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Abstract

Background Body size and echolocation call frequencies are related in bats. However, it is unclear if this allometry
applies to the entire clade. Differences have been suggested between nasal and oral emitting bats, as well as

between some taxonomic families. Additionally, the scaling of other echolocation parameters, such as bandwidth and
call duration, needs further testing. Moreover, it would be also interesting to test whether changes in body size have
been coupled with changes in these echolocation parameters throughout bat evolution. Here, we test the scaling of
peak frequency, bandwidth, and call duration with body mass using phylogenetically informed analyses for 314 bat
species. We specifically tested whether all these scaling patterns differ between nasal and oral emitting bats. Then, we
applied recently developed Bayesian statistical techniques based on large-scale simulations to test for the existence of
correlated evolution between body mass and echolocation.

Results Our results showed that echolocation peak frequencies, bandwidth, and duration follow significant
allometric patterns in both nasal and oral emitting bats. Changes in these traits seem to have been coupled across the
laryngeal echolocation bats diversification. Scaling and correlated evolution analyses revealed that body mass is more
related to peak frequency and call duration than to bandwidth. We exposed two non-exclusive kinds of mechanisms
to explain the link between size and each of the echolocation parameters.

Conclusions The incorporation of Bayesian statistics based on large-scale simulations could be helpful for answering
macroevolutionary patterns related to the coevolution of traits in bats and other taxonomic groups.
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Background

Echolocation has long been recognized as a key trait for
understanding bats’ biology [1, 2]. Along with the capac-
ity for self-powered flight, echolocation has allowed bats
to exploit the nocturnal environment. Bats use echoloca-
tion to locate, detect, and classify [3], as well as to orien-
tate, recognize the environment, and search for food [4].
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by generating tongue clicks [9-11]. Other pteropodids,
like Eomycteris spelaea, can generate clicks with their
wings [12]. Bat families other than Pteropodidae pro-
duce echolocation through the larynx [13]. Laryngeal
echolocation is also highly diverse within bats. Accord-
ing to the body parts that are implied in the call emission,
laryngeal echolocation can be emitted either orally or
nasally [8]. Then, the variety of structure and frequencies
in echolocation calls [14] has an influence on bats’ forag-
ing ecology and diet [15, 16]. Among others, this affects
the ability to forage in close or open habitats [3, 4] or the
kind and size of their prey [17]. Therefore, some echolo-
cation-call parameters such as the frequencies and dura-
tion can be seen as functional traits of bats.

Bats (order Chiroptera) are a highly diverse group of
mammals with 1462 extant species, and they inhabit all
continents but Antarctica [18]. They also show a wide
variety of ecologies, morphologies, and behaviours [19].
Phylogenetic analyses support bats as a monophyletic
group [20-22]. Bats can be divided into two major sub-
clades: Yinpterochiroptera or Pteropodiformes (fami-
lies: Pteropodidae, Hipposideridae, Rhinolophidae,
Craseonycteridae, Megadermatidae, and Rhinopomati-
dae), and the other families would be grouped into Yan-
gochiroptera or Vespertilioniformes [23, 24]. There is
evidence supporting either a single or multiple origins
of laryngeal echolocation in bats based on phylogeny,
ontogeny, and the divergence in inner ear neuroanatomy
[20, 25-28]. However, some studies propose a single ori-
gin based on behavioral, morphological, and neuroana-
tomical features [29]. Moreover, the fossil record shows
early echolocating bats like Palaeochiropterygidae and
Icaronycteridae [30, 31]. A recently described 50-mil-
lion-year-old bat fossil appears to have used advanced
laryngeal echolocation, which suggests that this capacity
would have originated before the modern bat radiation
[32].

Body size is known to affect the acoustic signals and
vocalizations of animals [33]. Under the allometric
hypothesis, size has been proposed to constrain the
frequencies of animal calls, due to the negative correla-
tion between resonation chamber size and call frequen-
cies [34]. In laryngeal echolocating bats, predictions of
the allometric hypothesis have been tested by several
authors [17, 35-40]. According to this hypothesis, larger
bats are expected to use lower peak frequencies (the fre-
quency with maximum energy within an echolocation
call). However, deviations from this pattern have been
observed in some species [41-43], which has led to a
corollary of alternative hypotheses [reviewed in 43]. This
includes the evolutionary “arm race” between hearing-
moths and bats [44], the use of echolocation to commu-
nicate with other bats and to reduce competition [45]
and habitat-structure constraints on the performance of
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flight, forage, and echolocation [46]. This is a set of non-
mutually exclusive hypotheses to account for the diver-
sity of frequencies in bat calls irrespective of body size. It
has been recently suggested that type of emission (nasal
or oral) can lead to different peak frequency allometries,
since sounds emitted by nasal structures are less variable
than the ones emitted by the mouth [40]. In addition,
some nasal emitting families like Phyllostomidae could
not even follow the allometric hypothesis because non-
insectivore diets are less dependent on echolocation [36,
40]. Body size has also been questioned by some authors
as the best predictor of peak frequency, with other traits
like nasal chamber size and laryngeal length suggested as
alternatives [47]. To date, current knowledge on the role
of type of emission on peak frequency allometries relies
on a limited set of species [36, 40]. In this respect, a bet-
ter insight could be gained by using a large multi-species
dataset for a direct comparison of allometries in nasal
and oral bats. Similarly, as we are concerned, no study
has quantified the relative importance of type of emission
to account for observe peak frequency allometries so far.
While peak frequency has received most of the atten-
tion in allometric studies, other echolocation parameters
also have functional relevance. For example, a bat call
may cover a narrow or broad range of frequencies, and
this range is called the bandwidth of the call. There are
also a wide variety of call durations among bat species.
Peak frequency, bandwidth, and call duration have dif-
ferent functions and ecological consequences. First, peak
frequency determines the range and detail of prey detec-
tion. Due to the quick air attenuation of high-frequency
sounds, high-peak frequencies in echolocation calls can
only detect insects in a short range [35]. Some bats have
increased their prey-detection range by reducing their
peak frequencies. Second, broad bandwidths give more
detailed information of the surroundings than narrow
ones [4, 35]. Last, long call durations increase the prob-
ability of detecting preys, but in cluttered spaces this
can cause an overlap between emissions and reflections
[3, 4]. To avoid signal overlap, some bats have evolved
adaptations like Doppler shift compensation [4]. Due to
flight and echolocation performance, peak frequency,
bandwidth, and call duration have been linked to body
size [35, 48]. In this sense, bats that use high frequen-
cies, broad bandwidths, and short calls are expected to
forage in close areas, where they must be small for a bet-
ter flight maneuverability [36, 49]. Body size can also be
related to bandwidth and call duration through anatomi-
cal constrains. Resonation chamber size could constrain
both peak frequencies, and bandwidths [50]. Likewise, it
has also been argued that call duration would be deter-
mined by lung capacity, which would be wider in larger
animals, allowing them to increase the duration of their
calls [39, 51]. However, the duration of bat aggressive
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social calls seems to be better explained by phyloge-
netic components than by size [50]. On the other hand,
the differences in bandwidth and call duration allom-
etries between nasal and oral emitting bats have not been
addressed to our knowledge. While call duration might
not be affected by type of emission, it is possible that
bandwidth differs between nasal and oral emitting bats. If
nasal structures constrain call frequencies making them
less variable [40, 47], albeit not tested yet, the same may
happen with bandwidth.

Beyond scaling patterns among extant species, under-
standing the evolutionary history of these echolocation
functional traits and the extent to which they have co-
evolved with body size can provide interesting insights
into the biology of bats. Stoftberg and Jacobs [37] docu-
mented a negative correlated evolution between body
mass and peak frequency within Rhinolophidae. Here, we
test the extent to which changes in body size have been
correlated with changes in peak frequency, bandwidth,
and call duration, through the evolutionary history of
laryngeal echolocating bats. Leaving aside Stoftberg and
Jacobs [37], no previous study exists for a large multi-spe-
cies dataset that includes different families. This test can
also offer information about which echolocation param-
eters are more associated to body size evolution, which is
especially relevant to whether body size has had a greater
impact on the evolution of bandwidth or call duration.

In this study, we aim to investigate the relation-
ship between body size and three different echoloca-
tion parameters using a large multi-species dataset of
laryngeal-echolocating bats. According to the allometric
hypothesis, we expect significant allometries of peak fre-
quency, bandwidth, and call duration. However, these
scaling patterns may vary between nasal and oral emit-
ting bats [40]. If scaling patterns are a reflect of corre-
lated evolution between echolocation and body size, we
expect that body size increases would be coupled with
decreases in both peak frequency and bandwidth and
with increases in call duration through bat diversifica-
tion. The amount of evolutionary correlation will vary
between traits, indicating the different importance of
size in shaping various echolocation parameters. There-
fore, our objectives are (1) to assess the scaling of differ-
ent echolocation parameters across the entire bat order,
accounting for differences between nasal and oral emit-
ting bats; (2) to test for correlated changes between body
size and different echolocation parameters and map these
changes through the diversification of the order Chirop-
tera; (3) to compare the importance of size shaping each
of the echolocation parameters.
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Methods

We collected peak frequency, bandwidth, call dura-
tion, and body mass data from Collen [52] and removed
imputed data to analyze a database of 329 bat species
(Supplementary Material, Table 3). Variables were loga-
rithmically (logl0) transformed to fit a normal distri-
bution of variables and model residuals, as required by
parametric analyses. Because of echolocation calls of a
bat can change as it approaches a target [3], these data
were originally collected only from flights in the search
phase, when bats produce less variable calls [52]. Then,
given the existence of intraspecific variation in these
acoustic features, several recording sequences were used
to obtain a representative average for each species so it
can be used for interspecific approaches [52]. We chose
body mass as a measure of size since it is physiologically
relevant in most mammals, and it is known to have an
influence on echolocation, flight, and foraging behav-
ior in bats, and it has been used in previous studies on
allometric hypothesis and the scaling of echolocation
parameters [16, 35, 36, 40]. Alternatively, some authors
have used forearm length because body mass can change
due to bats daily foraging [17, 19]. Body mass we col-
lected from Collen [52] is a both sexes-averaged adult
body mass (g) that can be used for comparation between
animal groups in macroecological and evolutionary con-
texts. Despite peak frequency having received most of
the attention in allometric studies, we also used band-
width and call duration to analyze how size is related
to different characteristics of echolocation. These three
parameters reflect different features of echolocation
that are important to describe bat calls, and comparing
their scaling patterns will give us a broader perspective
on how body mass is related to the evolution of echolo-
cation. We also classified bats according to their type of
emission. We classified species as nasal (Hipposideridae,
Megadermatidae, Nycteridae, Phyllostomidae, Rhinolo-
phidae, and Rhinopomatidae) or oral echolocators (Cis-
tugidae, Craseonycteridae, Emballonuridae, Furipteridae,
Miniopteridae, Molossidae, Mormoopidae, Mystacini-
dae, Myzopodidae, Natalidae, Noctilionidae, and Thy-
ropteridae) according to Arbour et al. [53] to investigate
whether there are scaling differences between these types
of emission.

We tested whether a significant allometry exists among
echolocation traits and body size, controlling for the
phylogenetic relatedness between species. The three
echolocation traits (peak frequency, bandwidth, and call
duration) were analyzed independently by fitting a phy-
logenetic generalized least squares model (PGLS) with
the R environment [54]. We fitted a PGLS model as a A
model of Pagel by Restricted Maximum Likelihood for
each echolocation trait. This model assumes independent
evolution of the traits, with a change rate proportional
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to the length of the branch. A is a scaling parameter that
represents the strength of the phylogenetic signal, with
values ranging from O (trait evolution is independent of
the phylogeny) to 1 (trait evolution is completely deter-
mined by the phylogeny). In each model, body mass,
the additive effect of emission type, and an interaction
between the two were used as predictors. The best selec-
tion of variables was determined for each model by ana-
lyzing their Akaike Information Criterion (AIC) and the
model weight, applying the ‘MuMIn’ package in R [55].
Phylogenetic analyses were performed using Faurby’s
phylogeny [56] with the ape and caper R packages [57,
58]. We removed all the species in the data that were not
present in the phylogeny, which left 314 bat species for
analysis. To estimate how each selected model fits the
data, we estimated a partial R? based on the likelihood
of the fitted model (R?;,), which is compared to a model
whose only predictor is the intercept [59]. We estimated
this parameter using the rr2 package in R [60].

Differences in scaling of echolocation traits with body
mass were analyzed between bat families. To do so, we
selected those families that had more than twenty species
in our database (Supplementary Material, Table 3). Those
families were: Hipposideridae, Molossidae, Phyllostomi-
dae, Rhinolophidae, and Vespertilionidae (32, 25, 47, 32,
and 129 species, respectively; a total of 281). As before,
we fitted a PGLS X\ model for each echolocation param-
eter. Body mass, the bat’s taxonomic family, and its inter-
actions were used as explanatory variables in each model.
Then, we compared the scaling between bat families. We
also estimated R% for these models. The purpose of this
analysis is only to add taxonomic detail to the one made
between nasal and oral emitting bats.

To analyze if changes in body mass drove changes in
echolocation traits across bats’ evolution, we first imple-
mented a phylogenetic reconstruction of each variable
using the ‘phytools’ package [61]. For exploratory pur-
poses, we mapped echolocation traits (peak frequency,
bandwidth, and call duration) in the phylogeny to com-
pare them with the phylogenetic mapping of body mass.
This way, we wanted to find when changes in size drove
changes in echolocation through the diversification of
bats and/or vice versa.

PGLS can be used to test the scaling of echolocation
parameters while controlling for phylogenetic effects.
However, to test correlated evolution between traits,
an alternative approach is needed [62]. This will have to
provide estimates of the correlation structure between
traits as an indication of the extent to which body mass
changes have been coupled with changes in echolocation
parameters across bat evolution. Maximum likelihood or
Bayesian inference can either be used to study correlated
changes in traits through multivariate Brownian motion
models. Bayesian inference allows to sample the posterior

Page 4 of 11

distribution of statistic parameters using Markov Chain
Monte Carlo (MCMC). This approach allows for prior
information or uncertainty about the parameters.

We tested whether there is statistical support for corre-
lated evolution between traits using a Bayesian approach.
Specifically, a multivariate Brownian Motion model (mul-
tiBM) was fitted in RevBayes [63, 64] using the param-
eters and instructions provided by Hohna [63, and also
explained in 65]. Prior distributions were set for the aver-
age rate of change (a?), the relative rate of change ({%), and
the correlation among characters (R). Prior distributions
of these parameters for the model were estimated based
on the data and the phylogenetic tree. The prior corre-
lation is zero, and its distribution is symmetrical around
this value, with the LK] distribution (n) equal to 1. We
ran 5,000,000 generations and sampled each 1000 gener-
ations. A burnin was applied, discarding the first 100,000
generations. We analyzed the correlation between traits
with the ‘RevGadgets’ package on R [66]. This tool allows
for the estimation of the posterior distribution of cor-
relation densities along the 4900 sampled generations
(Fig. 2). We calculated the Bayes factor, which allows us
to estimate the strength and evidence with which the
hypotheses are supported by the data [67]. The Bayes fac-
tor was calculated from the ratio of the posterior prob-
abilities of the null and alternative hypotheses, with the
alternative hypothesis assuming a non-zero correlation
between traits. For this, we used the Savage-Dickey ratio,
which compares the posterior density at zero (the null
value) with the prior density at the same point.

Results

PGLS models for scaling tests

In the analyses of scaling differences between nasal and
oral bats, the best-performing PGLS model (best five
models can be seen in Supplementary Material Table 1)
showed a negative relationship between peak frequency
and body mass (R%;=0.68, slope= -0.29, C.I:-0.342,
-0.244), with no significant differences in slopes between
types of emission, but a higher intercept for nasal emit-
ters (Table 1; Fig. 1a). For bandwidth, the best model only
included body mass, and the association between both
variables was negative (R%;=0.59, slope= -0.17, C.L:-
0.27,-0.08) (Table 1; Fig. 1b). We found a positive asso-
ciation between call duration and body mass (R%;,=0.70),
with differences between the type of emission, and oral
bats having a higher intercept (Table 1; Fig. 1c). The
graphical representation of the model (Fig. 1c) showed
two groups of nasal emitters. We remade this separat-
ing for the most representative families within dataset
and found that the group with higher call durations cor-
responds with Rhinolophidae ( Supplementary Material
Fig. 1).
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Table 1 PGLS Models with the best combination of variables
(i.e., lowest AIC) for the scaling of peak frequency (PF), bandwidth
(BW), and call duration (CD) attending differences between

nasal and oral emitters (Echo type) for 314 analyzed species. For
estimating Chisqg and Pr analyses of deviance type Ill were made,
C.l. represents confidence intervals for slopes using a confidence
level of 0.95%

Value Std error Chisq Pr
PF  Intercept 2.09(nasal), 1.94(cral)  0.07 861.06 <0.001
(nasal),
0.13(oral)
Bodymass  -0.29 (C.I-0.342,-0.244) 0.03 1368 <0001
Echo type 6.67 0.009
BW Intercept 1.25 0.12 93.93  <0.001
Body mass  -0.18(C.I-0.27,-0.08) 0.06 13.19 <0001
0.36
CD Intercept 0.31 (nasal), 0.55(oral)  0.14 523 0.02
Body mass  0.18(C.I:0.20,0.27) 0.05 16.59  <0.001
Echo type 0.11 9.44 0.002
0.33

When analyzing scaling differences between fami-
lies, we found that the best performing PGLS model for
peak frequency only included body mass, with a slope
of -0.269 (R*;=0.41, C.. = -0.33, -0.21) (Supplemen-
tary Material Table 2). For bandwidth, there were sig-
nificant differences in the y-intercepts between families,
with Vespertilionidae having a higher intercept than the

BW
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others. However, all families scaled with a slope of -0.193
(R%,=0.55, C.I. = -0.29, -0.10) (Supplementary Material
Table 2). Finally, for call duration, the scaling was also the
same for all families, with a slope of 0.184 (R*;=0.77,
C.I: 0.09, 0.28). There were differences in the y-intercepts
for Rhinolophidae and Phyllostomidae compared to the
rest of the families, with Rhinolophidae having longer call
durations and Phyllostomidae having shorter call dura-
tions for their size (Supplementary Material Fig. 1c).

Correlated evolution

Through trait mapping on the phylogeny of bats (Fig. 2),
we noted that increases in peak frequency (Fig. 2a) were
associated with decreases in body mass (Fig. 2b) in Ves-
pertilionidae, Miniopteridae, Natallidae, Emballonuri-
dae, Hipposideridae, and Rhinolophidae. Conversely,
decreases in peak frequency were associated with body
size increases in Molossidae. This negative relationship
between body mass and peak frequency given by visual
exploration was confirmed by Bayesian analyses, which
detected a negative correlated evolution between peak
frequency and body mass (Fig. 3). The density of cor-
relations estimated across all MCMC simulations had
a range of -0.18 to -0.16 and a maximum density value
of -0.17 for the correlation between peak frequency and
body mass. Bayes factor had a value of 39.38.

A Nasal

log10[Call duration(ms)]

°

. a

0.5 10 15
log10[Mass (ka)l

1.0 15
log10[Mass (kg)]

20 05 20

10 15
log10[Mass (g}l

Fig. 1 Regression fits according to the best PGLS models between body mass and peak frequency (a), bandwidth (b), and call duration (c). This model
includes a distinction between nasal (blue triangles) and oral (black dots) emitting bats for 314 bat species. Pictures of a Pipistrellus pipistrellus and a
Rhinolophus hipposideros has been included as examples of oral and nasal emitting bats respectively (MNCN-M1060 and MNCN-M357 specimens from
Natural Sciences History Museum of Madrid, Spain). (PF) peak frequency, (BW) bandwidth and (CD) have been highlighted on a spectrogram of a Pipistrel-
lus pipistrellus above their respective panel (bats and spectrogram images produced by M.G.C). This figure with the five major taxonomic families in the

dataset distinguished can be seen in Supplementary material Fig. 1
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For bandwidth (Fig. 2c), trait mapping suggested a
negative correlation with body mass (Fig. 2b), particu-
larly in Vespertilionidae, Natalidae, Phyllostomidae, and
Emballonuridae. Bayesian analysis (Fig. 3) also confirmed
the existence of a negative correlated evolution between
bandwidth and body mass, with a range of -0.05 to -0.03
and a maximum density value of -0.04, supported by a
Bayes factor of 37.80.

Finally, trait mapping indicated a positive association
between call duration (Fig. 2d) and body mass (Fig. 2b) in
some families, such as Miniopteridae, Vespertilionidae,
Molossidae, and especially Rhinolophidae. In agreement

\yespertilionidae

Natalidae
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with this, Bayesian analysis documented a positive corre-
lated evolution between call duration and body mass for
the whole order, with a range of 0.07 to 0.1 and a maxi-
mum density value of 0.085, supported by a Bayes factor
of 30.93.1.

In sum, both trait co-evolution analyses based on trait
mapping in the phylogeny (Fig. 2) and Bayesian statistics
(Fig. 3) provided consistent evidence for a negative corre-
lated evolution between peak frequency and body mass,
as well as for bandwidth and body mass, and a positive
correlation for call duration and body mass. Bandwidth
had correlation values closer to zero than the other traits

\espertilionidae

\ Miniopteridae

| Rhinopomatidac

Log10 [Peak frequency (kHz)] El

=28 E&fgui—ro.vom

1.033 2.321

Log10 [Body mass (g)]

0452~ ** Mdrfgnrasoome = 2005

Fig. 2 Phylogenetic mapping for 314 and 15 bat species and families, respectively, of a) echolocation peak frequency (PF), b) body mass (BM), c) echo-
location bandwidth (BW), and d) call duration (CD). All variables are represented as log-transformed due to the non-normal distribution of data. Spectro-
grams of a Pipistrellus pipistrellus call highlighting each trait were included in their respective panel to help visualization
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Fig. 3 Evolutionary correlations between body mass and the echolocation parameters; from left to right: peak frequency, bandwidth, and call duration.
Density represents the estimate of the posterior distribution of correlation densities along the 4900 sampled generations of 5,000,000 generations that

were run in RevBayes.

(Fig. 3). The strong support for these correlations in the
data suggests that they are likely to be robust across dif-
ferent taxa of bats. Bayes factor above 30 indicated strong
support for these correlations in our data [68].

Discussion

We found support for correlated evolution of peak fre-
quency, bandwidth, and call duration with body mass. As
expected, increases in size were coupled with decreases
in both peak frequency and bandwidth and with increases
in call duration (and vice versa) through bat diversifica-
tion. Bandwidth posterior correlation distributions were
the closest ones to zero (Fig. 3), which suggests weaker
correlated evolution for this echolocation parameter.
These results were congruent with the testing of allom-
etries, in which significant scaling patterns were detected
for all three echolocation parameters. Our analyses iden-
tified higher prediction power (R%;,) of body size on call
duration, followed by peak frequency and bandwidth.
These results are congruent with other studies [37], who
found that changes in peak frequency were correlated
with body size in Rhinolophidae evolution over changes
in habitat type. Our results expand this finding for a large
interfamily database, suggesting that this correlation
might have been global for laryngeal echolocating bats.

The mechanisms that would explain the allometric pat-
terns, and correlated evolution of the different echoloca-
tion parameters with body size, could rely on anatomical
constrains driven by size, that would not be exclusive for
bats. For example, as expected by the allometric hypoth-
esis, increases in body size influences resonation cham-
bers size, making larger animals constrained to produce
lower-frequency sounds [34, 69]. This includes bats echo-
location peak frequency. We found evidence of corre-
lated evolution between body mass and peak frequency
and a significant global allometry close to -0.3 between
these traits on a logarithmic scale. This finding is in con-
sonance with the pattern expected under the allometric
hypothesis [17, 36—40]. In addition, albeit all call param-
eters exhibited correlated evolution, we found that dur-
ing bat diversification body mass changes were more
coupled with changes in call duration than with those
of bandwidth. Moreover, when analyzing the allometric
patterns of these echolocation parameters, PGLS R? for
bandwidth were also lower than for call duration. While
increases in body size may increase the air capacity of
the lungs allowing larger animals to produce longer calls
[39, 51], morphological constrains of size to bandwidth
are less clear. Perhaps the constrains of the later would be
related with the ones of peak frequency (i.e., bandwidth
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would be restricted by resonation chamber size, similarly
to peak frequency) [50]. Overall, our results suggest that
bandwidth (compared to peak frequency and call dura-
tion) could be more explained by factors other than body
size (e.g., other morphological constraints, recording
methods, diet, habitat structure, and behavior; (3, 4, 45,
46)).

There are other mechanisms to explain the scaling and
coevolution patterns between peak frequency, band-
width, call duration and body size. These mechanisms
would rely on flight and echolocation performance con-
strains and are exclusive of bats. In this sense, it has
been even suggested that echolocation imposed a selec-
tive pressure on bats size, and that is why they would
be small [35, 48]. Because of the quick air attenuation
of high-frequency sounds, and the weak signal given by
small insects, the high-peak frequencies of echolocation
calls can only detect these insects in a short range. Small
bats with rounded wings will be better for this and will
perform better foraging within a cluttered environment
[4], where they do not only have to forage but to avoid
obstacles in darkness. In this environment a detailed
information of the surroundings given by broadband
calls (high bandwidth) is needed, yet an overlap between
emitted and received signals must be avoided by mak-
ing calls shorter [35]. A relatively big bat which fly faster
and is less manurable will perform better foraging in
open areas [4]. In this scenario, to avoid the attenuation
of echolocation and to increase the range of prey and/
or obstacle detection, the frequency of the calls must be
reduced [35]. In an open area, detailed information of the
surroundings is not needed but prey must be detected
within a wider space, otherwise, an overlap of calls is
less likely to occur. Therefore, calls must be focused on
the frequencies which allow insect detection (using short
bandwidths) and can be longer than in a cluttered envi-
ronment (increasing call duration). Some interesting
exceptions to this can be observed in some bats. Firstly,
there are bats with doppler shift compensation capacity
like Rhinolophidae (also found in Hipposideridae and
some Mormoopidae), which do not suffer from the over-
lap and have long calls while foraging in cluttered habi-
tats. As can be seen in Supplementary Material Fig. 1,
Rhinolophidae have longer calls than expected from their
size. Increasing call intensity could be an alternative strat-
egy to deal with air attenuation, which would be espe-
cially beneficial for open foragers. Although relatively
larger animals like open foragers should afford the cost of
increasing call intensity, the body size-call intensity rela-
tionship has been found non linear in terrestrial environ-
ments [70]. Currie et al. [71] documented the high cost
of high intensity calls in bats. This may have resulted in
the development of alternatives to compensate for atmo-
spheric attenuation, such as increasing call duration and
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reducing frequencies. This statement would be congruent
with our results. However, to test this hypothesis, future
research should compare the metabolic costs of increas-
ing intensity versus increasing call duration. It is also
needed to look at the mode of evolution of call intensity
and its correlation with the other acoustic parameters
and body size. Frugivorous and nectarivore bats may
have been able to overcome the echolocation constrain of
size by utilizing other senses like vision and olfaction in
foraging [48]. Pteropodidae (family with the biggest spe-
cies of the Chiroptera order) could have even lost laryn-
geal echolocation, potentially allowing them to increase
in size [48]. Other alternatives to body size have been
proposed to modify and explain the diversity of bat echo-
location calls. First, the co-evolution with moths that can
hear bat calls seems to alter the frequencies with whom
some bats forage [17, 44, 72]. Second, the role of echolo-
cation in communication has been proposed to be useful
in niche partitioning and reducing competition inter and
intra-specifically [45]. Then, how this may affect echolo-
cation call-structures is a still an important research area
due to the functional-ecological meaning of these.

The allometries of the three echolocation parameters
were significant. Additionally, for peak frequency and call
duration, the best model not only included body mass
but also an additive effect of emission type (nasal or oral).
This model was preferred over a model with the interac-
tion of body mass and emission type, or another one with
body mass only (Table 1; Supplementary Material Table
1). The best model for bandwidth only included body
mass, meaning that emission type was not as relevant to
explain this parameter variation. Therefore, our results
support that the allometric hypothesis predicted pat-
tern is globally applicable for both, nasal and oral emit-
ting bats. We initially expected to find differences in the
allometric slopes between types of emission. The reason-
ing for this was that peak frequencies of nasal emitting
bats could be more determined by nasal structures such
as nose morphology than by resonation chamber sizes
[47]. Then, this could lead to significant differences in
the allometries of nasal and oral emitting bats. Accord-
ing to our results, peak frequency of nasal emitting bats
could be dependent on the resonation chamber size too.
However, nasal structures like nose leaves or nasal reso-
nators produce higher frequencies than oral emission,
according to the higher intercepts found in our study (see
Fig. 1). These higher frequencies for nasal emitting bats
could be the result of an adaptation to enhance the direc-
tionality of the calls [73]. The ultrasound produced in the
larynx of a nasal emitting bat without nose-leaves would
lose directionality quickly due to air absorption of the
sound [74]. To overcome this issue, nasal emitting bats
could have developed nose leaves and higher-frequency
calls [73]. Likewise, we expected a variation between
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nasal and oral emission in the scaling of bandwidth too. If
nasal structures constrain the variability of call frequen-
cies, they could also constrain bandwidth itself [40]. We
found that there were not significant scaling differences
between types of emission for call duration. All nasal
emitters but Rhinolophidae had shorter calls compared
to oral emitters. Rhinolophidae, had significantly lon-
ger calls due to their calls with Doppler compensation
(a characteristic also found in Hipposideridae and some
Mormoopidae), which allowed them to produce longer
calls without interference [75]. All these results expand
previous works on the allometric differences between
nasal and oral emitting bats [40], while encouraging fur-
ther investigation into the scaling of nose leaves and nasal
cavities and the effect of this on call emission. The mor-
phology of nasal structures seems to have a functional
ecological meaning, as suggested for Phyllostomidae and
Rhinolophidae [76-78]. Phyllostomidae represents an
interesting group to explore the evolution of sensory sys-
tems, morphology, and dietary niches. These neotropical
bats show a wide diversity of diets from pollen, nectar,
fruits and foliage to insects, vertebrates (including other
bats) and blood. In this regard, it has been documented
how changes in sensorial systems given by opportu-
nity and modularity of their underlying morphological
structures allowed the access to novel diet and ecologi-
cal opportunities for Phyllostomidae, and this led to their
interesting ecomorphological diversity and radiation [79,
80]. Further research on morphological aspects related
to sensorial ecology like nose-leaves can still contribute
to a more in-depth understanding of bat diversity and
evolution.

Our study is the first one to address correlated evolu-
tion in bats using RevBayes, a recently developed Bayes-
ian approach based on large scale simulations. This
is a valuable tool complementary to more traditional
approaches like PGLs to test patterns like those pro-
posed by the allometric hypothesis. One of the differ-
ences between RevBayes and PGLs is that the former
can test whether, and how much, changes in a trait have
been coupled with changes in other traits throughout
the diversification of a given taxon. However, this Bayes-
ian tool has limitations, such as the inability to combine
quantitative and categorical variables in the analysis. For
example, this combination would be useful for testing
the evolutionary correlation between size and echoloca-
tion parameters while assessing the differences between
nasal and oral emitting bats, foraging habitats, diets, or
families. Even so, RevBayes is still interesting for adding
more evolutionary context in the exploration of biologi-
cal questions regarding the relationships between func-
tional traits. Specifically for our purposes, this Bayesian
approach has provided a comprehensive perspective of
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echolocation and body size correlated evolution across a
large number of laryngeal echolocating bat species.

Conclusions

In this work, our aim was to address the relationship
between echolocation and body size in bats. Firstly, by
testing scaling patterns of peak frequency, bandwidth,
and call duration, while directly accounting for differ-
ences between nasal and oral emitting bats. Secondly, by
analyzing whether there has been a correlated evolution
between size and these echolocation parameters. Lastly,
by comparing the influence of size on each of these
parameters. According to our results, larger bats tend to
have lower frequencies, narrower bands, and longer call
durations, as expected. However, significant differences
between nasal and oral emitting bats on scaling inter-
cepts for peak frequency and call duration were included
in the best selected PGLS models. We did not find sig-
nificant differences in slopes scaling between nasal and
oral emitting bats for any of the echolocation param-
eters. There was not any sort of differences in scaling pat-
terns of bandwidth between types of emission. All of this
expands previous studies findings on the echolocation
allometric differences between types of emission [40]. In
this study we detected that increases in body mass were
coupled with decreases in peak frequency and bandwidth
and with increases in call duration (and vice versa) across
laryngeal-echolocating bat diversification (as tested by
using RevBayes analyses and explored by phylogenetic
mapping). Both approaches (PGLS and RevBayes) found
that the relationship of body mass with peak frequency
and call duration was greater than with bandwidth. We
discussed two alternatives, but not exclusive, kinds of
mechanisms to explain the constraints between size and
echolocation. One is based on morphology and anatomy,
and the other on flight, echolocation performance and
habitat structure. All of these may explain not only the
allometric patterns seen in extant bats but also the cor-
related evolution between them. The flight-echoloca-
tion-morphology complex has an enormous influence
on bat foraging strategies and ecology. Body size, peak
frequency, bandwidth, and call duration can be seen as
functional traits for bats. The diversity of foraging strate-
gies and their evolutionary link with sensory ecology still
deserve further research. Our study adds evidence that
incorporating large-scale simulation analyses, phyloge-
netic reconstruction, and Bayesian statistics, can benefit
the exploration of macroevolutionary patterns.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512862-024-02231-4.

[ Supplementary Material 1 J



https://doi.org/10.1186/s12862-024-02231-4
https://doi.org/10.1186/s12862-024-02231-4

Castro et al. BMC Ecology and Evolution (2024) 24:44

Acknowledgements
Not applicable.

Author contributions

M. G. C. performed analyses and wrote the first draft of the manuscript, T.FA.
contributed to data analyses and Bayesian statistics, M. A. O-T. conceived the
idea and designed the research. All authors contributed to the writing of the
manuscript.

Funding
Not applicable.

Data availability

Data used in this study was adapted from Collen (2012), available as open
access at UCL Discovery. All the modifications of this are detailed in methods
sections. Derived datasets will be uploaded to Zenodo and the DOI of the
repository will be provided upon manuscript acceptance. Main database is
also provided in Table 3 of Supplementary Material.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 17 February 2024 / Accepted: 27 March 2024
Published online: 15 April 2024

References

1. Pierce GW, Griffin DR. Experimental determination of supersonic notes emit-
ted by bats. J Mammal. 1938. https://doi.org/10.2307/1374231.

2. Griffin DR. Bat sounds under natural conditions, with evidence for echoloca-
tion of insect prey. J Exp Zool. 1953. https://doi.org/10.1002/jez.1401230304.

3. Schnitzler HU, Kalko EKV. Echolocation by insect-eating bats. Biosci. 2001.
https://doi.org/10.1641/0006-3568(2002)052. [0905:UPADLO]2.0.CO;2.

4. Denzinger A, Schnitzler HU. Bat guilds, a concept to classify the highly diverse
foraging and echolocation behaviors of microchiropteran bats. Front Physiol.
2013. https://doi.org/10.3389/fphys.2013.00164.

5. Chaverri G, Ancillotto L, Russo D. Social communication in bats. Biol Rev.
2018. https://doi.org/10.1111/brv.12427.

6. Barclay RM. Interindividual use of echolocation calls: eavesdropping by bats.
Behav Ecol Sociobiol. 1982. https://doi.org/10.1007/BF00302816.

7. Jones G, Echolocation. Curr Biol. 2005. https://doi.org/10.1016/j.
cub.2005.06.051.

8. Jones G, Teeling EC. The evolution of echolocation in bats. Trends Ecol Evol.
2006. https://doi.org/10.1016/j.tree.2006.01.001.

9. von Herbert H. Echoortungsverhalten Des Flughundes Rousettus aegyptia-
cus (Megachiroptera). Z Sdugetierkd. 1985;50:141-52.

10.  Waters DA, Vollrath C. Echolocation Performance and call structure in the
Megachiropteran Fruit-Bat Rousettus aegyptiacus. Acta Chiropt. 2003. https://
doi.org/10.3161/001.005.0205.

11, Raghuram H, Gopukumar N, Sripathi K. Presence of single as well as double
clicks in the echolocation signals of a fruit bat, Rousettus leschenaulti (Chi-
roptera: Pteropodidae). Folia Zool. 2007;56(1):33.

12. Boonman A, Bumrungsri S, Yovel Y. Nonecholocating fruit bats produce
biosonar clicks with their wings. Curr Biol. 2014. https://doi.org/10.1016/.
cub.2014.10.077.

13. Metzner W, Miller R. Ultrasound Production, Emission and Reception. In:
Fenton, MB, Grinnell AD, Popper AN, Fay RR. Bat Bioacoustics. Springer. 2016.
pp. 55-91.

14.  Russo D, Ancillotto L, Jones G. Bats are still not birds in the digital era: echo-
location call variation and why it matters for bat species identification. Can J
Zool. 2018. https://doi.org/10.1139/cjz-2017-0089.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

Page 10 of 11

Fenton MB. Echolocation: implications for ecology and evolution of bats. Q
Rev Biol. 1984. https://doi.org/10.1086/413674.

Norberg UM, Rayner JMV. Ecological morphology and flight in bats (Mam-
malia; Chiroptera): wing adaptations, flight performance, foraging strategy
and echolocation. Philos Trans R Soc Lond B Biol Sci. 1987. https://doi.
0rg/10.1098/rsth.1987.0030.

Bogdanowicz W, Fenton MB, Daleszczyk K. The relationships between echolo-
cation calls, morphology and diet in insectivorous bats. J Zool. 1999. https://
doi.org/10.1111/j.1469-7998.1999.tb01001 X.

Simmons NB, Cirranello AL. Bat Species of the World: A taxonomic and geo-
graphic database. 2023 Version 1.3. Accessed on 03/12/2023.

Nowak RM, Walker EP. Walker's bats of the world. JHU; 1994.

Bailey WJ, Slightom JL, Goodman M. Rejection of the flying primate hypoth-
esis by phylogenetic evidence from the e-globin gene. Sci. 1992. https://doi.
0rg/10.1538/expanim.52.425.

Teeling EC, Scally M, Kao DJ, Romagnoli ML, Springer MS, Stanhope MJ.
Molecular evidence regarding the origin of echolocation and flight in bats.
Nature. 2000. https://doi.org/10.1038/35003188.

Teeling EC, Springer MS, Madsen O, Bates P, O'Brien SJ, Murphy WJ. A molecu-
lar phylogeny for bats illuminates biogeography and the fossil record. Sci.
2005. https://doi.org/10.1126/science.1105113.

Hutcheon JM, Kirsch JA. A moveable face: deconstructing the Microchirop-
tera and a new classification of extant bats. Acta Chiropt. 2006. https://doi.
0rg/10.3161/150811006777070767.

Shi JJ, Rabosky DL. Speciation dynamics during the global radiation of extant
bats. Evol. 2015. https://doi.org/10.1111/evo.12681.

Teeling EC, Dool S, Springer MS. Phylogenies, fossils and functional genes:
the evolution of echolocation in bats. In: Gunnell GF, Simmons NB, editors.
Evolutionary history of bats: fossils, molecules and morphology. Cambridge
University Press; 2012. pp. 1-22.

Wang Z, ZhuT, Xue H, Fang N, Zhang L, et al. Prenatal development supports
a single origin of laryngeal echolocation in bats. Nat Ecol Evol. 2017. https://
doi.org/10.1038/541559-016-0021.

Nojiri T, Wilson LAB, Lépez-Aguirre C, Tu VT, Kuratani S, Ito K, et al. Embryonic
evidence uncovers convergent origins of laryngeal echolocation in bats. Curr
Biol. 2021;31(7). https://doi.org/10.1016/j.cub.2020.12.043.

Sulser RB, Patterson BD, Urban DJ, Neander Al, Luo ZX. Evolution of inner

ear neuroanatomy of bats and implications for echolocation. Nature. 2022.
https://doi.org/10.1038/541586-021-04335-z.

Gardner NM, Dececchi TA. Flight and echolocation evolved once in Chirop-
tera: comments on ‘The evolution of flight in bats: a novel hypothesis. Mamm
Rev. 2022. https://doi.org/10.1111/mam.12286.

Novacek M. Evidence for echolocation in the oldest known bats. Nature.
1985. https://doi.org/10.1038/315140a0.

Simmons NB, Geisler JH. Phylogenetic relationships of Icaronycteris, Archae-
onycteris, Hassianycteris, and Palaeochiropteryx to extant bat lineages, with
comments on the evolution of echolocation and foraging strategies in
Microchiroptera. Bulletin of the AMNH. no. 235; 1998.

Hand S, Maugoust J, Beck RMD, Orliac M. A 50-million-year-old, three-dimen-
sionally preserved bat skull supports an early origin for modern echolocation.
Curr Biol. 2023. https://doi.org/10.1016/j.cub.2023.09.043.

Martin K, Tucker MA, Rogers TL. Does size matter? Examining the drivers of
mammalian vocalizations Evol. 2017; https://doi.org/10.1111/evo.13128.
Fletcher NA. Simple frequency-scaling rule for animal communication. J
Acoust Soc Am. 2004. https:;//doi.org/10.1121/1.1694997.

Barclay RM, Brigham RM. Prey detection, dietary niche breadth, and body size
in bats: why are aerial insectivorous bats so small? Am. Nat. 1991. https://doi.
0rg/10.1086/285188.

Jones G. Scaling of echolocation call parameters in bats. J Exp Biol. 1999.
https://doi.org/10.1242/jeb.202.23.3359.

Stoffberg S, Jacobs DS, Matthee CA. The divergence of echolocation fre-
quency in horseshoe bats: moth hearing, body size or habitat? J Mamm Evol.
2011. https://doi.org/10.1007/510914-011-9158-x.

Thiagavel J, Santana SE, Ratcliffe JM. Body size predicts echolocation call
peak frequency better than gape height in vespertilionid bats. Sci Rep. 2017.
https://doi.org/10.1038/541598-017-00959-2.

Luo B, Leiser-Miller L, Santana SE, Zhang L, Liu T, Xiao Y. Echolocation call
divergence in bats: a comparative analysis. Behav Ecol Sociobiol. 2019.
https://doi.org/10.1007/500265-019-2766-9.

Lopez-Cuamatzi IL, Vega-Guitiérrez VH, Cabrera-Campos |, Ruiz-Sanchez

E, Ayala-Berdon J, Saldana-Vazquez RA. Does body mass restrict call peak


https://doi.org/10.2307/1374231
https://doi.org/10.1002/jez.1401230304
https://doi.org/10.1641/0006-3568(2002)052
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.1111/brv.12427
https://doi.org/10.1007/BF00302816
https://doi.org/10.1016/j.cub.2005.06.051
https://doi.org/10.1016/j.cub.2005.06.051
https://doi.org/10.1016/j.tree.2006.01.001
https://doi.org/10.3161/001.005.0205
https://doi.org/10.3161/001.005.0205
https://doi.org/10.1016/j.cub.2014.10.077
https://doi.org/10.1016/j.cub.2014.10.077
https://doi.org/10.1139/cjz-2017-0089
https://doi.org/10.1086/413674
https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.1111/j.1469-7998.1999.tb01001.x
https://doi.org/10.1111/j.1469-7998.1999.tb01001.x
https://doi.org/10.1538/expanim.52.425
https://doi.org/10.1538/expanim.52.425
https://doi.org/10.1038/35003188
https://doi.org/10.1126/science.1105113
https://doi.org/10.3161/150811006777070767
https://doi.org/10.3161/150811006777070767
https://doi.org/10.1111/evo.12681
https://doi.org/10.1038/s41559-016-0021
https://doi.org/10.1038/s41559-016-0021
https://doi.org/10.1016/j.cub.2020.12.043
https://doi.org/10.1038/s41586-021-04335-z
https://doi.org/10.1111/mam.12286
https://doi.org/10.1038/315140a0
https://doi.org/10.1016/j.cub.2023.09.043
https://doi.org/10.1111/evo.13128
https://doi.org/10.1121/1.1694997
https://doi.org/10.1086/285188
https://doi.org/10.1086/285188
https://doi.org/10.1242/jeb.202.23.3359
https://doi.org/10.1007/s10914-011-9158-x
https://doi.org/10.1038/s41598-017-00959-2
https://doi.org/10.1007/s00265-019-2766-9

Castro et al. BMC Ecology and Evolution

42.

43.

44,
45,

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

(2024) 24:44

frequency in echolocating bats? Mamm Rev. 2020. https://doi.org/10.1111/
mam.12196.

Heller KG, von Helversen O. Resource partitioning of sonar frequency bands
in rhinolophoid bats. Oecologia. 1989. https://doi.org/10.1007/BF00380148.
Fullard JH, Dawson JW. The echolocation calls of the spotted bat Euderma
maculatum are relatively inaudible to moths. J Exp Biol. 1997. https://doi.
0rg/10.1242/jeb.200.1.129.

Jacobs DS, Barclay RM, Walker MH. The allometry of echolocation call
frequencies of insectivorous bats: why do some species deviate from the
pattern? Oecologia. 2007. https://doi.org/10.1007/500442-007-0679-1.
Fenton MB, Fullard JH. The influence of moth hearing on bat echolocation
strategies. J Comp Physiol. 1979. https://doi.org/10.1007/BF00617734.
Duellman WE, Pyles RA. Acoustic resource partitioning in anuran communi-
ties. Copeia. 1983. https://doi.org/10.2307/1444328.

Jones G, Barlow KE. Cryptic species of echolocating bats. In: Thomas JA, Moss
CF, Vater M, editors. Echolocation in bats and dolphins. University of Chicago
Press; 2004. pp. 345-9.

Jiang T, Wu H, Feng J. Patterns and causes of geographic variation in bat

echolocation pulses. Int Zool. 2015. https://doi.org/10.1111/1749-4877.12129.

Thiavagel J, Cechetto C, Santana SE, Jackobsen L, Warrant EJ, Ratcliffe

JM. Auditory opportunity and visual constraint enabled the evolution

of echolocation in bats. Nat Commun. 2018. https://doi.org/10.1038/
s41467-017-02532-x.

Neuweiler G. Foraging ecology and audition in echolocating bats. Trends Ecol
Evol. 1989. https://doi.org/10.1016/0169-5347(89)90120-1.

Luo B, Huang XB, Li YY, Lu GJ, Zhao JL, Zhang KK, et al. Social call divergence
in bats: a comparative analysis. Behav Ecol. 2017. https://doi.org/10.1093/
beheco/arw184.

Ey E, Pfefferle D, Fischer J. Do age- and sex-related variations reliably reflect
body size in non-human primate vocalizations? A review. Primates. 2007.
https://doi.org/10.1007/510329-006-0033-y.

Collen AL. The evolution of echolocation in bats: a comparative approach
(Doctoral dissertation, UCL (University College London)). 2012.

Arbour JH, Curtis AA, Santana SE. Sensory adaptations reshaped intrinsic fac-
tors underlying morphological diversification in bats. BMC Biol. 2021. https://
doi.org/10.1186/512915-021-01022-3.

R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. 2020; https://www.R-
project.org/.

Barton K. MuMIn: multi-model inference. R package version 1.43.17.2020;
Retrieved May, 11, 2021.

Faurby S, Davis M, Pedersen R@, Schowanek SD, Antonelli A, Svenning JC.
PHYLACINE 1.2: the phylogenetic atlas of mammal macroecology. Ecology.
2018,99(11):2626.

Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, Isaac N, et al. The caper
package: comparative analysis of phylogenetics and evolution in R. R Pack-
age Version. 2013;5(2):1-36.

Paradis E, Schliep K. Ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics. 2019. https://doi.org/10.1093/
bioinformatics/btg412.

Ives AR. R2s for Correlated Data: phylogenetic models, LMMs, and GLMMs.
Syst Biol. 2018. https://doi.org/10.1093/sysbio/syy060.

Ives AR, Li D. rr2: an R package to calculate RA2s for regression models. JOSS.
2018. https://doi.org/10.21105/j0ss.01028.

Revell LJ. Phytools: an R Package for phylogenetic comparative

Biology (and other things). Methods Ecol Evol. 2012. https://doi.
0rg/10.1111/j.2041-210X.2011.00169.x.

Revell LJ, Collar DC. Phylogenetic analysis of the evolution-

ary correlation using likelihood. Evol. 2009,63(4). https://doi.
0rg/10.1111/j.1558-5646.2009.00616.x.

Page 11 of 11

63. Hohna S, Heath TA, Boussau B, Landis MJ, Ronquist F, Huelsenbeck JP.
Probabilistic graphical model representation in phylogenetics. Syst Biol. 2014.
https://doi.org/10.1093/sysbio/syu039.

64. Hohna S, Landis MJ, Heath TA, Boussau B, Lartillot N, Moore BR, Ronquist
F. RevBayes. Bayesian phylogenetic inference using graphical models and
an interactive model-specification language. Syst Biol. 2016. https://doi.
0rg/10.1093/sysbio/syw021.

65. May MR, Multivariate Brownian, Motion. Accounting for correlations among
continuous traits. RevBayes. 2022. https://revbayes.github.io/tutorials/cont_
traits/multivariate_bm.html. Last access on 23/01/24.

66. Tribble CM, Freyman WA, Landis MJ, Lim JY, Barido-Sottani J, Kopperud
B, et al. RevGadgets: an R Package for visualizing bayesian phyloge-
netic analyses from RevBayes. Methods Ecol Evol. 2022. https://doi.
0rg/10.1111/2041-210X.13750.

67. Schmalz X, Biurrun Manresa J, Zhang L. What is a Bayes factor? Psychol. Meth-
ods. 2021; https://doi.org/10.1037/met0000421.

68. Jeffreys H. The theory of probability. OUP Oxford. 1998.

69. Pye JD.Why ultrasound? Endeavour. 1979. https://doi.
0rg/10.1016/0160-9327(79)90067-X.

70. Jakobsen L, Christensen-Dalsgaard J, Juhl PM, Elemans CP. How loud can you
go? Physical and physiological constraints to producing high sound pres-
sures in animal vocalizations. Front Ecol Evol. 2021. https://doi.org/10.3389/
fevo.2021.657254.

71, Currie SE, Boonman A, Troxell S, Yovel Y, Voigt CC. Echolocation at high inten-
sity imposes metabolic costs on flying bats. Nat Ecol Evol. 2020. https://doi.
0rg/10.1038/541559-020-1249-8.

72. Novick A. Acoustic orientation. In: Wimsatt WA, editor. Biology of bats. Volume
3. New York: Academic; 1977. pp. 73-287.

73. Pedersen SC, Mller R. Nasal-Emission and nose leaves. In: Adams RA, Peder-
sen SC, editors. Bat Evolution Ecology and Conservation. New York: Springer
Science +Business Media; 2013. pp. 71-91.

74. Hartley DI, Suthers RA. The sound emission pattern and the acoustical role of
the noseleaf in the echolocating bat Carollia perspicillata. J Acoust Soc Am.
1987. https://doi.org/10.1121/1.395684.

75.  Fenton MB, Audet D, Orbist MK, Rydell J. Signal Strength, timing, and Self-
Deafening: the evolution of echolocation in bats. Paleobiology. 2005. https://
doi.org/10.1017/50094837300013221.

76.  Arita HT. Noseleaf morphology and ecological correlates in phyllostomid
bats. J Mammal. 1990. https://doi.org/10.2307/1381314.

77. Bogdanowicz W. Phenetic relationships among bats of the family Rhinolophi-
dae. Acta Theriol. 1992;37(3):213-40.

78.  Bogdanowicz W, Csada RD, Fenton MB. Structure of noseleaf, echolocation,
and foraging behavior in the Phyllostomidae (Chiroptera). J Mammal. 1997.
https://doi.org/10.2307/1382954.

79. Hall RP, Mutumi GL, Hedrick BP, Yohe LR, Sadier A, Davies KT, et al. Find the
food first: an omnivorous sensory morphotype predates biomechanical
specialization for plant based diets in phyllostomid bats. Evol. 2021. https://
doi.org/10.1111/ev0.14270.

80.  Mutumi GL, Hall RP, Hedrick BP, Yohe LR, Sadier A, Davies KT, et al. Disentan-
gling mechanical and sensory modules in the radiation of Noctilionoid bats.
Am Nat. 2023. https://doi.org/10.1086/725368.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1111/mam.12196
https://doi.org/10.1111/mam.12196
https://doi.org/10.1007/BF00380148
https://doi.org/10.1242/jeb.200.1.129
https://doi.org/10.1242/jeb.200.1.129
https://doi.org/10.1007/s00442-007-0679-1
https://doi.org/10.1007/BF00617734
https://doi.org/10.2307/1444328
https://doi.org/10.1111/1749-4877.12129
https://doi.org/10.1038/s41467-017-02532-x
https://doi.org/10.1038/s41467-017-02532-x
https://doi.org/10.1016/0169-5347(89)90120-1
https://doi.org/10.1093/beheco/arw184
https://doi.org/10.1093/beheco/arw184
https://doi.org/10.1007/s10329-006-0033-y
https://doi.org/10.1186/s12915-021-01022-3
https://doi.org/10.1186/s12915-021-01022-3
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/sysbio/syy060
https://doi.org/10.21105/joss.01028
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.1558-5646.2009.00616.x
https://doi.org/10.1111/j.1558-5646.2009.00616.x
https://doi.org/10.1093/sysbio/syu039
https://doi.org/10.1093/sysbio/syw021
https://doi.org/10.1093/sysbio/syw021
https://revbayes.github.io/tutorials/cont_traits/multivariate_bm.html
https://revbayes.github.io/tutorials/cont_traits/multivariate_bm.html
https://doi.org/10.1111/2041-210X.13750
https://doi.org/10.1111/2041-210X.13750
https://doi.org/10.1037/met0000421
https://doi.org/10.1016/0160-9327(79)90067-X
https://doi.org/10.1016/0160-9327(79)90067-X
https://doi.org/10.3389/fevo.2021.657254
https://doi.org/10.3389/fevo.2021.657254
https://doi.org/10.1038/s41559-020-1249-8
https://doi.org/10.1038/s41559-020-1249-8
https://doi.org/10.1121/1.395684
https://doi.org/10.1017/S0094837300013221
https://doi.org/10.1017/S0094837300013221
https://doi.org/10.2307/1381314
https://doi.org/10.2307/1382954
https://doi.org/10.1111/evo.14270
https://doi.org/10.1111/evo.14270
https://doi.org/10.1086/725368

	﻿Correlated evolution between body size and echolocation in bats (order Chiroptera)
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Results
	﻿PGLS models for scaling tests
	﻿Correlated evolution

	﻿Discussion
	﻿Conclusions
	﻿References


