (Moyers Arévalo et al. 2020). These notable
changes in diet, sensory system, and size altogether suggest
adaptive factors underpinning their explosive diversification
(Gavrilets and Vose 2005).

Demographic factors may also play a role in the diversifi-
cation of pteropodids, especially in the diversification of is-
land taxa, particularly important in Pteropus. Most Pteropus
species are island specialists (see Giannini 2019 and citations
therein), and the isolation and small sizes of their populations
favor genetic differentiation and allopatric speciation (Losos
and Ricklefs 2009). Moreover, Pteropus presents the highest
size variation in bats with species weighting from mean ca.
120 g (e.g., P. molossinus) to ca. 1 kg (e.g., P. vampyrus;

Fig. 2 Rate-through-time plot based on the pteropodid phylogeny (a) with all species samples and (b) to the exclusion of Pteropus
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Moyers Arévalo et al. 2020). Possibly, this notable size span,
and the aerodynamic consequences of it (see Amador et al.
2019), would have allowed Pteropus species to exploit a va-
riety of plant resources and to reach remote-island environ-
ments (see Giannini 2019), thus enhancing niche partition
and, ultimately, geographic speciation. Other speciose
pteropodid genera like Dobsonia and Nyctimene are also
mostly distributed on islands (Giannini 2019).

Diversification dynamics in Chiroptera

Aside from Pteropodidae, two additional diversification rate
shifts at the origin of Rhinolophidae and Hipposideridae were
detected by BAMM using a more comprehensive sampling.

The evolution of a high duty-cycle echolocation system that
has allowed these bats to detect insects in highly cluttered
spaces (e.g., inside rainforest vegetation) was hypothesized
as a novel trait capable of driving an adaptive radiation
(Simmons and Conway 2003). These results are not in agree-
ment with those obtained by Shi and Rabosky (2015), whose
study did not find diversification rate shifts associated with the
origin of any bat family, suggesting that “the global radiation
of bats is characterized by a remarkably homogeneous diver-
sification process.” Conversely, Jones et al. (2005), by means
of a different methodological approach, reconstructed signifi-
cant diversification rate shifts within Phyllostomidae and
Molossidae, as well as some evidence for rate shifts within
P te ropod idae , Emba l lonur idae , Rhino loph idae ,

Fig. 3 Best shift configuration
obtained with BAMM for a time-
calibrated Yinpterochiroptera
tree, showing branches where
shifts have occurred (red circles)
and colored according to net di-
versification rates. Below the tree
is a time axis in million years be-
fore present and a temperature
through time curve based on the
δ18O isotope as estimated by
Zachos et al. (2001)
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Fig. 4 A cohort matrix of the Yinpterochiroptera tree showing five different macroevolutionary regimes: Hipposideridae, Rhinolophidae, Pteropodidae,
Pteropus, and the outgroup. Colors represent BAMM pairwise marginal probabilities of two branches sharing the same diversification rates
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Hipposideridae, and Vespertilionidae (although their signifi-
cance depended on polytomy resolution). It is important to
point out, though, that Jones et al. (2005) used a very different
approach from the one employed both here and in Shi and
Rabosky (2015).

Besides the increased diversification rates recovered herein
in three bat families, hypotheses of explosive or adaptive ra-
diation have also been raised in relation to some
Yangochiroptera families (not included in our analysis). An
adaptive radiation within phyllostomids has been proposed
based on their use of a large diversity of dietary resources,
particularly fruits, along with accompanying morphological
adaptations (Dumont et al. 2012; Rojas et al. 2012; Shi and
Rabosky 2015; Rossoni et al. 2019). Regarding molossids, it
has been shown that this group has evolved high-performance
wing morphology and flight style among bats, which allow
them to catch flying insects high above the canopy (Amador
et al. 2019). These examples show that not only is Chiroptera
a distinctive mammalian order, capable of powered flight and
sophisticated echolocation, but several clades within

Chiroptera have evolved key innovations that might account
for shifts in their diversification rates. Here, we contribute
evidence for shifts in diversification rates at the origin of three
families and also within one of them, reflecting the spectacular
diversification of an island taxon, Pteropus.

Tempo of Yinpterochiroptera diversification

According to estimates by Amador et al. (2018), the age of
pteropodid origin and first diversification burst used in our
analysis was 22.4–27.7 mya (95% confidence interval), cor-
responding to the late Oligocene. Interestingly, the age of
crown Hipposideridae was estimated within roughly the same
time interval (21.3–27.9). This interval overlaps with a period
of marked temperature rise known as the Late Oligocene
warming (Fig. 3) (Zachos et al. 2001; Zhang et al. 2013).
These two bat families share most of their geographic distri-
butions, which encompass the entire Old World tropics, al-
though they would not compete for resources as they exhibit
very different ecologies: pteropodids are phytophagous,

Fig. 5 Results of the birth-death-shift model obtained with TreePar. Diversification rate through time in a the pteropodid tree and b the
yinpterochiropteran tree
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whereas hipposiderids are specialized aerial-hawking insecti-
vores (Nowak 1994). Palynological data from SE Asia, prob-
able region of pteropodid origin (Almeida et al. 2011), suggest
that the Oligocene-Miocene boundary was characterized by a
super-wet rain forest climate that followed a time of drier,
seasonal climate (Lelono and Morley 2011; Hall 2012).
Therefore, the environmental conditions were optimal for
tropical taxa at the time the two families started to diversify.
In addition, the region was experiencing substantial tectonic
activity at that time, with the collision of the Australian and
Asian Plates (Morley 2011; Hall 2012), therefore favoring
allopatric speciation across islands and land connections.

After the late Oligocene warming, in the Early Miocene,
temperatures remained relatively stable (despite brief glacia-
tion periods) until the Mid Miocene Climatic Optimum
(MMCO) at approximately 15 mya (Fig. 3) (Zachos et al.
2001; Zhang et al. 2013). The origin of crown rhinolophids,
estimated at between 12 and 16 mya, occurred during the
MMCO, a time when rainforest resources were likely more
abundant. It is important to notice here that rhinolophids are
also present in temperate areas, unlike pteropodids. The
MMCOwas followed by a gradual cooling and establishment
of polar ice sheets, and this cooling trend persisted until the
early Pliocene (~ 6 mya), when temperatures rose subtly until
the onset of the Plio-Pleistocene Northern Hemisphere
Glaciations at 3.2 mya (Zachos et al. 2001; Zhang et al.
2013). The fourth clade that appears to have experienced an
explosive radiation, Pteropus, originated at the Late Miocene,
around 8 mya, but diversified more intensely from 5 mya to
the recent.

In conclusion, our results reject the hypothesis of homoge-
neous diversification processes in bats and point to complex
diversification dynamics in the evolution of bat families
linked to evolutionary innovation and environmental opportu-
nity. Moreover, it serves as an example of why the estimation
of divergence dates should be the focus of diversification
studies, as the outcome of the latter is absolutely dependent
on clade age estimates.
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