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Introduction: Flight and echolocation are two crucial behaviors associated 

with niche expansion in bats. Previous researches have attempted to explain the 

interspecific divergence in flight morphology and echolocation vocalizations 

in some bat groups from the perspective of foraging ecology. However, the 

relationship between wing morphology and echolocation vocalizations of 

bats remains obscure, especially in a phylogenetic context.

Objectives: Here, we aimed to assess the correlated evolution of wing 

morphology and echolocation calls in bats within a phylogenetic comparative 

framework.

Methods: We integrated the information on search-phrase echolocation call 

duration, peak frequency, relative wing loading, aspect ratio, and foraging guilds 

for 152 bat species belonging to 15 families. We quantified the association 

among wing morphology, echolocation call parameters, and foraging guilds 

using phylogeny-based comparative analyses.

Results: Our analyses revealed that wing morphology and echolocation 

call parameters depended on families and exhibited a marked phylogenetic 

signal. Peak frequency of the call was negatively correlated with relative wing 

loading and aspect ratio. Call duration was positively correlated with relative 

wing loading and aspect ratio among open-space aerial foragers, edge-space 

aerial foragers, edge-space trawling foragers, and narrow-space gleaning 

foragers. Wing morphology, call duration, and peak frequency were predicted 

by foraging guilds.

Conclusion: These results demonstrate that adaptive response to foraging 

ecology has shaped the correlated evolution between flight morphology 

and echolocation calls in bats. Our findings expand the current knowledge 

regarding the link between morphology and vocalizations within the order 

Chiroptera.
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Introduction

Flight and echolocation are two key behavioral innovations in 
the evolutionary history of bats (Fenton et al., 1995; Arita and 
Fenton, 1997; Teeling et  al., 2000). Flight behavior provides 
benefits for long-distance dispersal over geographical barriers, 
avoidance of terrestrial predators, and niche expansion from the 
ground to the sky (Speakman, 2001; Jones and Teeling, 2006; Luo 
et al., 2019a). Echolocation is an active form of orientation in 
which echolocators emit sounds and then listen to reflected echoes 
from the object (Griffin, 1944; Schnitzler and Kalko, 1998). Most 
bats are capable of echolocation, the only exceptions being some 
old world fruit bats (Schnitzler et al., 2003; Jones and Teeling, 
2006). Echolocating bats can perceive the environment through 
auditory scene analysis via echolocation, albeit their vision also 
functions in long-range discrimination of large objects (Simmons 
et  al., 1979; Moss and Surlykke, 2010; Fenton et  al., 2014). 
Echolocation and flight behaviors mediate multiple activities 
associated with fitness of bats, including foraging, social 
communication, and reproduction (Arita and Fenton, 1997; Jones 
and Siemers, 2010; Guo et al., 2021). Despite the sustained interest 
in bat flight and echolocation from ethologists, ecologists, and 
evolutionary biologists (Griffin, 1944; Norberg and Rayner, 1987; 
Arita and Fenton, 1997; Thiagavel et al., 2018), the relationship 
between flight morphology and echolocation vocalizations in 
most bat groups remains uncertain.

From a functional perspective, while bats are foraging, the 
operation of echolocation is mechanically linked to flight. Bats 
utter echolocation calls to search for prey, then catch prey through 
their wings, tail membrane, or mouth (Rayner, 1991). Bats control 
wing-flapping via contracting serratus and pectoralis muscles; this 
compresses the thoracic air volume and increases subglottal 
pressure, ultimately triggering the emission of echolocation 
vocalizations (Suthers et  al., 1972; Lancaster et  al., 1995). 
Echolocation calls are produced by bats at the end of the upstroke 
or at the start of the downstroke that coincide with expiration, 
resulting in an apparent connection between wingbeat frequency 
and repetitive rate of echolocation vocalizations (Rayner, 1991; 
Kalko and Schnitzler, 1993; Jones, 1994; Wong and Waters, 2001). 
Echolocating bats achieve prey detection and capture based on a 
combination of auditory feedback, motor control, and respiration 
(Rayner, 1991; Wong and Waters, 2001). Consequently, flight, 
echolocation, and respiration in bats are physiologically coupled, 
largely reducing the energetic cost of echolocation signal emission 
(Rayner, 1991; Speakman and Racey, 1991; Currie et al., 2020).

Previous researchers have shown that both wing morphology 
and echolocation calls are dependent on foraging ecology in some 
bats (Aldridge and Rautenbach, 1987; Norberg and Rayner, 1987; 
Neuweiler, 1989; Kingston et al., 2000; Schnitzler and Kalko, 2001; 
Denzinger and Schnitzler, 2013). In general, open-space aerial 
foragers have long pointed wings that correspond to high wing 
loading (WL) and aspect ratio (AR), allowing them to fly at faster 
speeds and greater distances (Norberg and Rayner, 1987; Rhodes, 
2002; Jennings et  al., 2004). In contrast, foragers in edge and 

narrow spaces have evolved short round wings to improve 
maneuverability and aerodynamic efficiency, given that 
environmental obstacles such as vegetation restrict their flight 
performance (Norberg and Rayner, 1987; Marinello and Bernard, 
2014). Moreover, echolocation calls of open-space aerial foragers 
are characterized by comparatively long duration, low frequency, 
and narrow bandwidth, features that are beneficial to long-range 
detection of night-flying insects due to less attenuation and 
increased signal energy (Denzinger and Schnitzler, 2013; Luo 
et al., 2019b). Aerial and trawling foragers in edge spaces emit 
short and high-frequency calls for echolocation, and this facilitates 
reducing the interference of obstacle echoes with prey echoes 
(Kalko and Schnitzler, 1993; Schnitzler and Kalko, 1998). Narrow-
space gleaning foragers locate prey via hearing the sounds 
generated by prey activities and prey echoes, and they utter short 
broadband calls with multiple harmonics (Arlettaz et al., 2001; 
Geipel et  al., 2013). The flutter-detecting foragers in narrow 
spaces, which include bats in the families Rhinolophidae, 
Hipposideridae, and Rhinonycteridae and the mormoopid 
Pteronotus parnellii, emit constant-frequency calls during foraging 
along with a broadband sweep at the start or the end (Jones and 
Teeling, 2006; Fenton et al., 2012). Narrow space flutter-detecting 
foragers are high duty cycle bats that produce echolocation calls 
with long duration relative to call period (Fenton et al., 2012). 
Such calls maximize the performance of prey detection and 
localization in highly cluttered environments (Schnitzler and 
Kalko, 1998; Jones and Teeling, 2006; Fenton et al., 2012). These 
findings imply that wing morphology may be  correlated with 
echolocation call design in bat evolution due to the selective 
pressure imposed by foraging ecology.

Several studies have attempted to quantify the relationship 
between wing morphology and characteristics of echolocation 
calls in some bat groups. Norberg and Rayner (1987) evaluated the 
relationship between wing morphology and echolocation call 
structure among 18 bat species. They found that bats with high 
wing loading and aspect ratio produce narrowband calls, while 
species with low wing loading and aspect ratio emit broadband 
frequency-modulation calls (Norberg and Rayner, 1987). Aldridge 
and Rautenbach (1987) revealed close links among, wing loading, 
aspect ratio, and habitat use for 26 bat species from South Africa. 
Roemer et  al. (2019) demonstrated that the indices of wing 
morphology were significantly related to echolocation call 
duration and peak frequency for 21 bat species in France and 
Belgium. Nonetheless, these studies are subject to two major 
limitations: (1) the number of bat species investigated was 
relatively limited, making it difficult to assess the generality of the 
conclusions; and (2) the effects of phylogenetic history between 
species are ignored, yielding potential phylogenetic biases in 
assessing the relationship between wing morphology and 
echolocation call design (Martins and Garland, 1991; Ives and 
Zhu, 2006).

The goal of this study is to explore the relationship between 
wing morphology and echolocation calls in bats within a 
phylogenetic comparative framework. We  hypothesized that 
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foraging ecology drives the correlated evolution between wing 
morphology and echolocation calls in bats. To test our 
hypothesis, we  integrated a large dataset from published 
literature on echolocation call duration, peak frequency, relative 
wing loading (RWL; wing loading after correcting for body 
mass), aspect ratio (AR), and foraging guilds for 152 bat species 
in 15 families. We  determined the relationship between bat 
wing morphology and echolocation call parameters after 
controlling for phylogenetic relationships between species. 
We made the following predictions: (1) relative wing loading, 
aspect ratio, echolocation call parameters, and foraging guilds 
of bats would exhibit pronounced phylogenetic signals, given 
that biological traits depended on phylogenetic history (Collen, 
2012; Luo et al., 2019b); (2) relative wing loading and aspect 
ratio are tightly linked to spectro-temporal parameters of 
echolocation calls; and (3) foraging guilds would account for 
interspecific variation in wing morphology and echolocation 
call parameters.

Materials and methods

Data collection

We obtained six variables of bats from published sources, 
including body mass, wing loading, aspect ratio, echolocation call 
duration, peak frequency, and foraging guilds. A literature search 
was conducted in the Web of Science, Wiley, Springer, JSTOR, and 
Research Gate in April 2018, October 2019, and June (IUCN SSC, 
2022). The Latin name of each bat species on the Red List of the 
International Union for Conservation of Nature (IUCN SSC, 
2022), together with the keywords “echolocation,” “wing 
morphology,” “foraging,” and “guild,” were used as search terms. 
The literature search was limited to publications from January 
1972 to June (IUCN SSC, 2022). All variables were compiled 
according to the following criteria: (1) phylogenetic information 
for the species was available on the phylogenetic tree that 
incorporated 812 bat species (Shi and Rabosky, 2015); (2) bat 
echolocation calls were sampled during evening emergence from 
roosts, in search flight, after release in the field, or a combination 
of these conditions; (3) acoustic analysis was confined to the 
harmonic with the highest energy; (4) the average value was used 
if call parameters differed among geographic locations, degree of 
clutter, or published sources; and (5) Pipistrellus nanus, 
Chalinolobus variegatus, and Myotis ricketti were regarded as 
synonyms of Neoromicia nana, Glauconycteris variegata, and 
Myotis pilosus (IUCN SSC, 2022), respectively. Finally, we retained 
data from 152 bat species in 15 families (Supplementary Table S1), 
including Vespertilionidae (N = 57), Molossidae (N = 10), 
Emballonuridae (N = 12), Nycteridae (N = 3), Noctilionidae 
(N = 2), Mormoopidae (N = 5), Phyllostomidae (N = 27), 
Mystacinidae (N = 1), Hipposideridae (N = 9), Rhinonycteridae 
(N = 1), Rhinolophidae (N = 15), Craseonycteridae (N = 1), 
Megadermatidae (N = 3), Rhinopomatidae (N = 2), and 

Miniopteridae (N = 4). For detailed information on data collection, 
see Luo et al. (2019a,b).

Data processing

To correct for the allometric effect, we computed relative wing 
loading for each species according to the formula RWL = WL/
body mass 1/3 (Norberg et al., 2000). The foraging guilds of bats, 
which were determined based on species’ habitat type and 
foraging mode (Schnitzler et al., 2003; Denzinger and Schnitzler, 
2013), were taken from the literature (Supplementary Table S1). 
Bat guilds were divided into five categories, i.e., open-space aerial 
forager (OA, N = 26), edge-space aerial forager (EA, N = 43), edge-
space trawling forager (ET, N = 8), narrow-space gleaning forager 
(NG, N = 49), and narrow-space flutter-detecting forager (NF, 
N = 26). OA forages in open spaces and captures their prey in the 
aerial mode. EA forages near the vegetation edges, in vegetation 
gaps, or above the water surfaces using an aerial mode. ET 
captures the prey above the water surfaces using the trawling 
mode. NG hunts for the prey from surfaces of vegetation or the 
ground using the gleaning mode. NF hunts for fluttering insects 
in highly cluttered spaces close to the vegetation (Schnitzler and 
Kalko, 2001; Denzinger and Schnitzler, 2013). We combined ET 
and EA into one category, given that ET had a small sample size 
and experienced a similar sensory challenge of auditory masking 
effects with EA. Previous investigations have shown that 
echolocating bats suffer from more serious auditory masking in 
cluttered environments versus in open spaces (Schnitzler et al., 
2003; Siemers and Schnitzler, 2004). Therefore, we  assigned 
species to the most complex guild based on the level of habitat 
clutter if they showed flexibility in the use of foraging space and 
modes. To fulfill the assumption of normality, we  log10-
transformed RWL, AR, call duration, and peak frequency 
for analysis.

Statistical analysis

We employed a general linear model (GLM) to test whether 
wing morphology and echolocation call parameters differed 
between families. We used Pagel’s λ and Blomberg’s K to examine 
phylogenetic signals in wing morphology, echolocation call 
parameters, and foraging guilds of bats based on a pruned 
phylogenetic tree via the packages APE and phytools (Paradis 
et al., 2004; Revell, 2012; Shi and Rabosky, 2015). Pagel’s λ and 
Blomberg’s K are two common measures of phylogenetic 
dependence of traits, with values close to zero indicating weak 
phylogenetic signal, and values close to one indicating strong 
phylogenetic signal (Kamilar and Cooper, 2013). A phylogenetic 
analysis of variance (PANOVA), together with post-hoc multiple 
comparisons, were conducted to evaluate the effects of foraging 
guilds on wing morphology and echolocation call parameters 
using phytools (Revell, 2012). The phylogenetic generalized least 
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square (PGLS) regressions were applied to determine the 
association between wing morphology and echolocation call 
parameters using nlme (Pinheiro et al., 2014). Call duration and 
peak frequency were entered into PGLS regression models as the 
dependent variables. RWL and AR were assigned as the fixed 
predictor variables, and recording context was assigned as a 
covariate. PGLS regressions were operated under four different 
evolutionary scenarios: a Brownian motion (BM) model, an 
Ornstein-Uhlenbeck (OU) model, a lambda (λ) model, and 
ordinary least squares regression (OLS). The BM model assumes 
that phenotypic traits change gradually with evolutionary time at 
a constant rate. The OU model assumes that phenotypic traits 
change randomly around a deterministic trend. The λ model is a 
modified BM model obtained after correcting for the phylogenetic 
covariance matrix. We selected the best-fitting regression model 
based on the Akaike information criterion corrected for a small 
sample size using MuMIn (Hensley et al., 2015; Barton, 2016; 
Charlton and Reby, 2016). We  calculated the R2 for each 
regression model using the function R2.pred of rr2 (Ives, 2019). 
Our preliminary analyses suggested that RWL and AR were not 
significantly related to call duration among all bats studied, since 
call duration in some NF (i.e., rhinolophids and the mormoopid 
Pteronotus parnellii) was largely deviated from that predicted by 
wing morphology. Therefore, we repeated our analyses excluding 
data from NF. All statistics were run in R 3.3.3. Means are 
given ± SE.

Results

Effects of phylogenetic history on wing 
morphology and echolocation calls

The wing morphology (GLM: RWL: df = 14, F = 6.11, 
p < 0.0001; AR: df = 14, F = 9.37, p < 0.0001) and echolocation call 
parameters (GLM: call duration: df = 14, F = 44.06, p < 0.0001; peak 
frequency: df = 14, F = 17.09, p < 0.0001) of bats exhibited 
pronounced variation among families. RWL (λ = 0.75, p < 0.0001; 
K = 0.49, p = 0.008) and AR (λ = 0.98, p < 0.0001; K = 1.01, p = 0.001) 
much depended on phylogenetic relationships between species. A 
strong phylogenetic signal was detected for call duration (λ = 0.91, 
p < 0.0001; K = 1.43, p = 0.001), peak frequency (λ = 0.91, p < 0.0001; 
K = 0.93, p = 0.001), and foraging guilds (λ = 0.92, p < 0.0001; 
K = 1.60, p = 0.001), regardless of the estimated indices.

Relationship between wing morphology 
and echolocation calls

The lambda model provided the best fit for testing the 
relationship between wing morphology and echolocation call 
parameters in bats (Table  1). Despite the weak relationship 
between wing morphology and call duration (N = 152, all p > 0.05, 
Table 1; Figures 1A,B), RWL (N = 152, R2 = 0.68, estimate = −0.31, 

p = 0.014) and AR (N = 152, R2 = 0.69, estimate = −0.77, p < 0.0001) 
were significant negative predictors of peak frequency among all 
bats studied (Table 1; Figures 1C,D). After excluding NF, RWL 
(N = 126, R2 = 0.65, estimate = 0.65, p = 0.0013; Figure 2A) and AR 
(N = 126, R2 = 0.63, estimate = 0.71, p = 0.024; Figure  2B) were 
positively correlated with call duration. RWL (N = 126, R2 = 0.62, 
estimate = −0.40, p = 0.0025; Figure 2C) and AR (N = 126, R2 = 0.64, 
estimate = −0.87, p < 0.0001; Figure 2D) were negatively correlated 
with peak frequency among OA, EA, ET, and NG.

Ecological adaption of echolocation calls 
and wing morphology

The phylogenetic analysis of variance indicated that wing 
morphology of bats was significantly affected by foraging guilds 
(PANOVA: RWL: df = 3, F = 24.75, p = 0.019; AR: df = 3, F = 30.32, 
p = 0.006). OA had higher RWL and AR compared with those 
foraging in edge and narrow spaces (Figures 3A,B). Similarly, the 
duration (PANOVA: df = 3, F = 96.60, p = 0.001) and peak 
frequency (PANOVA: df = 3, F = 66.84, p = 0.001) of echolocation 
calls in bats were dependent on foraging guilds. NF uttered the 
longest echolocation calls, followed by OA, EA, and ET, and NG 
uttered the shortest echolocation calls (Figure 3C). OA emitted 
echolocation calls of lower frequency in comparison with those 
foraging in edge and narrow spaces (Figure 3D).

Discussion

In this study, we employed a large dataset comprising 152 bat 
species from 15 families to examine the relationship between wing 
morphology and echolocation calls in the phylogenetic context. 
Our comparative analyses indicated that relative wing loading and 
aspect ratio were negatively related to peak frequency of 
echolocation calls within the order Chiroptera, even after 
correcting for phylogenetic relationships between species. 
We  found that relative wing loading and aspect ratio scaled 
positively with echolocation call duration in bats while excluding 
narrow-space flutter-detecting foragers. Despite the marked 
phylogenetic constraint, wing morphology and spectro-temporal 
parameters of echolocation calls in bats were predicted by foraging 
guilds. All these results provide comparative evidence supporting 
the hypothesis that foraging ecology has shaped the correlated 
evolution between flight morphology and echolocation calls in 
extant bats.

There was a tight link among wing morphology, echolocation 
calls, and foraging guilds in bats within a phylogenetic 
comparative framework, especially among aerial foragers, 
trawling foragers, and narrow-space gleaning foragers. This 
echoes previous findings based on ordinary comparative analysis 
(Aldridge and Rautenbach, 1987; Jennings et al., 2004; Mancina 
et al., 2012; Roemer et al., 2019). As expected, open-space aerial 
foragers have higher wing loading and aspect ratio, and 
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correspondingly emit echolocation calls of long duration and low 
peak frequency. These characteristics are conducive to rapid and 
long-lasting flight, allowing bats to achieve long-range detection 
of larger night-active insects in open spaces (Norberg and 
Rayner, 1987; Denzinger and Schnitzler, 2013; Jung et al., 2014). 
For aerial and trawling foragers in edge spaces, however, 
background targets such as vegetation serve as a physical barrier 
that restricts their flight speed (Norberg and Rayner, 1987; 
Norberg, 1994). The echoes from background targets and emitted 
signals can mask prey echoes, thereby preventing or reducing the 
chance of detecting prey (Schnitzler and Kalko, 1998; Schnitzler 
et al., 2003). Under these circumstances, edge-space aerial and 
trawling foragers feature intermediate wing loading and aspect 
ratio and produce short and high-frequency echolocation calls 
(Schnitzler and Kalko, 2001). The gleaning and flutter-detecting 
foragers in narrow spaces face multiple physical barriers imposed 

by habitat clutter, and they have evolved lower wing loading and 
aspect ratio to enhance flight maneuverability. Narrow-space 
gleaning foragers produce short and high-frequency calls for 
spatial orientation and foraging, albeit prey-generated sounds are 
also responsible for food acquisition (Arlettaz et  al., 2001; 
Ratcliffe et al., 2005; Geipel et al., 2013). The flutter-detecting 
foragers in narrow spaces emit long constant-frequency 
echolocation calls followed by a downward broadband sweep, an 
upward broadband sweep, or both. Such a call design confers 
advantages in tracking the fluttering moths and beetles in 
extremely cluttered environments, albeit with a substantial 
temporal overlap between prey echoes and clutter echoes 
(Schnitzler and Kalko, 2001; Denzinger and Schnitzler, 2013). 
Nonetheless, narrow-space flutter-detecting foragers avoid 
acoustic masking by employing Doppler shift compensation to 
maintain echo frequency within the sensitive frequency range of 

TABLE 1 Summary of regression models under different evolutionary scenarios.

Bats Parameter Predictors Model AICc R2 Estimate P

All bats studied (N = 152) Dura RWL BM 4.30 0.77 −0.22 0.19

OU 163.00 0.060 0.0014 0.99

λ −11.00 0.79 0.24 0.22

OLS 163.10 0.061 0.0034 0.99

AR BM 3.40 0.77 0.38 0.26

OU 160.70 0.071 0.54 0.20

λ −12.40 0.79 0.42 0.18

OLS 160.80 0.071 0.54 0.20

FPeak RWL BM −118.10 0.65 0.21 0.062

OU −52.70 0.18 −0.85 <0.0001

λ −152.40 0.68 −0.31 0.014

OLS −53.20 0.19 −0.86 <0.0001

AR BM −128.00 0.68 −0.75 <0.0001

OU −71.60 0.28 −1.44 <0.0001

λ −164.90 0.69 −0.77 <0.0001

OLS −71.70 0.28 −1.44 < 0.0001

Bats excluding narrow- space 

flutter- detecting foragers 

(N = 126)

Dura RWL BM −7.00 0.59 −0.085 0.62

OU 45.40 0.20 1.02 <0.0001

λ −32.50 0.65 0.65 0.0013

OLS 45.20 0.20 1.03 <0.0001

AR BM −10.20 0.58 0.49 0.16

OU 26.10 0.31 1.94 <0.0001

λ −29.40 0.63 0.71 0.024

OLS 26.20 0.31 1.94 <0.0001

FPeak RWL BM −100.80 0.57 0.21 0.077

OU −64.30 0.16 −0.69 <0.0001

λ −138.20 0.62 −0.40 0.0025

OLS −64.80 0.17 −0.69 <0.0001

AR BM −110.40 0.60 −0.79 0.0008

OU −88.00 0.31 −1.34 <0.0001

λ −150.70 0.64 −0.87 <0.0001

OLS −88.20 0.31 −1.33 <0.0001

Dura, call duration; FPeak, peak frequency; RWL, relative wing loading; AR, aspect ratio; BM, Brownian motion model; OU, Ornstein-Uhlenbeck model; λ, lambda model; OLS, ordinary 
least square regression; AICc, Akaike’s information criterion corrected for a small sample size. The best-fitting models are shown in bold.
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the auditory fovea (Schnitzler, 1973; Schnitzler et  al., 2003; 
Fenton et al., 2012). Together, these findings confirm that flight 
morphology and echolocation calls of bats show adaptive 
responses to foraging niches.

In rhinolophids and Pteronotus parnellii, the duration of 
echolocation calls was remarkably longer than expected based on 
their relative wing loading and aspect ratio (Figures 1A,B). This is 
not surprising, given that these bats are typically high duty cycle 
echolocators that emit echolocation calls of long duration 
(20–100 ms; Fenton et al., 2012; Luo et al., 2019b). The use of long-
duration echolocation call allows Rhinolophids and P. parnellii to 
monitor one or several amplitude and frequency glints within an 
echo, and therefore can largely improve their prey detection 
performance (Schnitzler and Denzinger, 2011; Fenton et al., 2012). 
Supporting this idea, Lazure and Fenton (2011) found that echo 
strength of insect-like fluttering target increased with call duration 
and associated duty cycle through playback experiments; further 
monitoring confirmed that rhinolophids and P. parnellii initiated 
more approach toward the fluttering target in forest understory 
habitats than low duty cycle bats. Moreover, long-duration 

echolocation calls in rhinolophids and P. parnellii facilitate 
obtaining temporal patterning of acoustic glints that correspond 
to wingbeat rates of fluttering insects (von der Emde and 
Schnitzler, 1990; Fenton et al., 2012). This offers the potential for 
identifying different prey species and achieving selective foraging, 
since the rates of wingbeat are species-specific among flying 
insects (Kober and Schnitzler, 1990; von der Emde and Schnitzler, 
1990; Schnitzler and Denzinger, 2011). Combined, a deviation of 
call duration from that predicted by wing morphology in 
rhinolophids and Pteronotus parnellii provides additional support 
for the role of foraging ecology in shaping the design of 
echolocation calls.

The relative wing loading, aspect ratio, and echolocation call 
parameters of bats contained considerable phylogenetic 
information, indicating that wing morphology and echolocation 
calls are not independent of shared phylogenetic history. A similar 
finding has been reported by Collen (2012), who demonstrated 
that echolocation call duration and frequency parameters 
exhibited a strong phylogenetic signal in most bat lineages. 
Similarly, Luo et al. (2019b) found that phylogenetic components 

A B
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FIGURE 1

Relationship between wing morphology and echolocation call parameters among all bats studied. (A) Relative wing loading and call duration. 
(B) Aspect ratio and call duration. (C) Relative wing loading and peak frequency. (D) Aspect ratio and peak frequency. Black plots represent open-
space aerial forager (OA). Red plots represent edge-space aerial and trawling forager (EAT). Green plots represent narrow-space gleaning forager 
(NG). Orange plots represent narrow-space flutter-detecting forager (NF). Data in ellipses represent rhinolophids and the mormoopid Pteronotus 
parnellii. Lines represent the best-fitting regression models after correcting for phylogeny.
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exerted a remarkable influence on the design of echolocation calls 
in 207 bat species across 17 families. Social vocalizations and 
morphological traits also exhibit moderate to high levels of 
phylogenetic signals in animals ranging from anurans (Gingras 
et al., 2013) to birds (Arato and Fitch, 2021) and mammals (Peters 
and Peters, 2010; Kamilar and Cooper, 2013). Several mechanisms 
may account for the effects of phylogenetic history on wing 
morphology and echolocation calls in bats. First, the development 
of wing membranes and echolocation vocalizations in many bats 
is controlled by functional genes (Li et al., 2007; Tokita et al., 
2012). This illustrates that wing morphology and echolocation 
calls of bats have a genetic basis and thus can be largely inherited 
across generations through a genetic mechanism and eventually 
across species through cladogenesis (Scherrer and Wilkinson, 
1993; Monroy et al., 2011; Wang et al., 2014). Second, since body 
size and associated sound-producing organ (i.e., the larynx) in 
bats are not independent of phylogenetic history (Collen, 2012; 
Luo et al., 2019b), similar characteristics of wing morphology and 
echolocation calls would be found between closely related species. 
Therefore, the phylogenetic history of bats may affect the design 

of wings and echolocation calls indirectly by acting on body size. 
Third, we  verified the presence of a pronounced phylogenetic 
signal for foraging guilds of bats. If these bats use niche-dependent 
wing morphology and echolocation vocalizations, it is likely that 
wing morphology and echolocation calls show similar adaptations 
within some lineages.

The relationship between flight and echolocation in the 
origin of bats remains a controversial topic. Three alternative 
hypotheses have been proposed, namely echolocation first 
(Fenton et al., 1995), flight first (Simmons and Geisler, 1998), and 
tandem development (Rayner, 1991; Speakman, 2001). According 
to the echolocation-first hypothesis, the ancestors of bats were 
nocturnal insectivores capable of echolocation; their enlarged 
hands allowed them to hunt insects through gliding, and their 
flight ability evolved after echolocation to enhance 
maneuverability and simplify returning to the hunting perch 
(Fenton et al., 1995; Arita and Fenton, 1997). By contrast, the 
flight-first hypothesis suggests that the ancestors of bats evolved 
powered flight from climbing and gliding, which relied on a 
vision for spatial orientation and obstacle detection (Norberg, 

A B
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FIGURE 2

Relationship between wing morphology and echolocation call parameters in bats excluding narrow-space flutter-detecting foragers. (A) Relative 
wing loading and call duration. (B) Aspect ratio and call duration. (C) Relative wing loading and SCPF. (D) Aspect ratio and SCPF. Black plots 
represent open-space aerial forager (OA). Red plots represent edge-space aerial and trawling forager (EAT). Green plots represent narrow-space 
gleaning forager (NG). Lines represent the best-fitting regression models after correcting for phylogeny.
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1994). Per the flight-first hypothesis, echolocation developed later 
than the origin of powered flight (Norberg, 1994; Simmons and 
Geisler, 1998). The tandem development hypothesis proposes 
that the first bats evolved flight and echolocation simultaneously, 
possibly owing to the coupling of wing beating, respiration, and 
echolocation call output (Speakman and Racey, 1991; Speakman, 
2001). Some Eocene fossil bats such as Icaronycteris, 
Archaeonycteris, Palaeochiropteryx, and Hassianycteris suggest 
the capability of powered flight and echolocation, providing 
limited information in support of either hypothesis (Simmons 
and Geisler, 1998). Simmons et  al. (2008) contend that the 
primitive early Eocene bats (Onychonycteris finneyi) were capable 
of powered flight but lacked laryngeal echolocation based on the 
morphological features of the forelimb, sternum, cochleae, and 
stylohyal bones, thus supporting the prediction of the flight-first 
hypothesis (Simmons et al., 2008). However, Veselka et al. (2010) 
documented that the articulation between the stylohyal and 
tympanic bones is a better predictor of laryngeal echolocation 
ability than the shape of the stylohyal bone among extant bats and 
that O. finneyi may have mastered the ability of laryngeal 

echolocation (Veselka et  al., 2010). One recent study 
reconstructed the ancestral states of eye size and brain region size 
in bats, highlighting that the progenitors of bats had eyes too 
small to allow pursuit of night-flying insects but did have an 
auditory system sufficient to afford echolocation (Thiagavel et al., 
2018). These studies have yielded mixed results. As such, 
discovery of more primitive fossil bats combined with the 
establishment of their phylogenetic relationships with extant bats 
would help to clarify the origin of powered flight and echolocation.

In summary, our phylogenetic comparative analyses 
demonstrated that foraging guilds and phylogenetic relationships 
between species affected interspecific divergence in wing 
morphology and echolocation calls among 152 bat species from 
15 families. This indicated that ecological selection and 
phylogenetic constraint underlie the evolution of morphological 
and acoustic traits in bats. Upon taking phylogeny into account, 
we found that relative wing loading and aspect ratio were closely 
related to peak frequency of echolocation calls among these bats. 
The relationships among relative wing loading, aspect ratio, and 
echolocation call duration were also pronounced across 

A B

C D

FIGURE 3

(A–D) Effects of foraging guilds on wing morphology and echolocation call parameters in bats. OA, open-space aerial forager; EAT, edge-space 
aerial and trawling forager; NG, narrow-space gleaning forager; NF, narrow-space flutter-detecting forager. Data in box plots represent the upper 
and lower adjacent values (highest and lowest horizontal line, respectively), 25 and 75% quartile with median value (box) and outliers (dots). Stars 
above and below boxplots indicate significant differences in pairwise comparisons between different foraging guilds based on phylogenetic 
analysis of variance. *p < 0.05. **p < 0.01.
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open-space aerial foragers, edge-space aerial foragers, edge-space 
trawling foragers, and narrow-space gleaning foragers. These 
results provided evidence that adaptive response to foraging 
ecology drives the correlated evolution between flight morphology 
and echolocation calls in extant bats. Notably, three potential 
issues may affect the outcome of this study. One possible concern 
is that echolocation call parameters in bats are dependent on body 
size. Nonetheless, we  still found marked associations among 
relative wing loading, aspect ratio, and size-corrected echolocation 
call parameters in bats (Supplementary Table S2). Another 
possible concern is the interspecific heterogeneity in the number 
of echolocation vocalizations. To verify the robustness of our 
results, we  conducted comparative analyses with sample size 
weighting. Our additional analyses suggested that echolocation 
call parameters of bats were also predicted by relative wing loading 
and aspect ratio after weighting by sample size 
(Supplementary Table S3). Finally, some species may not fit into 
the observed foraging habitat and mode through stable isotope 
and DNA-based dietary analyses (Oelbaum et al., 2019; Ingala 
et al., 2021). Combined with fine-scale monitoring of habitat use, 
foraging strategy, and dietary compositions of focal species, 
further research is needed to assess the contribution of foraging 
ecology to the diversity of wing morphology and echolocation 
calls of bats in the phylogenetic context.
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