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Abstract
Background: Why a variety of social animals emit foraging-associated calls during group foraging remains an
open question. These vocalizations may be used to recruit conspecifics to food patches (i.e. food advertisement
hypothesis) or defend food resources against competitors (food defence hypothesis), presumably depending on
food availability. Insectivorous bats rely heavily on vocalizations for navigation, foraging, and social interactions. In
this study, we used free-ranging big-footed myotis (Myotis macrodactylus Temminck, 1840) to test whether social
calls produced in a foraging context serve to advertise food patches or to ward off food competitors. Using a
combination of acoustic recordings, playback experiments with adult females and dietary monitoring (light
trapping and DNA metabarcoding techniques), we investigated the relationship between insect availability and
social vocalizations in foraging bats.
Results: The big-footed myotis uttered low-frequency social calls composed of 7 syllable types during foraging
interactions. Although the dietary composition of bats varied across different sampling periods, Diptera, Lepidoptera,
and Trichoptera were the most common prey consumed. The number of social vocalizations was primarily predicted
by insect abundance, insect species composition, and echolocation vocalizations from conspecifics. The number of
conspecific echolocation pulses tended to decrease following the emission of most social calls. Feeding bats
consistently decreased foraging attempts and food consumption during playbacks of social calls with distinctive
structures compared to control trials. The duration of flight decreased 1.29–1.96 fold in the presence of social calls
versus controls.
Conclusions: These results support the food defence hypothesis, suggesting that foraging bats employ social calls to
engage in intraspecific food competition. This study provides correlative evidence for the role of insect abundance and
diversity in influencing the emission of social calls in insectivorous bats. Our findings add to the current knowledge of
the function of social calls in echolocating bats.
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Background
Numerous animals live in social groups, ranging from insects and fishes to birds and mammals [1–3]. Group living
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provides multiple benefits such as social information
transfer [4, 5], group defence against predators [6], and efficient thermoregulation [7]. However, living in large
groups also incurs some costs, including intense competition for limited food resources, increased predation risk
due to conspicuousness, and high probability of disease
transmission [8, 9]. The social foraging theory emphasizes
that animals’ foraging behavior can be largely influenced
by the social environment, e.g., individual energetic gains
are determined by the presence of foraging conspecifics
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[10, 11]. In some cases, joining a foraging group largely
improves the efficiency of detecting and capturing the
prey [12]. When the group becomes too dense, increased
competition for food and conspecific interference will
elicit intraspecific agonistic interactions, which in turn reduce foraging efficiency of group members [13–15].
Food-associated calls are social vocalizations produced
by gregarious animals during foraging [16]. These vocalizations are usually loud, low frequency bouts facilitating
long-range transmission of information [17]. The food
advertisement hypothesis proposes that the sender emits
calls to inform conspecifics about food availability, eliciting conspecific aggregation and cooperative foraging
[18–21]. Information transfer concerning food sources
reduces the time spent searching for food and therefore
enhances foraging efficiency of relatives and nonrelatives. For instance, naked mole-rats (Heterocephalus
glaber) utter conspicuous vocalizations to recruit their
mates when detecting new food patches [18]. In rhesus
macaques (Macaca mulatta), food-associated calls encode information on the types of food, and group members rapidly approach the sound source upon hearing
the functionally referential signals [19, 20]. Similarly, the
squeak calls from colonially nesting cliff swallows (Hirundo pyrrhonota) attract conspecifics to feed on ephemeral insect swarms [21]. In these circumstances, the
number of food-associated calls is predicted to be positively related to food availability and conspecifics’ foraging activities. In contrast, the food defence hypothesis
underscores that the sender utter calls to warn off potential competitors from feeding areas, resulting in a decreased likelihood of agonistic encounters and physical
injury [22–25]. The food defence hypothesis predicts
that the number of food-associated calls is negatively associated with food availability and foraging activities of
group members [25]. Support for the food defence hypothesis has been found in some birds and primates, especially for those foraging in large groups. For instance,
the group-living green woodhoopoes (Phoeniculus purpureus) employ kek calls to monopolize the richest food
patches [22]. The chuck calls given by pied babblers
(Turdoides bicolor) serve to regulate the spacing between
foragers, and playback of chuck calls causes the competitors to move away from the speaker [23]. In white-faced
capuchins (Cebus capucinus) and red-bellied tamarins
(Saguinus labiatus), individuals who called when they
discovered food were less likely to be approached by
other competitors [24, 25].
Insectivorous bats are an interesting group to study
social function of food-associated calls. Most insectivorous bats dwell gregariously in natural or man-made shelters and initiate foraging activities after sunset [26, 27].
They not only emit echolocation pulses to navigate and
search for insects but also use social calls to cope with
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intraspecific interactions [28–30]. Previous studies have
shown that some bats search for food by eavesdropping
on echolocation vocalizations from group members [31–
34]. However, the role of bat echolocation signals in
long-range information transfer appears to be limited,
given that high-frequency sounds are subject to strong
atmospheric attenuation with distance [35]. Indeed,
greater spear-nosed bats (Phyllostomus hastatus) produce low-frequency screech calls at a higher rate when
feeding on concentrated food resources, thereby coordinating foraging activities of conspecifics [36]. Some bat
foragers, however, emit loud and repetitive social calls to
warn potential competitors away from food patches
under limited food conditions. Examples include the
common pipistrelles Pipistrellus pipistrellus [37], big
brown bats Eptesicus fuscus [38], and Asian particoloured bats Vespertilio sinensis [30]. In Mexican freetailed bats (Tararida brasiliensis), senders even deliberately emit sinusoidal frequency-modulated (SFM) calls
to compete for food by jamming the echolocation of
conspecifics [39]. These findings indicate that the function of social vocalizations in foraging bats may differ by
species. Nonetheless, previous studies are subject to two
limitations: (1) the dietary composition of bats studied
has not been considered, yielding potential bias in quantifying the relationship between bat social calls and insect abundance; and (2) since food competition also
depends on the relative abundance of preferred prey
[37], social calling behavior in foraging bats may be affected by the diversity of insects (e.g., insect evenness),
albeit empirical test of this idea is lacking.
The aim of this study was to investigate the function
of social calls in the context of feeding in the wild bigfooted myotis (Myotis macrodactylus Temminck, 1840).
In particular, we tested whether social calls emitted by
foraging big-footed myotis function to recruit conspecifics to food patches or to defend food resources. Myotis macrodactylus is a trawling forager that captures
insects from or above the water surface [40, 41]. These
bats are distributed in the northeast of China, Korea,
Japan and Russia [42]. Adult females form maternal colonies composed of thousands of members and emerge
to foraging soon after local sunset [40]. These bats forage in groups and emit diverse social vocalizations [43].
To achieve our goal, we applied next generation sequencing of fecal DNA to identify the dietary composition of
M. macrodactylus, and monitored bat social vocalizations as a function of insect prey abundance and evenness in the foraging area. We recorded bat echolocation
vocalizations before and after the emission of social calls
to determine whether social calls can attract or repel
conspecifics [27]. We also conducted playback experiments to determine whether adult females initiated different foraging activities when exposed to experimental

Guo et al. Frontiers in Zoology

(2021) 18:3

stimuli, echolocation pulses, and silence. If the food advertisement hypothesis accounts for the function of social calls in M. macrodactylus, we predict that the
number of bat social vocalizations would be positively
associated with insect abundance and evenness. The
number of bat echolocation pulses would increase after
the emission of social calls. The foraging activity (i.e.
food consumption and flight duration) of adult females
would be enhanced during playback of social vocalizations versus playback of controls (i.e., silence and echolocation calls). If the food defence hypothesis holds for
this bat species, we expect that individuals would increase the emission of social vocalizations when insect
abundance and evenness are comparatively low. The
number of bat echolocation vocalizations would decrease
after the output of social calls. The feeding bats would
reduce foraging attempts and food consumption in the
presence of experimental stimuli.

Results
Characteristics of social vocalizations

A total of 3209 syllables belonging to 7 types were obtained in the focal foraging site of M. macrodactylus,
namely bent downward frequency modulation (bDFM),
wrinkled downward frequency modulation (wDFM),
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sinusoidal frequency modulation (SFM), flattened downward frequency modulation (fDFM), steep downward frequency modulation (sDFM), chevron frequency
modulation-downward frequency modulation (CFMDFM), and downward paraboloid frequency modulationdownward frequency modulation (dPFM-DFM) (Fig. 1).
All syllables contained the highest energy in the first harmonic. The duration of syllables ranged from 9.79 to
54.18 ms, and peak frequency ranged from 25.13 to 50.50
kHz. bDFM was the most commonly observed syllable,
followed by wDFM and sDFM. bDFM had a relatively long
duration (17.14 ± 2.74 ms), low frequency (37.25 ± 3.51
kHz) and large bandwidth (35.19 ± 7.34 kHz). bDFM was
emitted in sequence at a high repetition rate. wDFM was
an irregular wrinkling frequency modulated syllable. The
duration and peak frequency of wDFM were 18.54 ± 2.74
ms and 39.14 ± 5.69 kHz, respectively. SFM was composed
of upward and downward frequency–modulated segments,
with a long duration (38.18 ± 6.86 ms) and high frequency
(48.34 ± 7.93 kHz). SFM was always emitted along with
echolocation pulses in both search and terminal phases.
The paired samples t-test indicated that emission of
bDFM and fDFM calls caused a significant decrease in
the number of echolocation pulses among conspecifics
(bDFM: number of echolocation pulses before calls =

Fig. 1 Waveforms (upper trace) and spectrograms (lower trace) of echolocation and social vocalizations in foraging big-footed myotis. EP: search-phase
echolocation pulse. bDFM: bent downward frequency modulation. wDFM: wrinkled downward frequency modulation. SFM: sinusoidal frequency modulation.
sDFM: steep downward frequency modulation. fDFM: flattened downward frequency modulation. CFM-DFM: chevron frequency modulation-downward
frequency modulation. dPFM-DFM: downward paraboloid frequency modulation-downward frequency modulation
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5.53 ± 0.56, number of echolocation pulses after calls =
4.94 ± 0.56, mean differences = 0.59, t = 2.12, df = 215,
P = 0.036; fDFM: number of echolocation pulses before
calls = 8.25 ± 1.94, number of echolocation pulses after
calls = 6.22 ± 1.46, mean differences = 2.03, t = 2.12, df
= 31, P = 0.039). Similarly, the presence of wDFM, SFM,
and CFM-DFM calls also induced a decrease in the
number of conspecific echolocation vocalizations, albeit
such difference was not statistically significant (all P >
0.05; Table 1). By contrast, the presence of sDFM calls
induced a marked increase in the number of echolocation vocalizations (Number of echolocation pulses before
calls = 2.84 ± 0.48, number of echolocation pulses after
calls = 3.52 ± 0.52; mean differences = − 0.68, t = − 2.31,
df = 124, P = 0.023; Table 1).
Temporal variation in diet

We obtained 3.26 million quality-filtered DNA sequences
of insect prey from faecal samples, with an average of 45,
304 sequences per sample. We identified 444 molecular
operational taxonomic units (MOTUs) of prey items in
the diet of the big-footed myotis, containing 59 insect
families belonging to 10 orders. These insects belonged to
the orders Diptera, Trichoptera, Lepidoptera, Ephemeroptera, Hemiptera, Hymenoptera, Coleoptera, Orthoptera,
Odonata, and Neuroptera (Table S1, Additional file 1).
Diptera were found in the diet of all captured bats, while
Lepidoptera and Trichoptera occurred in 95.8 and 84.7%,
respectively. The dietary composition of M. macrodactylus
showed pronounced variation across different sampling
periods (weighted percentage of occurrence data, wPOO:
df = 72, χ2 = 275.99, P < 0.001; relative read abundance
data, RRA: df = 72, χ2 = 423.03, P < 0.001; Fig. 2a, b).
There was no significant difference in the diets between
males and females (wPOO: df = 9, χ2 = 9.53, P = 0.39;
RRA: df = 9, χ2 = 14.41, P = 0.11).
A total of 4788 insect samples from 61 families in 10
orders were collected by light trapping. Each order was
found in M. macrodactylus’ dietary composition except

for Homoptera. Diptera was the most common order
(51.32%), followed by Ephemeroptera (31.22%), Trichoptera (7.87%), and Lepidoptera (6.68%) (Fig. 2c; Table S2,
Additional file 2). At the order level, the composition of
insects from the focal transect was positively related to
wPOO (OLS: Estimate = 0.71 ± 0.27, t = 2.64, P = 0.034,
R2 = 0.498) and RRA (OLS: Estimate = 0.74 ± 0.26, t =
2.89, P = 0.023, R2 = 0.544) of prey in faecal pellets.
Relationship between food availability and social
vocalizations

The insect abundance, evenness index of insects, and
number of echolocation pulses influenced the number of
social vocalizations in foraging bats (Table S3, Additional file 3). The emission of social calls correlated
positively with insect abundance (GLMM: Estimate =
3.89E− 3 ± 1.04E− 3, t = 3.76, P < 0.001; Fig. 3a; Table 2),
but negatively with the evenness index of insects
(GLMM: Estimate = − 1.22 ± 0.61, t = − 2.01, P = 0.048;
Fig. 3b; Table 2). The emission of social calls was also
correlated positively with the abundance of Diptera
(GLMM: Estimate = 9.06E− 3 ± 2.34E− 3, t = 3.88, P <
0.01), and Trichoptera (GLMM: Estimate = 1.84E− 2 ±
9.48E− 3, t = 1.94, P = 0.052). There was a negative correlation between the number of social calls and the
abundance of Lepidoptera (GLMM: Estimate = − 0.02 ±
0.01, t = − 1.13, P = 0.26). A positive relationship between the number of social vocalizations and echolocation calls was found (GLMM: Estimate = 1.75E− 3 ±
4.77E− 4, t = 3.67, P < 0.001; Fig. 3c; Table 2). Repeated
analysis for each syllable type yielded similar results
(Table S4, Additional file 4).
Behavioural response to playback stimuli

Foraging activity (i.e. food consumption and flight duration) of bats in the flight room was significantly lower
during playback of social calls than during control trials
(ANOVA: food consumption: F4,165 = 78.93, P < 0.001;
flight duration: F4,165 = 46.26, P < 0.001; Fig. 4; Table S5,

Table 1 The number of conspecific echolocation pulses before and after the presence of social calls
Types of signals

Nbefore

Nafter

Mean differences

t

df

P

bDFM

5.53 ± 0.56

4.94 ± 0.41

0.59

2.12

215

0.036 *

wDFM

2.93 ± 0.70

2.39 ± 0.53

0.54

1.64

120

0.104

SFM

2.17 ± 0.66

2.10 ± 0.68

0.07

0.09

29

0.927

fDFM

8.25 ± 1.94

6.22 ± 1.46

2.03

2.12

31

0.039 *

sDFM

2.84 ± 0.48

3.52 ± 0.52

−0.68

−2.31

124

0.023 *

CFM-DFM

4.32 ± 0.85

4.66 ± 1.02

−0.34

−0.42

52

0.677

dPFM-DFM

8.49 ± 1.64

7.32 ± 1.25

1.17

1.29

40

0.204

Nbefore the number of echolocation pulses before the presence of social calls, Nafter the number of echolocation pulses after the presence of social calls. Nbefore and
Nafter are given as mean ± SE. Mean differences = Nbefore − Nafter. bDFM bent downward frequency modulation, sDFM steep downward frequency modulation,
fDFM flattened downward frequency modulation, wDFM wrinkled downward frequency modulation, SFM sinusoidal frequency modulation, CFM-DFM chevron
frequency modulation-downward frequency modulation, dPFM-DFM downward paraboloid frequency modulation-downward frequency modulation. Statistical
significance is based on the paired-samples t test
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Fig. 2 Temporal variation in the diets of M. macrodactylus and insect diversity in the focal transect. a Weighted percentage of occurrence
(wPOO). b Relative read abundance (RRA). c Insect abundance in the focal transect

Additional file 5). Food consumption was dramatically
reduced during playback of social calls compared to
playback of echolocation pulses (Tukey’s test: bDFM:
mean difference = − 6.07, P < 0.001; wDFM: mean difference = − 6.80, P < 0.001; SFM: mean difference = − 7.45,
P < 0.001) and silence (Tukey’s test: bDFM: mean difference = − 4.36, P < 0.001; wDFM: mean difference = −
5.09, P < 0.001; SFM: mean difference = − 5.74, P <
0.001). The consumption of food increased when echolocation pulses were played back compared to the silent
control (Tukey’s test: mean difference = 1.71, P = 0.007;
Fig. 4a). Flight duration decreased 1.29–1.96 fold in the
presence of social calls versus controls (Tukey’s test: all P
< 0.05). Despite similar amounts of food consumption,
flight duration showed significant difference when acoustically different social calls were broadcasted (Fig. 4b).

Discussion
In this study, we investigated the function of social calls
in big-footed myotis during foraging. Three lines of evidence indicate that social calls emitted by foraging big-

footed myotis primarily mediate intraspecific food competition. First, the number of social vocalizations was
positively related to insect abundance but was inversely
related to evenness index of insects, suggesting that insect availability is an important factor underlying social
calling behavior in foraging bats. Second, using echolocation pulses as a measure of feeding behavior, we
found that big-footed myotis tended to reduce their foraging activities in the foraging area after the emission of
bDFM, wDFM, SFM, fDFM, and dPFM-DFM calls.
Third, playback of bDFM, wDFM, and SFM calls impeded individual foraging activity in the flight room, as
evidenced by decreased consumption of mealworms and
decreased flight duration. Consequently, these results
support the food defence hypothesis that social calls can
ward off food competitors.
Big-footed myotis emitted more social calls when insect diversity decreased, albeit a positive relationship
existed between social vocalizations and insect abundance. The number of echolocation pulses before the
production of social calls (i.e. bDFM and fDFM) was
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Fig. 3 Relationships among bat vocalizations, insect abundance, and
insect diversity (N = 30). a Total number of syllables and insect
abundance. b Total number of syllables and insect diversity. c Total
number of syllables and number of echolocation pulses. The solid
lines in the middle of the frames represent the regression models,
and the dashed lines represent 95% confidence intervals

greater than these after social calls output. Playback of
social calls influenced bats’ foraging attempts and food
consumption. These findings indicate that social calls
given by foraging big-footed myotis play a primary role
in mediating intraspecific food competition. In the
breeding season, food competition within bat maternal
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colonies is intense, owing to high energy and nutrition
demands for reproductive output [30, 44, 45]. The increased group size would intensify food competition
with non-kin members when pups have the ability of
echolocation and active flight [46]. Vocal mediation of
intraspecific food competition also occurs in some other
vespertilionid bats. Pregnant northern bats (Eptesicus
nilssoni) defend feeding territories through the production of social calls and aggressive chases [47]. Both P.
pipistrellus and P. pygmaeus emit low-frequency social
calls at high repetition rates in the context of feeding,
leading to an apparent decrease in intraspecific foraging
activity [37]. Male big brown bats utter frequencymodulated calls to claim food ownership [38], and female Asian particoloured bats employ loud screams to
engage in agonistic foraging interactions [30]. However,
contrary to these previous studies [37, 38, 45, 48], we
found that bat social vocalizations scaled negatively with
insect evenness instead of insect abundance. This suggests that competition for preferred insect prey determines the output of social calls in big-footed myotis.
Indeed, further analysis of our data showed that the Pielou’s evenness index of insects was predicted remarkably
well by the relative abundance of Lepidoptera (OLS: Estimate = 0.62 ± 0.15, P < 0.001, R2 = 0.42; Table S6,
Additional file 6). There is also negative association between the relative abundance of Lepidoptera and total
number of syllables (OLS: Estimate = − 0.57 ± 0.16, P =
0.001, R2 = 0.32; Table S6, Additional file 6). For many
trawling insectivorous bats, dipteran insects are the most
frequently occurring prey due to the highest abundances
in aquatic habitats, whereas lepidopteran insects are the
most preferred prey due to their larger size and higher
energy supply [49, 50]. Taken together, we speculate that
the increased competition for available food trigger the
emission of social calls in foraging bats.
The emission of social calls was also positively predicted by the number of echolocation pulses from conspecifics. Since echolocation signals can be a reliable
indicator of bat presence, more social calls recorded
might be attributed to an increase in the number of foraging bats in the focal transect. In addition, most echolocating bats locate and identify prey by emitting
echolocation pulses and receiving the echoes returning
from the targets [51]. The sensory interference from
neighboring conspecifics’ sonar reduces the acoustic
field of view of the echolocators, largely impairing the
performance of spatial orientation and foraging [52, 53].
In this circumstance, it was also possible that big-footed
myotis increase the emission of social calls to chase away
their potential competitors when the feeding group was
dense. One recent study also discovered that the emergence of conspecifics at high densities was detrimental
for prey capture, given that echolocating bats have to
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Table 2 Summary of optimized generalized linear mixed models
Predictors

Estimate ± s. e.

t

P

VIF

TI

4.01 ± 0.47

8.56

< 0.001

–

–

Insect abundance

3.89E− 3 ± 1.04E− 3

3.76

< 0.001

1.13

0.88

Pielou’s evenness index

−1.22 ± 0.61

−2.01

0.048

1.47

0.68

Number of echolocation pulses

1.75E−3 ± 4.77E−4

3.67

< 0.001

1.47

0.68

Dependent variable: number of syllables
(Intercept)

The sample sizes are 30. Estimate: coefficient of the optimized model. P probability, VIF variance inflation factors, TI tolerance indices

focus their attention on nearby conspecifics for collision
avoidance [15]. Further research is invited to explore
whether intraspecific sonar interference may elicit the
emission of social calls in foraging bats.
Despite the consistent consumption of food, experimental bats showed differential foraging duration in

response to the different syllable types. The bDFM call
was most effective in inhibiting flight duration of feeding
bats. The bDFM call emitted by M. macrodactylus is a
low-frequency broadband signal with a high repetition
rate, which resembles social calls used for food resource
defense in pipistrelle and big brown bats [37, 38]. Low-

Fig. 4 Bat foraging activity during playback experiments. a Food consumption. b Flight duration. Silence: silent control. EP: echolocation pulses.
Data in box plots are the upper and lower adjacent values (highest and lowest horizontal line, respectively), 25 and 75% quartiles with median
value (box). Statistical significance is based on post-hoc Tukey’s test. * P < 0.05. ** P < 0.001. ns: not significant
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frequency sounds transmit comparatively long distances
due to frequency-dependent attenuation, and therefore
facilitate social information transfer between colony
members [35, 54]. Broadband calls can trigger excitatory
response of neurons within bat receivers’ basolateral
amygdale, the area responsible for encoding and expression of fear [55–57]. Although production of echolocation calls in flying bats incurs a small energetic cost due
to the mechanical linkage between pulse emission and
wingbeat, emission of social calls at greater rates may be
costly for echolocating bats [58, 59]. Physiological evidence has shown that metabolic cost of lesser bulldog
bats (Noctilio albiventris) scales positively with the rate
of echolocation pulses in a communicative non-foraging
context [60]. Behavioral experiments on Asian particoloured bats indicate that social call rates serve as a reliable indicator of body size, body quality, and dominance
scores during agonistic interactions, suggesting that only
larger and healthier individuals are capable of sustaining
sound output at higher rates [30, 61]. In many insects,
frogs, and birds, oxygen consumption also increases rapidly with increased call rates [62, 63]. Therefore, bDFM
calls may provide reliable information about the competitive ability of the sender, intimidating potential competitors away from food sources [61]. Combined with
previous research, our field recording and playback experiments confirm that bDFM calls given by foraging
bats serve a food-defence function [37, 38].
Big-footed myotis tended to initiate relatively more
foraging efforts during playbacks of SFM and wDFM
calls compared to the bDFM signal. Our further inspection of data reveals that 4.6% of the bDFM calls were
produced in the presence of feed buzzes. However,
26.7% of the SFM calls occurred in conspecifics’ terminal
phases of insect pursuit, and 8.3% of the wDFM calls
overlapped with feeding buzzes of conspecifics. We observed that adult females flew more than 6 min to capture the mealworms during the playback of SFM calls,
ultimately resulting in a low foraging efficiency. In contrast, experimental bats foraged less than 4 min during
the playback of bDFM calls. The foraging time of experimental bats was about 5 min per trial when wDFM calls
were played back. Acoustically, SFM and wDFM calls
exhibited remarkable overlap in frequency parameters
with a conspecific’s feeding buzz I and buzz II, respectively. The duration and maximum sweep rate of
frequency-modulated (FM) components in the SFM calls
were nearly equivalent to those of feeding buzzes from
nearby conspecifics (Figure S1, Additional file 7) [43].
Since SFM and wDFM calls overlapped temporally and
spectrally with echolocation pulses and associated
echoes, these calls might function in interfering with the
echolocation of conspecific intruders, as documented in
Brazilian free-tailed bats [39].
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One of the most important benefits of group living is
information transfer [64, 65]. Social animals can enhance
their foraging efficiency by extracting information about
food sources from conspecifics [66]. This is the case for
echolocating bats, which maintain high rates of echolocation vocalizations while foraging [32]. Echolocating
bats modify pulses’ temporal parameters during the
search, approach, and phases of feeding buzz [51]. The
inadvertent sound delivery with a specific temporal pattern provides public information on food availability,
which can be perceived by conspecific bats via eavesdropping [32, 67]. Indeed, our playback of echolocation
pulses during the search phase led to elevated foraging
attempts and food consumption in big-footed myotis. A
similar phenomenon of intraspecific acoustic eavesdropping has been found in a variety of bats, including T.
brasiliensis [68], Noctilio albiventris [31], and Rhinopoma microphyllum [15]. Eavesdropping on foodassociated echolocation calls is not confined within a
species, instead observed at the interspecific level [33].
The dietary composition of the big-footed myotis was
dominated by Diptera in July but was gradually replaced
by Lepidoptera and Trichoptera in August. One possible
cause of temporal variation in M. macrodactylus’ diet is
the seasonal dynamics of insect diversity in the environment [69]. This is consistent with the results upon inspection of our data, as there was a tight link between
prey composition in faecal pellets and insect diversity in
the focal transect. Moreover, the increased energy requirements of reproduction in lactating M. macrodactylus might also shape the observed temporal pattern of
diets, given that the majority of pups were found in late
July [46]. A similar temporal variation in the diets has
been previously validated in many social animals. Within
the order Chiroptera, the most common insects eaten by
little brown bats (Myotis lucifugus) vary from Diptera to
Lepidoptera or Ephemeroptera over the phases of the reproductive cycle [70]. The consumption of Coleoptera
by big brown bats exhibits clear seasonal and annual
variation [71]. In Rickett’s big-footed bats (Myotis pilosus), composition of Diptera and Lepidoptera in the
guano differs between summer and autumn [72].

Conclusions
In summary, we demonstrated that the big-footed myotis utilizes multiple social calls for foraging interactions
in the foraging area. They consume a diverse range of
insects belonging to 59 families in 10 orders dominated
by Diptera, Lepidoptera, and Trichoptera. Field survey
and audio recording showed that insect abundance and
diversity influenced the emission of social calls in bigfooted myotis during foraging. Playbacks of social calls
remarkably reduced conspecific foraging activity in the
experimental site. These results provide compelling
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evidence supporting the hypothesis that social calls function in resource defence in wild bats. Our findings highlight the idea that competition for limited food resources
correlates with the emission of social calls in foraging
bats and thus yield a better understanding of the evolution of social calls in echolocating bats.

Methods
Survey of habitat use

During June and July 2017, we performed a field survey
around the Dalazi Cave (E: 125°50′9.8″, N: 41°3′55.8″)
in Yulin town, Ji’an City, Jilin, P. R. China, where a maternal colony of M. macrodactylus has been monitored
during the past 10 years. Dozens of M. macrodactylus
feed on aquatic insects over a seasonal river located
about 500 m away from the bat roost [43]. The river
ranges from 5 to 25 m in width, with some riparian
vegetation and cropland along the banks. We determined foraging habitats used by M. macrodactylus via
the line transect method based on acoustic sampling
[73]. We visited the river in daylight for habitat assessment and transect planning. We chose 15 1-km transects for habitat surveys across the upstream and
downstream areas of the river. The straight-line distance
between the different sampling transects and bat roost
ranged from 1 to 12 km.
Echolocation pulses emitted by foraging M. macrodactylus were recorded using an ultrasonic sound acquisition system (UltraSoundGate 116, Avisoft Bioacoustics,
Berlin, Germany) connected to a laptop computer. The
sampling frequency was set to 375 kHz at 16-bits/sample. A condenser microphone (UltraSoundGate CM16,
Avisoft Bioacoustics, Berlin, Germany) was held 1.5 m
above the riverbank by a person walking at a speed of
approximately 1.5 km/h. We oriented the microphone
toward the transects during acoustic sampling. We conducted acoustic recordings in each transect from 19:30
to 00:00, the time of peak feeding activity in bats. The
local sunset time ranged from 19:00 to 19:12 across the
recording experiments. To minimize potential effects of
pseudoreplication, acoustic sampling for different transects was randomly determined prior to the onset of bat
foraging. We sampled the same transect three times over
separate nights without rain and strong wind. Finally,
the most common transect used by feeding bats (referred to as the focal transect; Table S7, Additional file 8),
as measured by the largest number of echolocation
pulses and feeding buzzes, was used for further
experiments.
Insect survey and acoustic recording

To estimate the availability of food in the focal transect,
we collected night-flying insects with a light trap for 30
nights during July and August in 2017 and 2018. We
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used a portable 100-watt mercury lamp to attract the insects. A hand net was used to capture the insects near
the light trap. To reduce possible disturbance of light
pollution on foraging bats, sampling of insects only
lasted for 4 hours from 19:00 to 23:00 per night. The
captured insects were transferred from the hand net into
plastic bags and were exposed to ethyl acetate for at least
5 minutes. We sorted out all insect samples in a field
station. Because some aquatic insects could not be identified to the species level according to morphology, all
insect samples were assigned to at least the family level
by an entomologist [74, 75]. Upon collecting the insects,
another experimenter simultaneously recorded echolocation and social calls in foraging bats. Vocalizations were
picked up with the ultrasonic acquisition system connected to a laptop using a sample rate of 375 kHz at 16
bits/sample. The condenser microphone was supported
on a tripod 0.5 m above the ground and was positioned
6 m away from the light trap.
Dietary composition

We employed next-generation sequencing of faecal
DNA to establish the diet of M. macrodactylus in nine
different sampling periods, to ensure that the collected
insects were being consumed by these bats. We caught
72 M. macrodactylus (48 ♀, 24 ♂) with a mist net at the
roost entrance between 23:00 and 01:00 after they had
returned from nightly feeding. After identifying the sex,
the trapped bats were placed separately in a clean cloth
bag for faecal collection. Bats were released after faecal
pellets collection, with the exception of 14 adult females
that were used for later playback experiments. Males
were not retained for playback experiments, given that
these juveniles were harder to rear in the temporary field
station. The guano pellets were placed in 2 ml Eppendorf
tubes containing 95% ethanol and were individually labeled and subsequently stored at − 20 °C. We extracted
DNA from 160 mg faeces per bat using the QIAamp
DNA Stool Mini Kit (Qiagen). A 225 bp fragment of the
cytochrome c oxidase subunit I (CO I) of insects was
amplified using the primer LCO-1490 (5′-GGTCAA
CAAATCATAAAGATATTGG-3′) and ZBJ-ArtR2c (5′
-WACTAATCAATTWCCAAATCCTCC-3′) [76, 77].
The PCR reactions were performed following the protocol reported by Brown et al. (2013), i.e. 95 °C for 10 min,
45 cycles of 94 °C for 30 s, 52 °C for 30 s, 72 °C for 60 s,
and a final extension of 72 °C for 10 min [78]. The products of three separate PCR replicates were mixed and extracted from a 2% agarose gel and further purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences). We quantified the final mixed PCR products
using QuantiFluor-ST (Promega) according to the manufacturer’s protocol. We sequenced the products using
next-generation sequencing (2 × 300 bp paired- end) on

Guo et al. Frontiers in Zoology

(2021) 18:3

the Illumina MiSeq platform according to the standard
protocols from Majorbio Bio-Pharm Technology Co.
Ltd. Raw sequences were demultiplexed according to library indexes. Raw fastq files were quality-filtered and
merged via Trimmomatic and FLASH [79, 80]. Molecular operational taxonomic units (MOTUs) were clustered with 97% similarity threshold using Usearch with
the singletons removed and chimera filtering. To
minimize the effect of sequencing errors, we removed
the MOTUs that represented < 0.1% of the normalized
sequences for each sample. Taxonomic identification
was achieved by comparing a representative sequence of
each MOTU to reference sequences in the Barcode of
Life Database (BOLD; www.boldsystems.org) according
to the strict and best matching criteria. The strict
matching criteria is based on phylogenetic tree placement where the query sequence must be nested within a
monospecific clade, whereas the best matching method
assigns taxonomy based on percentage similarity [81].
Sound processing

We analysed social calls from foraging bats in the focal
transect with Avisoft-SASLab Pro version 5.2.9 (Avisoft
Bioacoustics, Berlin, Germany), based on a 1024 FFT,
100% frame size, and 93.75% temporal overlap. This
yielded a frequency resolution of 366 Hz and a temporal
resolution of 0.1707 ms. We defined a syllable as the
smallest unit of a call surrounded by periods of silence
[82]. A composite was a combination of two or more
simple syllabic components without an interval. A call
was a sequence of two or more syllables emitted by a
single bat.
We previously identified 8 syllable types in social calls
from foraging M. macrodactylus, including bDFM,
wDFM, SFM, fDFM, sDFM, CFM-DFM, dPFM-DFM
and rectangular broadband noise burst (rBNB) [43].
Herein, we used three representative social calls as experimental stimuli, i.e., bDFM calls, wDFM calls, and
SFM calls (Fig. 5). These calls were long monosyllabic
vocalizations that differed in spectro-temporal features,
and were frequently observed during intraspecific foraging interactions according our previous preliminary
study [43]. The bDFM and wDFM calls had an average
duration of approximately 0.6 s, consisting of 7–9 repeated syllables. SFM calls were emitted as a long monosyllabic signal that reached 0.1 s. To exclude the impact
of conspecific echolocation vocalizations, we only chose
social calls that were not embedded in echolocation
pulse trains for playbacks. To keep the consistency in
call duration, we edited each social call into a 1.7 s
sound file by inserting silence segments at the end of the
call using Avisoft-SASLab Pro. We did not modify the
sequence of syllables to avoid the possibility of changing
call syntax. We used 1.7 s silence and search-phase
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echolocation calls from conspecifics as two controls.
The silence file was generated by Avisoft software, and
echolocation calls were assembled from two original
echolocation pulse sequences in search flights. Only one
type of stimulus (silence segments or sounds) was played
every night. Sounds were normalized to 75% of the maximum amplitude. We adjusted the sound volume of the
loudspeaker so that sound intensity at 1 m was similar to
the normalized value and then used a constant sound
volume (6 dB) throughout the playbacks.
Playback trials

We carried out playback experiments during September
2018. To recognize individual identity, 14 adult females
were marked with numbered aluminum alloy bands (2.9
× 4.0 mm; Porzana Ltd., Winchelsea, UK) on their right
forearm. These bats were maintained in a cage (1.0 × 0.8
m and 0.8 m high) in the field station, with optimum
temperature (20–25 °C), humidity (50–70%), and natural
light-dark cycles. During the first 2 weeks, bats were
trained to feed on water and mealworms. After a twoweek acclimation period, bats had free access to food in
two plastic dishes positioned in the cage.
We built a temporary flight room (5 × 3 m and 2 m
high) with soft polyethylene netting near the foraging
habitat of the bats. The polyethylene netting was supported by five tree trunks, which prevented nocturnal insects from entering the flight room (Figure S2,
Additional file 9). During each trial, 20 fresh mealworms
were evenly suspended on cotton lines (0.7-mm diameter) 1.2 m above the ground in the flight room. Prior to
conducting the playbacks, experimental bats were
trained to capture the tethered mealworms for about 2
weeks. All bats had learned to feed on the mealworms
after the training (https://datadryad.org/stash/share/712_
lMrv-YdnWrytygyQLAAcmiXjFhaExQkZr57zPPg). Silence segments or sounds were presented through a
loudspeaker (UltraSoundGate Player 116, Avisoft Bioacoustics, Berlin, Germany) driven by a laptop. The
loudspeaker was mounted on a tripod 1.2 m above the
ground at the right side of the flight room. Bats’ foraging
behaviour was monitored via an infrared thermal imager
(FLIR T610, FLIR System, USA) fixed on a 1.2 m tripod
that was placed 5 m outside the flight room. We adjusted the angle of camera view to optimally record feeding activity of the focal bat. Playbacks commenced 30
min after local sunset. We released one bat into the
flight room per trial. We randomly broadcast a playback
stimulus for 15 min using loop mode when the bat
began to fly and forage. Experimental bats were transferred from the flight room into the cage with cloth bags
after 15 min of playbacks. We counted the number of
mealworms consumed by each experimental bat, and the
next trial started with new mealworms and a new bat.
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Fig. 5 Spectrograms of echolocation and social calls used for playbacks. a Echolocation pulses. b Bent downward frequency-modulated (bDFM)
call. c Wrinkled downward frequency-modulated (wDFM) call. d Sinusoidal frequency-modulated (SFM) call

We aborted the trials if an individual made no foraging
attempts within 5 min after release. Each bat was tested
for no more than one time per night during different
sound stimulation. Throughout the playback experiments,
testing was repeated 2–4 times per individual under each
condition depending on foraging attempts (Table S8, Additional file 10). To avoid the influence of spatial memory,
we altered the locations of the mealworms in each trial
(https://datadryad.org/stash/share/712_lMrvYdnWrytygyQLAAcmiXjFhaExQkZr57zPPg).
Data analysis

To assess bats’ dietary composition, we computed the
weighted percentage of occurrence data (wPOO) and

the relative read abundance data (RRA) of prey orders
[83]. We employed the chi-square test to examine
whether dietary composition of bats differed between
sampling periods and between sexes. To quantify insect
abundance, we determined the number of collected insects from each order consumed by M. macrodactylus.
The Pielou’s evenness index (Je) and Shannon-Weiner
index (He) were applied to estimate insect diversity in
different sampling periods according to the formula Je =
∑ki − Pi ∗ ln (Pi)/ ln(S) and He = ∑ki − Pi ∗ ln (Pi), respectively; where S represented the total number of insect
orders sampled and Pi represented the observed proportion of the ith order [84]. We counted the number
of each syllable with good signal-to-noise ratios (> 45
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dB) by inspecting the oscillograms and spectrograms
using Avisoft software. To quantify bat foraging activities, we counted the total number of echolocation
pulses louder than − 20 dB RMS. In addition, we recorded the number of echolocation pulses in the interval beginning 20 s prior to the presence of social calls
and ending 20 s after social call output. The pariedsamples t-tests were conducted to determine whether
the presence of social calls induced a change in bat
echolocation vocalizations. An ordinary least squares
model (OLS) was used to examine the correlation between insect availability and composition of insects
identified in the guano. We conducted a generalized
linear mixed-effect model (GLMM) with quasi-Poisson
family to assess the relationships among the number of
social vocalizations, insect availability, and the number
of echolocation pulses [85]. The abundance and Je
index of insects, together with the number of echolocation pulses, were assigned as fixed variables. The He
index was not included in the model because of its
marked association with Je index but weak effect on the
number of social vocalizations. To account for overdispersion of the model [86, 87], experimental dates (N =
30) were assigned as an ‘observation level’ random
effect. The variance inflation factors (VIF) and tolerance indices (TI) were used to identify the collinearity
between the predictor variables. We found that the VIF
was less than 2 and TI was greater than 0.5, suggesting
the absence of multicollinearity between the predictors
(Table 1) [88]. There were no significant interactions
between predictor variables based on the likelihood ratio test. We chose the optimized GLMM based on
Akaike’s information criterion corrected for small sample size using the package MuMIn 1.15.6 [89].
Behavioural videos were processed with a QVOD
Player 5.17 (Shenzhen Qvod Technology Co., Ltd.,
Guangdong, China), and blind methods were used to
minimize observer bias. To quantify bat feeding activity under different conditions, we counted the number
of consumed mealworms during each playback trial.
Some mealworms were not fully eaten by the bats. In
this case, we defined the number as one half of the
food consumption. For each bat, total time spent in a
flight per trial was used as another indicator of feeding activity. We conducted one-way ANOVA and post
hoc Tukey’s tests to assess whether bats reduced foraging activity in the presence of experimental stimuli,
given that the data satisfied the basic assumptions
(i.e., random sampling, homogeneity of variances, independence of errors, and normal distribution of errors) [90]. Statistical tests were conducted two-tailed
with a significance level of 0.05. Statistics were run in
SPSS 24.0 (SPSS Inc., Chicago, IL, USA) and R 3.5.3.
Means are given ± SE.
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