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How ecological opportunity relates to diversification is a central question in evolutionary biology. How-
ever, there are few empirical examples of how ecological opportunity and morphological innovation open
new adaptive zones, and promote diversification. We analyse data on diet, skull morphology and bite per-
formance, and relate these traits to diversification rates throughout the evolutionary history of an
ecologically diverse family of mammals (Chiroptera: Phyllostomidae). We found a significant increase
in diversification rate driven by increased speciation at the most recent common ancestor of the predomi-
nantly frugivorous subfamily Stenodermatinae. The evolution of diet was associated with skull
morphology, and morphology was tightly coupled with biting performance, linking phenotype to new
niches through performance. Following the increase in speciation rate, the rate of morphological evol-
ution slowed, while the rate of evolution in diet increased. This pattern suggests that morphology
stabilized, and niches within the new adaptive zone of frugivory were filled rapidly, after the evolution
of a new cranial phenotype that resulted in a certain level of mechanical efficiency. The tree-wide specia-
tion rate increased non linearly with a more frugivorous diet, and was highest at measures of skull
morphology associated with morphological extremes, including the most derived Stenodermatines.
These results show that a novel stenodermatine skull phenotype played a central role in the evolution
of frugivory and increasing speciation within phyllostomids.
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1. INTRODUCTION

diversification rates

[7,8]. Morphological innovations

Why do some lineages comprise many species and a wide
range of ecological variation, while others encompass only
few species that vary little from one another [1]? Ecologi-
cal opportunity unlocked by morphological innovations,
the invasion of a new environment, or the extinction
of competitors and predators can unleash higher rates of
speciation and/or lower extinction rates and explain
observed disparities in taxonomic and ecological diversity
[2—4]. Documenting shifts in diversification rates is now
possible across large swaths of the Tree of Life thanks to
new phylogenetic approaches coupled with robust esti-
mates of divergence times (e.g. mammals and warblers
[5,6]). It has been more difficult to test the role of
ecological opportunity and its mechanism in shifts in
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have been discussed extensively as drivers of diversification
(e.g. [7,9-11]), but close inspection tends to reveal either
small effects or alternative mechanisms of exploiting eco-
logical opportunity (e.g. neither pharyngeal jaws in labrid
fishes nor nectar spurs in Halenia are associated with
higher diversification rates [12,13]). It has proved hard
to show that traits proposed as morphological innovations
confer advantage in exploiting ecological opportunity,
and this is critical to demonstrating diversification through
morphological innovation [14,15].

Connecting ecological opportunity to morphological
change and diversification requires demonstrating that:
(1) there was a significant increase in diversification rate in
the lineage of interest [9]; (ii) increased diversification
rate is associated with movement into a new adaptive
zone; (iii) there was a change in phenotype [10]; (iv) the
new phenotype improves performance in the new adaptive
zone [7]; and (v) the evolution of the novel morphology and
shift to the new adaptive zone are associated with increases
in diversification rate [16]. To date, few analyses have

This journal is © 2011 The Royal Society
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examined the connection between ecological opportunity
and diversification [12], and even fewer have linked
phenotype to performance in this context [17,18].

Here, we analyse large and comprehensive datasets
summarizing diet, cranial morphology, and bite force
from one of the most ecologically diverse families of
mammals (Chiroptera: Phyllostomidae, 180 species) to
elucidate drivers and mechanisms of diversification. In par-
ticular, we test the hypothesis that the evolution of
frugivory and a skull phenotype that improved biting per-
formance within this feeding habit is associated with
increasing diversification rates in this family. Outgroups
to phyllostomids and basal members of the family are
insectivorous. Although a few phyllostomid species are
omnivorous and/or eat soft fruits, only members of the sub-
family Stenodermatinae are primarily frugivorous and
regularly consume relatively hard canopy fruits, especially
figs [19,20]. The evolution of frugivory is thought to have
promoted diversification in phyllostomids by opening a
new adaptive zone [21]. Studies of whole-organism per-
formance in bats have uncovered strong correlations
between diet (ecology), skull morphology (phenotype)
and bite force (feeding performance) [22-24], suggesting
a possible mechanism of adaptive ecological diversification
through morphological innovation. Despite patterns of
species diversity consistent with ecological drivers [25],
the roles of ecological opportunity, phenotypic innovation
and performance in taxonomic diversification have not
been established because quantitative data have been lacking.

We evaluated five predictions that arise from the
hypothesis that feeding on relatively hard canopy fruits
represented a new adaptive zone accessed through the
evolution of skull morphology, and led to a significant
increase in diversification rate (i.e. the rate of increase in
accumulation of new lineages brought about by an increase
in speciation, a decrease in extinction, or a combination
of both). First, there should be evidence of a significant
shift in diversification rate at the base of the frugivorous
clade [26,27]. Second, diet and skull morphology should
be significantly linked. Third, there should be a significant
association between skull morphology and enhanced
biting performance in the new adaptive zone [23,28].
Fourth, if morphological innovation opened the door to
the new adaptive zone and increased diversification,
the rate of trophic evolution should increase as the new
adaptive zone is filled, while the rate of morphological
evolution should decrease as the innovation is maintai-
ned within the clade by stabilizing selection [29]. Fifth,
tree-wide diversification rates should be significantly
linked to diet and skull morphology. These analyses link
higher speciation rates to the evolution of both frugivory
and a skull phenotype that improved biting perfor-
mance when eating fruit, demonstrating the role of
ecological opportunity and morphological innovation in
promoting diversification.

2. METHODS

(a) Phylogeny estimation and evolutionary timeline
We estimated phylogenies by analysing partial sequences of
four mitochondrial genes: 12S and 16S ribosomal RNA,
cytochrome b, cytochrome oxidase I; and the autosomal
recombination activating gene 2 from 150 ingroup species
exemplars [30]. Homologous sequences of closely related
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families (Mormoops, Pteronotus, Noctilio and Mystacina) were
used to root the tree [31]. Sequences were collected from
GenBank and aligned using the perl script TRANSALIGN
v. 1.2 [32] for protein-coding genes, and MAFFT v. 6.611b
with the Q-INS-i algorithm [33] for mitochondrial ribosomal
loci. The flanks of the resulting alignments were trimmed
to minimize missing data, yielding a final supermatrix of
4840 nucleotides.

To identify the best partitioning scheme for phylogenetic
analyses of the supermatrix, we calculated the Bayesian
Information Criterion (BIC) and rescaled Akaike infor-
mation criterion (AICc) [34] of six alternative partition sets
based on the harmonic mean of the posterior log-likelihoods
(HMLL) of parallel MRBAYEs v. 3.2 [35] Metropolis coupled
Markov chain Monte Carlo (MCMCMUC) searches. These
searches were conducted in three steps: (i) one maximum
likelihood (ML) tree was obtained by choosing from 100
phylogenetic inferences of the non-partitioned data with
independent random starting trees in RAXML v. 7.0.48
[36]; (ii) the best-fit model of sequence evolution for each
partition was selected via the AICc¢ calculated in MRAIC.pl
v. 1.4.4 [37,38]; and (iii) parameters of the best-fit model
of sequence evolution for each partition and tree branch
lengths were allowed to vary in MRBAYEs searches (10 million
generations, four chains), with the tree constrained to the
single ML topology within each partitioning scheme.

We used relaxed molecular clock and fossil calibrations to
obtain time-calibrated phylogenies by: (i) running 50 indepen-
dent RAXMUL searches with the best partition scheme to obtain
a ML estimate of phylogeny; (ii) selecting the best tree model
in many-core parallel BEasT v. 1.6.1 [39,40] with the ML phy-
logeny as the starting tree; and (iii) applying the best tree model
in parameter and tree searches in BEAST. The best fit between
the pure-speciation (Yule) and birth—death (speciation—
extinction) model was evaluated in BEAST by running
20 million generations in MCMCMUC searches. To constrain
divergence times, we used a prior on the age of the root
based on published estimates [41,42] and nine fossil cali-
bration points distributed throughout the tree (see electronic
supplementary material, figure S1 and table S1), and drawing
per-branch rates of molecular evolution from a lognormal dis-
tribution [43]. After selecting the best tree model, we ran four
separate 20-million generation BEAST searches with the same
starting tree, calibration points and relaxed clock model.
No topological constraints were enforced and all parameters
were sampled every 1000 generations. Convergence in log-
likelihoods (ILLs) and parameter autocorrelation times were
evaluated using TRACER v. 1.5 [44].

(b) Model comparisons

Having a large sample of dated phylogenies enabled us to
measure the impact of variation in branch lengths and tree
topologies on all subsequent comparative analyses: diversifi-
cation rate, trait evolution, regressions between traits and
models of diversification as a function of trait evolution. We
adopted a likelihood-based approach to scaling up hypothesis
testing in series of more than or equal to 100 trees (in most
cases 1000) without incurring in greater-than-nominal
type-I error. In analyses applying ML optimization, this
was achieved by conducting likelihood ratio tests (LRTSs)
between the HMLLs of nested models with degrees of free-
dom equal to the difference in the number of parameters
between the models. In Bayesian Markov chain Monte
Carlo (MCMUC) analyses, the marginal log-likelihoods were
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approximated by calculating the HMLLs of each series of
posterior uncorrelated parameter samples, and using these
in LRTs, as above. Finally, non-nested models were com-
pared using the AICypmr1, and the criteria of [45]: models
within two AIC units of the lowest AIC are supported by
the data, while models with more than four units difference
were discounted. Unless expressly noted, all analyses were
performed in the R statistical language [46].

(¢) Diversification rates

With thousands of dated phylogenies in hand, our next goal
was to determine where in each tree the greatest shift in
diversification rate occurred. We used a combination of ML
and MCMUC approaches to test for the presence of shifts in
diversification rate in each tree. To identify the node with
the largest shift in speciation rate (and highest increase in
model fit), we began by fitting models with 1 and 2 speciation
rates to each of 1000 uncorrelated dated trees using the
Laser R package [47] and accounting for missing species
by attaching missing species as polytomies to their closest
sampled relative (see the electronic supplementary material,
table S2). We then fitted birth—death and pure-speciation
models to each tree, using ML in the R package DIVERSITREE
(v. 0.7-7 [48]), accounting for missing species as in L.ASER ana-
lyses. After establishing which of the pure-speciation and
birth—death models best fitted the phylogenies, we tested for
a change in speciation rate at the node identified using LLASER
by fitting ML models. Finally, we applied a Bayesian approach
to testing the significance of diversification rate change by
sampling MCMUC chains of 250 steps per tree. We used ML
estimates of the parameters as starting points, and flat priors
for speciation rates in DIVERSITREE. The Copa package [49]
was used to calculate autocorrelation times and effective
sampling sizes of the MCMC samples of speciation rates.

(d) Trait evolution

We collected data on the diet, skull morphology and biting
performance of phyllostomid species. For diet, individual
faecal samples were analysed using a blind protocol [50].
Samples consisting solely of fruit and fruit parts were assigned
to trophic level 1, those consisting of only insect parts to trophic
level 2 and those containing only vertebrate remains to trophic
level 3. Intermediate values were common and were assigned
according to the relative volume of fruit, insect and vertebrate
material in the faecal sample. Variation in trophic level values
among individuals yielded a continuous distribution of species
means for trophic level that ranged between 1 and 2.18 (see the
electronic supplementary material, table S3). Trophic level was
treated as a continuous variable in subsequent analyses.

To quantify skull morphology, we measured 10 linear vari-
ables reflecting skull form (table 1) in 611 individuals of 85
species, 83 of which were sampled in the phylogeny (see the elec-
tronic supplementary material, table S4). After adding a
constant (0.6) to make all observed values positive (values for
one variable were both positive and negative), the raw data
were size-adjusted by dividing each value for an individual by
the geometric mean of values for that individual [51]. We
applied a principal component (PC) analysis with Varimax
rotation to the correlation matrix of the species means to con-
struct statistically independent vectors (PCs) that summarize
variation in skull morphology among species. These PC scores
were used to represent morphology in subsequent analyses.

Studies of whole-organism performance in bats have
established that bite force is a good measure of feeding
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Table 1. Eigenvalues, variance components, and factor
loadings for a principal components (PC) analysis of species

means of size-adjusted morphological variables. (The
highest factor loading for each variable is in bold.)
PC1 PC2 PC3
eigenvalues 4.89 2.34 1.13
% of variance 49 24 11
factor loadings
zygomatic breadth —-0.174 0.821 0.427
skull length 0.906 0.148 —0.261
posterior skull width 0.460 0.835 —0.077
temporal fossa diameter —0.092 —-0.003 0.903
skull height —-0.830 —0.371 —0.270
palate width at M1 0.127 0.885 0.012
condyle height —-0.778 —0.005 0.441
coronoid process elevation 0.810 0.369 0.137
condyle to M1 distance 0.913 —0.012 -—0.221
square root of M1 area —-0.278 —0.677 0.348

performance and that high bite forces allow access to hard
foods, including fruits [22,24]. We measured i vivo bite
forces at intermediate gape angles from 563 individuals of
39 wild-caught bat species using a piezoelectric force trans-
ducer mounted between two bite plates [23,24,52]. We
also measured head height of each individual to represent
head size [53]. The maximum bite forces from individuals
were averaged to obtain species means (see the electronic
supplementary material, table S4).

If the availability of fruit provided the ecological opportu-
nity that, in the presence of the morphological innovation
allowing its exploitation, led to a significant increase in taxo-
nomic diversification rates; then skull morphology (PC
scores) should predict both trophic level and feeding perform-
ance (bite force). We tested these predictions using random
samples of dated trees (z = 1000). We modelled both trophic
level and bite force as functions of skull morphology (PC1 and
PC2 scores) using generalized least squares (GLS) and phylo-
geny-based correlation structures for errors to account for
shared evolutionary history [54]. To account for the effects
of body size in the analyses of bite force, we included head
size as an independent variable. We used R package APE
[55] to obtain correlation structure matrices for each tree
and applied them in GLS models fitted using ML in nlme
[56]. The most appropriate correlation
the residuals of the regression on each tree was determined
by comparing the fit of Brownian motion (BM) or BM plus
the scaling parameter A [57] models using LRTs.

If changes in skull morphology opened the door to ecologi-
cal opportunity and taxonomic diversification, then a shift in
species diversification rate should be associated with a decel-
eration in the rate of morphological evolution and an
acceleration in the rate of trophic evolution as the new adaptive
zone is filled [29]. For a sample of 1000 dated phylogenies
pruned to match either the trophic level or morphological
data (PC scores), we divided each phylogeny into one paraphy-
letic group and one monophyletic group: the clades above and
below the node at which the largest change in taxonomic diver-
sification rate occurred. For each tree, we then used the
program BRrRowNIE [58] to fit a null model of a single rate of
trait change across the tree, and a censored model with a differ-
ent rate in each of the two groups. Finally, we evaluated
whether the two groups differed by comparing trophic level
between the two groups. We used 1000 randomly selected

structure for
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Figure 1. Summary phylogeny of 150 species of phyllostomid bats illustrating diversity in lineages and morphology among sub-
families. Branch lengths are proportional to time and grey bars indicate 95% confidence intervals (CI) around node dates. The
yellow arrow indicates the node where the largest shift in species diversification rate was found. Clockwise from top species are:
Lonchorhina aurita, Lonchophylla robusta, Musonycteris harrisoni, Glyphonycteris silvestris, Carollia castanea, Sturnira lLilium,
Sphaeronycteris toxophyllum, Artibeus jamaicensis, Uroderma bilobatum Vampyressa pusilla, Plaryrrhinus umbratus, Noctilio albiventris
(outgroup), Micronycteris hirsuta, Desmodus rotundus, Lophostoma silvicolum.

trees to account for correlated error structures, and tested the
hypothesis of difference in mean trophic level between groups.

(e) Relationship between diversification
and trait evolution
We evaluated the relationships between diet (trophic level)
and skull morphology (PC1 scores) and diversification rates
by comparing 10 linear and nonlinear models of speciation as
a function of the evolution of each trait across one randomly
selected phylogeny in DIVERSITREE [48,59]. The null models
had constant speciation and extinction rates (birth—death) inde-
pendent of trait evolution, with increasingly complex linear and
nonlinear functions of speciation rates (extinction rates
remained fixed, see [48]) as a function of traits. A directional
parameter of trait evolution was also included in these models.
We modelled diversification rates as a diffusion process
function of each of the traits, and this required standard devi-
ations to account for intraspecific variation. We obtained
per-species standard deviations of trophic level from individual
samples and used the median of the per-species standard
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deviation in the six species for which only one individual
was available (see the electronic supplementary material,
table S3). To generate standard deviations of PC scores, we
bootstrapped without replacement the samples of morphologi-
cal measurements, yielding 100 replicates of the morphological
dataset. We then extracted PC scores from each dataset, from
which we calculated the mean and standard deviation of the
per-species scores. Based on the single-tree preliminary results,
null models and models within two units of the lowest AIC
were fitted to a random sample of 100 phylogenies using DIVER-
SITREE [48]. Missing species were accounted for by specifying
the proportion of species not sampled in the phylogeny.

3. RESULTS

(a) Phyllostomid phylogeny and

diversification rates

Both the AICc and the BIC suggested the best partition-
ing approach involved seven partitions, each with its
own model (see the electronic supplementary material,
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Figure 2. Frequency distributions derived from analyses of 1000 phylogenies. (a@) MCMC sampling of birth rates across whole
phylogenies, () rates of evolution of PC1 and (¢) In trophic level for the Phyllostomidae (black bars) as a whole, the subfamily
Sternodermatinae (dark grey bars) and non-stenodermatine (light grey bars) phyllostomids.

table S5). A pure-speciation branching process could not be
rejected (Xf = 0.63, p = 0.366), so BEasTanalyses were run
with a pure-speciation model. Four separate BEaAsTruns con-
verged after 10 million generations, with autocorrelation
times of approximately 12 000. The 50 per cent poste-
rior probability summary of 3625 uncorrelated, posterior
dated trees is summarized in figure 1 (for Bayesian
posterior probabilities of branches, see the electronic sup-
plementary material, figure S2). Analyses of a random
sample of 1000 uncorrelated trees using LLASER overwhel-
mingly localized the greatest shift in speciation rates
(97.3% of trees) at the base of the phyllostomid subfamily
Stenodermatinae (figure 1). Birth—death models did not
significantly improve the fit of diversification models to the
trees (x? = 0.0014, p > 0.9701). After discarding burn-
in and thinning the sample to minimize autocorrelation in
pure-speciation estimates, the posterior samples comprised
123000 estimates (down from 250 steps x 1000 trees =
250000 estimates) of posteriors of 1- and 2-speciation
rates. The 2-speciation rate model was significantly better
than the single-rate model (Xf =15.01, p=5.66E-5),
with a much higher speciation rate in the subfamily
Stenodermatinae (mean = 0.250 + 0.032) than among
background lineages (mean = 0.135 + 0.015; figure 2a).

(b) Tirait evolution
The PC analysis of species means identified three PCs with
eigenvalues of more than 1 (table 1). Species with low
scores on PC1 (representing 49% of variation among
species) exhibit short skulls, palates and coronoid processes
coupled with relatively tall skulls and mandibular condyles
(figure 3). The skulls of species with low PC2 scores (repre-
senting 24% of variation among species) are relatively
wide and support large molars. PC3 represented only
11 per cent of variation among species and was not used
in further analyses.

We found that both the first and second PC were signifi-
cant predictors of trophic level (Xf = 8.46, p=0.0130 and
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X2 = 3.06, p = 0.0494, respectively; figure 3a), supporting
the prediction that trophic level and skull morphology
(PCs) should be strongly associated. Those regressions
rejected BM in favour of BM with the scaling parameter
A as the best-fit model of evolution of residuals (A =
0.60 + 0.06, )(% =5.68, p=0.0098). Models of bite
force on the PCs did not reject the BM model of evolution
for error structure (Xf =0.12, p = 0.7248). The first PC
significantly predicted bite force (X% =12.02, p = 0.0003;
figure 3b), but the second PC did not (33 = 0.43, p=
0.4981). All analyses that included bite force accounted
for the strong positive relationship between bite force and
head size (3 = 38.43, p = 2.912E-10; figure 3b).

As expected when rapidly filling new niches, trophic level
in Stenodermatine bats evolved 3.515 + 0.224 times faster
than in other phyllostomids (% =9.93, p=0.0009;
figure 2b). Conversely, the skull morphology of Steno-
dermatine bats evolved 2.353 + 0.266 times more slowly
than in other phyllostomids (¢ =7.33, p=0.0038;
figure 2¢). The Stenodermatinae occupied a significantly
different trophic level relative to other phyllostomids
(X? =9.22, p=0.0013), with a lower trophic level, more
frugivorous diet (mean coefficient effect of being a steno-
dermatine on In trophic level = —0.340 + 0.012).
We used a BM model of evolution for the error structure
of residuals as it was not rejected in these models
(O3 = 2.09, p = 0.0976).

(¢) Relationship between diversification

and trait evolution

Speciation rate increased nonlinearly with the proportion of
fruit in the diet (i.e. as trophic level decreased, figure 4a).
Trophic level decreased forward in time across the tree
(directional tendency of trophic level in time, time increases
backwards = 0.022 + 0.002) in the best-fit model of evol-
ution for this trait. This model was significantly better
than the null model of constant tree-wide birth—death
rates (X% =16.29, p=10.0012). The second-best model
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4. DISCUSSION

(a) Diversification rate increased significantly

in tandem with frugivory

If relatively hard canopy fruits were an ecological opportu-
nity that offered a new adaptive zone, then a clade that
could access this new adaptive zone would shift its diet sig-
nificantly and could diversify at a high rate. As predicted, we
found a significant increase in speciation rate at the base of
the highly frugivorous sternodermatine clade (figure 1). We
were also able to demonstrate that the stenodermatine diet
contains significantly more fruit than that of other phyllos-
tomids. These results suggest strong clade-based links
between ecological opportunity and diversification [10].

(b) Morphology predicts feeding performance

If morphology of the skull in stenodermatine bats
conferred an advantage in the new adaptive zone, mor-
phology had to predict feeding performance. We found
that PC1 scores were significant predictors of bite force
after adjusting for head size (figure 3b). The low PCl1
scores typical of stenodermatines were a significant predic-

1802 E. R. Dumont et al. Diversification and a new adaptive zone

(a) .

0.7 - o e coe

.. L]

0.6 " °
—~ o [ ]
€054 .
3 morphology PC2
5 .
204+ i
= . . 1
=% [

0.3+ 2
g e 03

02 o 4

o e,
0.1 ’
0- ceeBe o

)

3.0+ ®

.. and diet

25 00 o [
= ° ° head height (In)
b e, [ ° e 24
) ° .
220+ ® 26
& % ° ® 023
Q o ° 3.0
fl=} 1 5 | .

L]
°

1.0+ . . .

-1.5-10-05 0 05 10 15 20
morphology PC1

Figure 3. PC1 as a predictor of In trophic level (a, mean
coefficient = 0.193 + 0.015) and In bite force (b, mean
coefficient = —0.327 4+ 0.007). Symbols represent species
means, and the size of the symbols indicate the magnitude
of the significant, independent contributions of PC2 to In
trophic level (a, mean coefficient = —0.081 + 0.015) and In
head height to In bite force (b, mean coefficient = 2.826 +
0.034). The relationships were modelled using GLS fitted
with ML and phylogeny-based correlation structures of the
errors. The relationship between skull morphology and PC1
scores are illustrated from left to right by: Centurio senex,
Carollia perspicillata, Phyllostomus elongatus, Micronycteris
hirsuta, Choeronycteris mexicana.

was linear and well supported (AAICypmr 1. = 0.408, see the
electronic supplementary material, table S6), and descri-
bed speciation rate decreasing with increasing trophic
level (figure 4a).

Speciation rate was lowest near PC1 values of 0.4,
and increased nonlinearly as PC1 decreased or increased
(figure 4b, see the electronic supplementary material,
table S7). PC1 decreased forward in time across the
tree (directional tendency of PC1 in time, time increases
backwards = 0.138 + 0.037). This model was signifi-
cantly better than the null model of constant tree-wide
birth—death rates (x5 = 15.84, p = 0.0014); however, it
converged only for 41 per cent of the trees examined
(see the electronic supplementary material, table S7),
and few species were available to estimate parameters at
high PC1 values (figure 4b). For this reason, we also
report the second best, poorly supported (AAICyy =
6.04, see the electronic supplementary material, table
S7), linear model in which speciation rate decreased
with increasing PC1 values (figure 4b4). Both models
shared high speciation rates at low PC1 values.
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tor of relatively high bite forces, so even absolutely small
species have strong bites. This is probably because a
shorter skull (and a shorter out lever, the distance from
the teeth to the jaw joint), and perhaps differences in
the jaw adductor muscles, confer increased mechanical
advantage to stenodermatine skulls [23].

What is the advantage of a skull phenotype that confers
increased bite force for these frugivores? Stenodermatines
are unique in that even small species exploit relatively
hard fruits, especially figs [22,60,61]. Other frugivorous
phyllostomid lineages consume soft fruits and remain
species poor (e.g. Carolliinae and Rhinophyllinae, see
figure 1). Only stenodermatines have the ability to con-
sume the entire range of fruit diversity available (i.e.
both soft and hard fruits) in the new adaptive zone, and
therefore benefit from the ecological opportunity of
dedicated frugivory.

Both PC1 and PC2 were significant predictors of
trophic level, with PC1 explaining more variation in trophic
level than PC2 (figure 3a). This confirmed the predicted
association between skull morphology and diet. We suspect
that the mechanistic basis of the link between low PC1
scores (short skulls) and low trophic level values (more
fruit) is mechanical advantage. There is no obvious
mechanistic basis for the significant relationship between
PC2 and trophic level, but the factor loadings on PC2
(table 1) suggest a role for a wider skull and larger molar
teeth. Expanded crushing surfaces on molars are also
associated with frugivory in both carnivorans and primates
[62,63], suggesting a similar ‘frugivore’ morphotype has
evolved multiple times in mammalian evolutionary history.

(¢) Change in diet and skull shape underlie

the increased species diversification rate

The modelled relationships between diet (trophic level),
skull shape (PC1l) and tree-wide speciation rates are
consistent with the hypothesis that the shift to a frugivor-
ous diet which included hard fruits, and the evolution of a
stouter skull promoted diversification. Differences in the
rates of evolution in skull morphology and diet before
and after the largest shift in diversification rates suggest
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Figure 4. Best-fit models of speciation as a function of trait evolution for 100 phylogenies. (@) Ln trophic level: (i) nonlinear
model (mean highest speciation rate: 0.409 + 0.028 attained at —0.030 + 0.011 on the In trophic level axis; mean lowest spe-
ciation rate: 0.118 + 0.008); and (ii) linear model (mean intercept speciation rate: 0.263 + 0.016, mean coefficient speciation
rate on In trophic level: —0.311 + 0.023). (b) PC1: (i) nonlinear model (mean lowest speciation rate: 0.038 + 0.020 attained at
0.442 + 0.154 on the PC1 axis; mean highest speciation rate: 0.424 + 0.223); and (ii) linear model (mean intercept speciation
rate: 0.122 + 0.016, mean coefficient speciation rate on In trophic level: —0.048 + 0.005). Observed trait values are shown as

ticks on the x-axes.

that morphological innovation and its effect on feeding
performance may have played a leading role. We found
that the rate of morphological evolution was slower after
this shift than before it, as predicted if morphology
reached a threshold of functionality and then remained
in a plateau as it evolved minor variations on an effective
theme [64]. In complement, we found that the rate of
evolution in trophic level was higher after the shift in
diversification rates than before it. This would be
expected if the rate of trophic evolution accelerated as
the new adaptive zone was quickly filled [7].
Morphological innovation as a catalyst for diversifica-
tion has received a great deal of attention. Examples
include the evolution of the hypocone (a cusp on the
molar teeth of mammals) and nectar spurs on columbines
[12,64,65]. Likewise, we found support for the hypo-
thesis that the evolution of a skull phenotype which
improved biting performance when eating hard fruits
(a new adaptive zone) was associated with increasing

Proc. R. Soc. B (2012)

diversification rates in phyllostomid bats. The novel
skull phenotype of stenodermatines may also fulfil the
definition of a ‘key innovation’. We have linked the phe-
notype to heightened performance (enhanced bite
force), and the role of performance in exploiting the
new adaptive zone (hard fruits) has already been estab-
lished [22—24]. Our results support the hypothesis that
changes in skull morphology enabled the expansion of
dietary niches in stenodermatines. Like all phyllostomid
bats, stenodermatines have retained the ability to capture
and consume insects and occasionally do so [50]. Unlike
other phyllostomids, stenodermatines have the added
capacity to consume both soft and hard fruits. Thus the
range of dietary niches available to stenodermatine bats
is effectively broader than that of other phyllostomids.
We have not demonstrated that increased bite force
is associated with increased fitness in bats, but this is
within the realm of possibility, as exposure to tougher
foods has been identified as the agent of selection for
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higher bite forces in a population of lizards [66]. There is
only a single instance of convergent evolution of a
morphological innovation linked to dedicated frugivory
in bats (species in the family Pteropodidae), and that
system has not been investigated in sufficient detail to
draw close parallels. Hence, we currently lack the replica-
tion necessary to propose the ‘frugivore’ skull as a key
innovation. Nevertheless, our analyses support a central
role for a novel skull phenotype in access to the ecological
opportunity afforded by hard fruits, and thereby species
diversification within phyllostomids.
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Table ESM1. Prior calibrations (in MY A) used to parameterize MCMCMC analyses of tree topology, rates of molecular evolution, and
divergence times. Low boundaries were set to constrain the minimal age of the stratum where the fossil was found

Source Fossil age Location in Figure ESM1 Low boundary 95% CI Mean (stdv)
MRCA Mystacina/Artibeus [1] — Prior on age of root — 41-51 46 (2.5)
Stem mormoopid [2] Late Oligocene (Arikareean) 1 (includes stem) 30.8 30.8-36.9 31(3)
Desmodus archaeodaptes [3]  Early Pleistocene (Early 2 0.3 0.3-11.4 1.58 (5)
Irvingtonian)
Notonycteris [4] Middle Miocene (Laventan) 3 (includes stem) 11.8  11.8-18.1 12.2 (3)
Tonatia or Lophostoma sp. [4] Middle Miocene (Laventan) 4 (includes stem) 11.8 11.8-18.1 12.2 (3)
Palynephyllum antimaster [4] ~ Middle Miocene (Laventan) 5 (includes stem) 11.8  11.8-18.1 12.2 (3)
Phyllonycteris major [5] Quaternary 6 0.001 0.001-10.7 0.905 (5)
Brachyphylla nana [6] Quaternary 7[7] 0.001 0.001-10.7 0.905 (5)
Cubanycteris 8] Quaternary 8 (includes stem) [9] 0.001 0.001-10.7 0.905 (5)
Phyllops vetus [6] Quaternary 9[10] 0.001 0.001-10.7 0.905 (5)




Table ESM2. Terminals in phylogeny with >1 species assigned in diversification rate

analyses.

Species in phylogeny

Spp. richness

Additional species

Anoura caudifer
Anoura geoffroyi
Anoura latidens
Artibeus lituratus
Carollia brevicauda
Carollia perspicillata
Choeroniscus minor
Desmodus rotundus

Glyphonycteris sylvestris
Hylonycteris underwoodi

Lampronycteris brachyotis
Leptonycteris curasoae
Lonchophylla chocoana
Lonchophylla mordax

Lonchophylla robusta
Lonchophylla thomasi
Lonchorhina aurita
Lonchorhina orinocensis
Macrotus waterhousii
Mimon crenulatum
Phyllonycteris aphylla
Phyllops falcatus
Phyllostomus elongatus
Platalina genovensium
Platyrrhinus dorsalis
Platyrrhinus helleri
Sturnira erythromos
Sturnira ludovici
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W N
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A. aequatoris [11]

A. cultrata

A. luismanueli

A. anthonyi [12]

C. subrufa

C. colombiana

C. periosus

D. archeodaptes [13], draculae [3],
stocki [14]

G. behni

Lichonycteris obscura, Scleronycteris
ega

Neonycteris pusilla

L. nivalis

L. orcesi [15, 16]

L. concava, fornicata, bokermanni,
hesperia [17]

L. orienticollina [18]

L. cadenai, pattoni [19]

L. fernandezi

L. marinkellei

M. jamaicensis, M. compressus [20]
M. cozumelae, koepckeae

P. major

P. silvai, vetus [9]

P. latifolius

Xeronycteris vierai [21]

P. chocoensis [22]

P. umbratus

S. mistratensis [23]

S. sorianoi [24]




Table ESM3. Species means of tropic level (TL), sample sizes (ntr), locality data and
sampling period (LS, La Selva Biological Station, Costa Rica, 10°25'52“ N, 84°00'12*
W; TBS, Tiputini Biodiversity Station, Ecuador, 0°38.31'S, 76°8.92' W; BOM,
Bombuscaro River, Podocarpus National Park Ecuador, 4°1° S, 79°1° W).

Anoura caudifer

Artibeus jamaicensis

Artibeus lituratus

Artibeus obscurus

Artibeus phaeotis

Artibeus planirostris
Artibeus watsoni

Carollia brevicauda

Carollia castanea

Carollia perspicillata
Carollia sowelli
Chiroderma trinitatum
Chiroderma villosum
Chrotopterus auritus
Desmodus rotundus
Ectophylla alba
Enchisthenes hartii
Glossophaga commissarisi
Glossophaga soricina
Lampronycteris brachyotis
Lonchophylla thomasi
Lophostoma carrikeri
Lophostoma silvicolum
Mesophylla macconnelli

Metavampyressa_nymphaea

TL

1.93
+

183
1.6
1.18

1.32
1.2

1.36
1.28
1.13

1.16

1.17
1.2
1.36
1.86
2.0
1.84
1.8
1.0
1.78
1.84
2.0
1.5
2.0
1.85
1.94
1.0

nrp

6

18

40
21
140

85

~ b
~ W

—
W N = = kA = N W g W

[98)
i I N

Locality (sampling period)
BOM (Feb-Apr, Sept-Nov)

LS, TBS (Feb-Apr)

LS (Feb-Apr, Oct-Dec), TBS (Feb-Apr,
Sep-Nov)

TBS (Feb-Apr, Sep-Nov)

BOM (Feb-Apr, Sep-Nov), LS (Feb-Apr,
Oct-Dec)

TBS (Feb-Apr, Sep-Nov)
LS (Feb-Apr, Oct-Dec)

BOM (Feb-Apr, Sep-Nov), TBS (Feb-
Apr, Sep-Nov)

BOM (Feb-Apr, Sep-Nov), LS (Feb-Apr,
Oct-Dec), TBS (Feb-Apr, Sep-Nov)

LS (Feb-Apr, Oct-Dec), TBS (Feb-Apr)
LS (Feb-Apr, Oct-Dec)

TBS (Feb-Apr, Sep-Nov)

LS (Oct-Dec), TBS (Feb-Apr)

BOM (Sep-Nov), TBS (Feb-Apr)
BOM (Feb-Apr, Sep-Nov)

LS (Feb-Apr, Oct-Dec)

Ls (Oct-Dec), TBS (Feb-Apr)
TBS (Feb-Apr, Sep-Nov)

TBS (Feb-Apr)

BOM (Feb-Apr, Sep-Nov)

LS (Oct-Dec), TBS (Feb-Apr, Sep-Nov)
Ls (Oct-Dec), TBS (Feb-Apr, Sep-Nov)



Micronycteris hirsuta
Micronycteris megalotis
Micronycteris microtis
Micronycteris minuta
Mimon crenulatum
Phylloderma stenops
Phyllostomus discolor
Phyllostomus elongatus
Phyllostomus hastatus

Platyrrhinus
brachycephalus

Platyrrhinus helleri
Platyrrhinus infuscus
Rhinophylla fischerae
Rhinophylla pumilio
Sturnira erythromos

Sturnira lilium

Sturnira ludovici
Sturnira luisi
Sturnira magna
Tonatia bidens
Tonatia saurophila
Trachops cirrhosus
Uroderma bilobatum
Vampyressa bidens

Vampyressa thyone

1.89
2.0
2.0

1.93

1.86

1.97

1.84

1.89

1.67
1.5

1.01
1.00
1.38
1.02
1.001
1.001

1.001
1.05
1.22
1.89

2.0
2.18
1.26

1.0
1.02

~N = L 0

20

45
29
22

10
31

LS (Feb-Apr, Oct-Dec)
BOM (Sep-Nov), LS (Oct-Dec)

LS (Feb-Apr), TBS (Feb-Apr)

LS (Feb-Apr), TBS (Feb-Apr, Sep-Nov)
TBS (Feb-Apr)

LS (Feb-Apr, Oct-Dec)

TBS (Feb-Apr, Oct-Dec)

LS (Oct-Dec)

TBS (Feb-Apr)

TBS (Feb-Apr, Sep-Nov)
BOM (Feb-Apr, Sep-Nov)
TBS (Feb-Apr, Sep-Nov)
TBS (Feb-Apr, Sep-Nov)
BOM (Feb-Apr, Sep-Nov)

BOM (Feb-Apr), TBS (Feb-Apr, Sep-
Nov)

BOM (Feb-Apr, Sep-Nov)

TBS (Feb-Apr)

TBS (Feb-Apr, Sep-Nov)

TBS (Feb-Apr)

LS (Feb-Apr, Oct-Dec)

LS (Oct-Dec), TBS (Feb-Apr, Sep-Nov)
BOM (Feb-Apr), TBS (Feb-Apr)

TBS (Feb-Apr)

BOM (Feb-Apr, Sep-Nov), TBS (Feb-
Apr)




Table ESM4. Values and sample sizes for morphological PC1 and (N morpn) mean
maximum bite force (N gr), and mean head height used in comparative analyses.
Morphological data were collected from specimens housed in the American Museum of
Natural History, the Carnegie Museum of Natural History, and the National Museum of

Natural History.
Species Morphology Mean Mean head
principal maximum bite height
component 1  Nyorpr force (mm) Ngr
Ametrida centurio -1.58434 6 - - -
Anoura caudifer 1.95047 6 - - -
Anoura geoffroyi 1.67890 10 2.66 11.05
Ardops nichollsi -.90590 2 - - -
Ariteus flavescens -1.18557 6 - - -
Artibeus anderseni -1.01299 6 - - -
Artibeus cinereus -87154 7 - - -
Artibeus concolor -.79463 4 - - -
Artibeus glaucus _85455 6 6.79 11.64 ¢
Artibeus jamaicensis -.58428 16 18.92 17.76 196
Artibeus lituratus -.12760 6 26.15 19.83 24
Artibeus obscurus -.68786 6 - - -
Artibeus phaeotis -.83457 11 6.31 11.20 ;5
Artibeus planirostris -51692 6 - -
Artibeus watsoni -98372 6 6.73 12.16 17
Brachyphylla 18629 10 i o
cavernarum
Carollia brevicauda -48259 15 9.24 12.29 73
Carollia castanea -41743 11 3.77 11.08 11
Carollia perspicillata -30643 10 8.56 12.69 3
Carollia sowelli -.36804 15 - -
Centurio senex -1.59039 10 10.91 1042 »7g
Ci'm'”oderma 45840 6 i o
trinitatum
Chiroderma villosum -.37524 10 - - -
Choeron'lscus 5 50422 4 i o
godmani
Choeroniscus minor 2.65608 6 - - -
Choeronycteris 2 59008 6 i o

mexicana




Chrotopterus auritus
Desmodus rotundus
Diaemus youngi
Diphylla ecaudata
Ectophylla alba
Enchisthenes hartii
Erophylla sezekorni

Glossophaga
commissarisi
Glossophaga
longirostris
Glossophaga soricina

Hylonycteris
underwoodi
Leptonycteris nivalis

Lichonycteris obscura
Lonchophylla robusta
Lonchophylla thomasi

Lophostoma
brasiliense

Lophostoma carrikeri

Lophostoma
silvicolum
Macrotus californicus

Macrotus waterhousii

Mesophylla
macconnelli
Micronycteris
brachyotis
Micronycteris hirsuta

Micronycteris
megalotis
Micronycteris
microtis
Micronycteris minuta

Mimon crenulatum
Monophyllus redmani
Phylloderma stenops
Phyllonycteris poeyi

64154
2.25816
33883
-.15464
-.46646

-1.02881
63358

75099

1.06673
.82322

2.03771
1.3048
1.30554
79445
1.19374

19441
11938

0.07349
54432
51717

-.63019

34451
39852

18107

49646
22085
09926
1.95380
-.00533
.28588

LN O 9 D L W N

10

20
23

10

20
20

6.77

5.75
8.04
3.00

2.68

2.28

5.78

9.40

18.42

13.06
2.86

4.18
6.76
2.05
13.43

16.02

10.85
11.62
13.78

11.30

9.79

11.83

12.43

15.80

13.52
10.00

10.47
12.43
11.19
17.60

£ \S e N )




Phyllostomus discolor -.02010
Phyllostomus 15787
elongatus

Phyllostomus hastatus 17491
Platyrrhinus helleri -.65600
Platyrrhinus infuscus -.60983
Platyrrhinus lineatus -.80171
Platyrrhinus 61490
umbratus

Pygoderma

bilabiatum -1.47121
Rhinophylla fischerae -.53605
Rhinophylla pumilio -47739
Sphaeronycteris 175589
toxophyllum

Stenoderma rufum -1.10039
Sturnira bidens -0.45288
Sturnira bogotensis -0.47602
Sturnira erythromos -47119
Sturnira lilium -.36979
Sturnira ludovici -.01128

Sturnira luisi

Sturnira magna -.21341

Sturnira tildae -.26485
Tonatia saurophila -.09802
Trachops cirrhosus 1.75662
Uroderma bilobatum - 77458
Urod?rma 73500
magnirostrus

Vampyressa bidens -.85996
Vampyressa - 69329
nymphaea

Vampyressa thyone -.99520
Vampyfﬁoc.z’es 81139
caraccioli

Vampyrum spectrum .86843

6
10

8.60
13.21

32.47

4.81

6.23

10.40

9.20
12.40
10.00

16.39
13.52
5.73

5.23

14.54
16.48

22.20
11.69

11.75

13.00
13.10

13.42

15.8
17.13
11.86

10.90

10
22

14
15




Table ESMS. Comparison of the harmonic mean of log-likelihoods (HMLL) sampled from MrBayes analyses of parameters (including a
ML topology) fitted to the sequence data under different partition schemes. The ratio of parameters to partition varies, as optimal models
for individual partitions ranged from a simple Jukes-Cantor model to the general-time-reversible model with gamma-distributed rates of
change across sites.

Npartitions Description Nparameters HMLL AlCc BIC
1 Unpartitioned 12 -91006.77 3613627.01 182115.36
2 Mt, nuclear 21 -90991.49 3618870.25 182161.16
3 Mt rRNA, codon positions: 1+2, 3 32 -89707.85 3527683.84 179687.21
4 Mt rRNA, codon positions: 1, 2, 3 39 -89595.02 3523925.55 179520.94
5 Mt rRNA, codon positions: mt 142, 3; nuclear 142, 3 46 -89391.94 3513250.82 179174.17
7 Mt rRNA, codon positions: mt 1, 2, 3; nuclear 1, 2, 3 37 -89301.91 3500102.99 178917.75
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Table ESM6. Comparison of different models of the relationship of diversification as a function of trophic level fitted using ML. The best
models fitted to one tree (bold and underlined), and those within 2 AIC units (bold) were then tested across a random sample of 100 trees,

and summarized using the HMLL.

Model Nparametes ~ InLik — AIC v P-value HMLL — AlCumir  ymwie  P-valuenmir
Constant birth-death rates (null) 3 -100.128 206.26 -100.809 207.618

Speciation rate linear to trophic level 4  -95269 19854 9.7172 0.001825 -96.064 200.128 9.4896 0.001126
Speciation rate sigmoidal to trophic 6 -96.422 204.84 7.4123 0.059854

level

Speciation rate hump to trophic level 6 -94.121 200.24 12.0144 0.007334 -94.686 201.372 12.2464  0.0030594
Speciation rate linear to trophic level 5 -94272 19854 11.7110 0.002864 -94.866 199.732 11.8866  0.0013117
with direction parameter

Speciation rate hump to trophic level 7 -92.196 198.39 15.8648 0.003206 -92.662 199.324 16.2942  0.0011796
with direction parameter

Constant birth-death rates with split 5 -94.734 19937 10.7877 0.004545 -95.418 200.837 10.7815  0.0059714
at Stenodermatinae

Background speciation rate linear to 6 -94.531 201.06 11.1936 0.010724

trophic level, Stenodermatinae

constant rates

Background constant rates, 6 -94472 20094 11.3128 0.010149

Stenodermatinae speciation rate

linear to trophic level

Background and Stenodermatinae 7 -94.267 202.53 11.7219 0.019544

speciation rate linear to trophic level
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Table ESM7. Comparison of different models of the relationship of diversification as a function of morphological principal component 1

(PC1) fitted using ML. The best model fitted to one tree (bold and underlined), and those within 2 AIC units (bold) were then tested across
a random sample of 100 trees, and summarized using the HMLL. Note: fitting hump models with direction parameter (bold and underlined
under AICywy1) converged for only 41 of 100 trees evaluated.

Model Nparameters In Lik AIC inull P-value HMLL AICHMLL XZHMLL P -ValueHMLL
Constant birth-death rates (null) 3 -23438 474.76 -238.69  483.38

Speciation rate linear to PC1 4 -230.66 469.32 7.4354 0.006395

Speciation rate sigmoidal to PC1 6 -226.33 464.67 16.0900 0.001087

Speciation rate hump to PC1 6 -226.54 465.08 15.6830 0.001317

Speciation rate linear to PC1 with 5 -224.15 458.31 20.4533 0.000036 -235.78  481.56 5.8194 0.027246
direction parameter

Speciation rate hump to PC1 with 7 -222.28 458.57 24.7156 0.000073 -230.76  475.52 15.8457 0.001435
direction parameter

Constant birth-death rates with split 5 -228.72 467.43 11.3247 0.003474

at Stenodermatinae

Background speciation rate linear to 6 -228.66 469.31 11.4439 0.009552

PC1, Stenodermatinae constant rates

Background constant rates, 6 -228.51 469.02 11.7402 0.008328

Stenodermatinae speciation rate

linear to PC1

Background and Stenodermatinae 7 -228.45 47090 11.8556 0.018458

speciation rate linear to PC1
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Figure ESM1. Fossil calibration points on ML phylogram. See Table ESM1 for
distribution of each constraint, confidence interval, and its phylogenetic position.
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Figure ESM2. Summary of phylogenies and branch support based on posterior
distribution of ultrametric trees. Branches without numeric support values had Bayesian
posterior probabilities (BPP) of 1.0.
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