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Condition-dependent acoustic signals that potentially reveal information about the
signaler’s physical or physiological condition are common and important in the animal
kingdom. Given the negative effects of parasites on the health and fitness of their
hosts, it is reasonable to expect animal acoustic signals to reflect detailed information
concerning parasite infection. However, despite previous studies having verified the
potential of sexually selected vocalizations to provide information on parasitism based
on the correlations between call acoustic properties and parasitism in some animal
taxa, less is known about whether acoustic signals used in a non-sexual context
also reflect parasite infection especially for highly vocal bats. We thus investigated
the relationships between the acoustic properties of distress calls and echolocation
pulses and the infestation intensity of gamasid mites and bat flies in Chinese horseshoe
bats (Rhinolophus sinicus) to determine whether acoustic signals potentially contain
information about parasite infection. We found that bats infected with more gamasid
mites uttered significantly shorter echolocation pulses, suggesting that echolocation
pulses may contain information on the intensity of mite infection. Additionally, bats
infected with more gamasid mites emitted distress calls with narrower bandwidth,
while bats with more bat flies emitted calls with longer pause duration. These results
suggest that distress calls may not only reflect a signaler’s parasite infection intensity
but also may provide information concerning infection with specific parasites. In short,
our findings suggest that acoustic signals of bats potentially reflect detailed information
about parasite infection.
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INTRODUCTION

Acoustic signals that mediate various aspects of animals’ life
history (e.g., resource defense, mate choice, parental care, and
anti-predator behavior), have been confirmed to be honest and
condition dependent (Galeotti et al., 2005; Wilkins et al., 2013;
Nouri and Blumstein, 2019; Sun et al., 2021). This means that
acoustic signal expression varies as a function of an individual’s
physical or physiological condition, and therefore potentially
contains relevant information that could be used by receivers
to estimate a caller’s condition (Nouri and Blumstein, 2019).
For example, young mammals and birds in poorer nutritional
state always utter begging calls at higher frequencies than young
in better condition to communicate their needs and thereby
receive more food and parental care (Manser and Avey, 2000;
Perez et al., 2016). Similarly, birds that are healthy emit harsher
alarm calls than unhealthy birds to signal their ability to escape,
thereby discouraging potential predators (Laiolo et al., 2004,
2007). It raises the intriguing question concerning whether
animal acoustic signals being able to reflect information on some
factors such as parasitism that can potentially impact the health
of signalers.

Parasites are ubiquitous and can exert detrimental effects on
the health and fitness of their hosts. For example, infections can
deplete energy and nutrients of the host (Aalto et al., 2015),
induce physiological stress in the host (Romano et al., 2015),
impair the host’s anti-predator responses (Luong et al., 2011),
reduce host fecundity (Rogalski and Duffy, 2020), or increase
the host’s probability of morbidity and mortality (Lynsdale et al.,
2017). At present, extensive research on avian mate choice has
demonstrated that both the temporal (e.g., duration and syllable
rate) and spectral properties (e.g., maximum frequency and
bandwidth) of male songs can vary in relation to their parasite
load (chewing lice, fleas, or blood parasites), suggesting that
bird songs may contain potential indicators of parasitism status
(Redpath et al., 2000; Garamszegi, 2005; Bischoff et al., 2009).
In anurans, males with lower intestinal parasite intensity emit
advertisement calls at higher rates, again supporting the potential
of acoustic signals to encode parasite information (Madelaire
et al., 2014). Gilman et al. (2007) found that Leucocytozoon
and Plasmodium infections differentially influenced the singing
behavior of male mountain white-crowned sparrows (Zonotrichia
leucophrys oriantha); infection with Leucocytozoon significantly
increased song consistency, while infection with Plasmodium
significantly reduced song output. The authors thus suggested
that songs possibly reflect information not only on whether a
caller is infected but also on the type of parasite it carries.

Although previous research has verified the potential of
sexually selected vocalizations to provide information on
parasitism based on a significant correlation between call acoustic
properties and parasite infection status or intensity, less is known
about whether acoustic signals used in a non-sexual context
also reflect parasite infection (Laiolo et al., 2007; Nouri and
Blumstein, 2019). In addition, studies linking vocal signals to
parasites have been largely restricted to birds and anurans.
Little information is available for other highly vocal taxa such
as bats. Bats (order Chiroptera) may be an ideal group with

which to investigate whether acoustic signals can act as reliable
indicators of parasitism. First, bats are one of the most diverse
and widely distributed groups of mammals, and they are infected
with a plethora of endoparasites and ectoparasites (Klimpel,
2014). Second, bats are nocturnal mammals that rely heavily
on acoustic signals for communication in darkness (Fenton,
2003). Third, bats possess two different call types: echolocation
pulses, primarily used in navigation and prey detection, and social
calls, emitted for mediating social activities, including aggressive
calls in antagonistic and territorial interactions (Zhao et al.,
2018), distress calls against close predators (Huang et al., 2018),
and contact calls facilitating individual recognition (Carter and
Wilkinson, 2016). Furthermore, both echolocation pulses and
social calls can encode socially relevant information about the
sender such as sex, age, reproductive status, body condition, or
individual identity (Voigt-Heucke et al., 2010; Chaverri et al.,
2018). However, little is known concerning the potential to
encode information about parasites.

In this study, we investigated the potential of two types of
acoustic signals (distress calls and echolocation pulses) emitted
by hand-held individuals (during distress) to reflect information
on ectoparasite infection in Chinese horseshoe bats (Rhinolophus
sinicus). The most common ectoparasites parasitizing bats belong
to two taxa, gamasid mites (Acarina) and bat flies (Diptera)
(Klimpel, 2014). As blood feeding parasites, bat ectoparasites
serve as excellent vectors of various zoonoses, and thus negatively
affect the behavior and health of their hosts (Klimpel, 2014). In
light of this, we hypothesized that acoustic signals emitted by bats
potentially contain detailed information about parasite infection.
To test this hypothesis, we first quantified the intensity of
infestation of gamasid mites and bat flies for each individual bat
(i.e., mite load and bat-fly load) and then measured the temporal
and spectral parameters of distress calls and echolocation pulses
per bat. We made the following predictions. (1) If acoustic signals
of R. sinicus potentially encode information on parasite infection
intensity, acoustic properties of distress calls or echolocation
pulses should vary based on individual parasite loads (mite load
or bat-fly load). (2) If acoustic signals of R. sinicus potentially
provide information on infection with particular parasites,
mite loads and bat-fly loads should influence different acoustic
parameters of distress calls or echolocation pulses.

MATERIALS AND METHODS

Study Animals and Site
Rhinolophus sinicus is a medium-sized bat (Rhinolophidae) with
a widespread geographical range in China and Vietnam (Sun,
2019). Like most horseshoe bats, R. sinicus emits echolocation
signals comprising a long constant frequency and a brief
frequency-modulated start and tail (FM-CF-FM; Figures 1A,B).
We studied a wild population of R. sinicus severely infected by
ectoparasitic mites and bat flies located at Bianfu Cave (102◦57′E,
25◦48′N, 1957 m) in Kunming, Yunnan Province, China. At this
cave, R. sinicus occurs in groups of about 200 individuals along
with four other bat species, R. pusillus, R. affinis, Myotis badius,
and Hipposideros armiger.
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FIGURE 1 | Spectrograms of echolocation pulses (A,B) and distress calls (C) emitted by R. sinicus. Distress call sequences of R. sinicus are composed of mainly
broadband noise burst syllables (Huang et al., 2018). CF, constant frequency component; INT, initial frequency modulated component; TM, terminal frequency
modulated component.

Capture of Bats
From August to September 2019 (non-pregnant and non-
lactating periods) we captured R. sinicus bats using mist nets
placed at the cave entrance. Captured bats were kept individually
in clean cloth bags to avoid ectoparasite contamination and were
transferred to a temporary laboratory near their roost. Sex was
then identified visually. Age-class was determined by examining
the level of epiphyseal–diaphyseal fusion (Brunet-Rossinni et al.,
2009). Only adult bats were used in subsequent analyses. For
ethical reasons, all juvenile bats were released immediately.
Forearm length and body mass were measured using digital
calipers and an electronic scale. Bats were temporarily marked
by shaving hair on their head to avoid resampling the same
individuals. Altogether, we captured 66 adult R. sinicus bats (41
males and 25 females).

Collection and Quantification of Bat
Ectoparasites
We visually inspected the body surface of each bat (i.e., wing and
tail membranes, pelage, ears, and face) for ectoparasites; the cloth
bags also were examined carefully for any ectoparasites which
may have left the bat; these were collected with stainless steel
pointed tweezers. To standardize sampling effort and minimize
effects of handling the animal, each bat was examined for

2 min. This sampling protocol has been effective for predicting
total ectoparasite abundance in several other taxa (Whiteman
and Parker, 2004). The collected ectoparasite samples were
preserved in individually labeled vials with 70% ethanol until
further processing. After each bat inspection, all instruments
were cleaned with disposable paper towels to reduce the chance
of cross-contamination. We followed the protocol described in
Dias (1982) to clear and mount the ectoparasite specimens on
glass slides before identification. All mounted specimens were
finally identified as gamasid mites, bat flies, or other groups
under a light microscope according to identification keys and
descriptions available in published papers (Maa, 1962; Radovsky,
1967). Then, we quantified the intensity of infestation of gamasid
mites and bat flies (mite load and bat-fly load) calculated as the
number of gamasid mites or bat flies per bat.

Recording and Analysis of Acoustic
Signals
Bats can emit distress calls and echolocation pulses when
cornered, attacked or captured by a predator or researcher
(Jiang et al., 2017). In this study, each individual of R. sinicus
was hand-held softly for 1 min by the same researcher. Both
distress calls and echolocation pulses were recorded from bats
held 1 m in front of a condenser microphone (CM16/CMPA;
frequency range: 10–200 kHz) of an UltrasoundGate 116 (Avisoft
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Bioacoustics, Glienicke, Germany) with a sampling frequency of
375 kHz and 16-bit resolution. In this way, a 1 min sound file (in
WAV format) was obtained for each individual.

The acoustic analyses were carried out with Avisoft SASLab
Pro (Avisoft Bioacoustics, Glienicke, Germany). Spectrograms
were generated using a 512-point fast Fourier transform (FFT),
a Hamming window with 75% overlap, and 100% frame size.
In the present study, distress calls of R. sinicus were composed
primarily of broadband noise burst syllables (Figure 1C) that
were defined following the terminology described in Kanwal et al.
(1994). Therefore, we measured eight parameters (two temporal
parameters and six spectral parameters; Table 1) of broadband
noise burst syllables with high signal-to-noise ratio, including
syllable duration (ms), pause duration (ms), peak frequency
(kHz), minimum frequency (kHz), maximum frequency (kHz),
bandwidth (kHz), harshness (measured as the frequency range
in which the signaler concentrated 50% of the call energy; kHz),
and Wiener entropy (a measure of randomness). Altogether, we
obtained information on distress calls from 55 adult bats (33
males and 22 females) after excluding some individuals for which
we did not obtain good-quality calls.

The acoustic analyses of echolocation pulses were restricted
to the dominant second harmonic, since this contained the most
energy (Figures 1A,B). We also excluded the first 10 pulses
of a recording for analysis because horseshoe bats tune into
their resting frequencies from lower frequencies after periods of
silence (Siemers et al., 2005). We thus measured eight parameters
(three temporal parameters and five spectral parameters; Table 2)
of individual pulses with high signal-to-noise ratio from the
remaining sequences, including pulse duration (ms), resting
frequency (kHz) and six parameters of FM components. For the
initial and terminal FM components (marked as INT and TM,
respectively), we obtained minimum frequency (kHz), maximum
frequency (kHz), and duration (the time from the start of the
FM component until the start of the CF component, and the
time from the end of the CF component to the end of the
FM component; ms). Altogether, we obtained information on
echolocation pulses from 64 adults (39 males and 25 females)
after excluding some individuals for which we did not obtain
good-quality pulses.

Statistical Analysis
We fitted a generalized linear model (GLM) analysis with a
Gaussian distribution to assess the effects of parasite loads
and other predictor factors on call variation, separately for
distress calls and echolocation pulses. The average value of each
acoustic parameter per individual was assigned as the response
variable. Except for harshness, all response variables were
confirmed as normally distributed by Kolmogorov–Smirnov test
(all P > 0.05). A log10-transformation was used for harshness
to attain normality. Mite load, bat-fly load, body condition
(measured via the residuals of the linear regression of log body
mass on log forearm length), forearm length, and sex were
assigned as predictor variables. We then conducted a model
selection procedure for GLM based upon the Akaike information
criterion corrected for small sample size (AICc) using the
function “dredge” in the R package “MuMIn” (Barton, 2015).

The competing models were ranked using differences in AICc
scores (1AICc; Supplementary Tables 1, 2). Models with 1AIC
scores within two of the best models were considered to have
strong support (Supplementary Tables 1, 2) (Jiang et al., 2019).
We finally performed model averaging and obtained model-
averaged parameter estimates and 95% confidence intervals (95%
CIs) for all variables included in strongly supported models
(Tables 1, 2) using the function “model.avg” in the R package
“MuMIn” (Grueber et al., 2011; Barton, 2015). We concluded that
there was evidence for the influence of a single predictor variable
on call variability among individuals when the 95% CIs did not
overlap with zero (Grueber et al., 2011).

We also carried out a hierarchical partitioning analysis
to assess the independent contribution of each predictor
variable to the inter-individual variation in acoustic parameters
using the R package “hier.part” (Walsh et al., 2013), with
separate analyses for distress calls and echolocation pulses.
This method can effectively alleviate multicollinearity between
different explanatory variables. In the hierarchical partitioning,
a randomization approach was carried out to determine
the significance for each variable (Nally and Walsh, 2004).
Agreement as to the best predictor variables from both
the multimodel inference (model averaging) and hierarchical
partitioning methods indicates that it was more likely for those
variables (retained by both methods) to have an important
influence over the response variable (Mac Nally, 2002; Bommarco
et al., 2014).

Ethics
All research was conducted according to the relevant laws for
experiments involving vertebrates of the People’s Republic of
China and was approved by the Animals Ethics Committee
of Dali University (approval number: DLDXLL2019-810).
Experimental procedures were in accordance with the ABS/ASAB
guidelines for the Use of Animals in Research. Ectoparasite
sampling and acoustic recording protocol also were designed to
minimize the effects of handling the animals and the time spent
in captivity. No bats were harmed during capture and handling.
All bats were released at the site of capture immediately after
data collection.

RESULTS

Parasites
Overall, 54 of the 66 bats (81.82%) in the recorded sample were
infected with at least one of the two focal parasite taxa (i.e.,
gamasid mites or bat flies). Of these, gamasid mites were the
most prevalent, occurring in 44 (66.67%) individuals. Thirty-four
individuals (51.52%) were infected with bat flies. Only one bat
was infected with another parasite group (chigger mites).

Distress Calls
The multimodel inference approach showed that mite load,
bat-fly load, and body condition had significant effects on
acoustic parameters of distress calls (Table 1). The hierarchical
partitioning approach largely supported these results (Figure 2).
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TABLE 1 | Model-averaged parameter estimates of strongly supported linear models (1AICc ≤ 2) explaining the inter-individual variation of distress calls in
Rhinolophus sinicus.

Parameters Mite load Bat-fly load Body condition Forearm length Sex

RVI 95% CI RVI 95% CI RVI 95% CI RVI 95% CI RVI 95% CI

Syllable duration 0.38 (−3.96, 0.79) 0.12 (−8.70, 3.28) − − 0.21 (−1.68, 4.76) 0.76 (−30.94, 0.71)

Pause duration 0.20 (−3.51, 1.01) 0.99 (1.21, 12.27) 0.28 (−11.78, 2.18) 0.16 (−3.90, 1.62) − −

Peak frequency − − − − 0.72 (−0.04, 1.11) − − 0.20 (−1.64, 0.67)

Minimum frequency 0.32 (−0.07, 0.34) 0.22 (−0.28, 0.76) 0.99 (0.37, 1.71) − − 0.48 (−2.32, 0.34)

Maximum frequency 0.28 (−0.40, 0.07) 0.22 (−0.94, 0.23) 1.00 (0.24, 1.76) − − 0.48 (−2.23, 0.81)

Bandwidth 1.00 (−0.51,−0.04) 0.32 (−0.97, 0.22) − − 0.23 (−0.15, 0.44) − −

Harshness − − 0.19 (−0.02, 0.03) 0.30 (−0.01, 0.04) − − − −

Wiener entropy − − 0.27 (−0.01, 0.002) 1.00 (0.004, 0.02) 0.22 (−0.001, 0.003) − −

Values in bold represent the parameters with 95% confidence intervals that did not overlap zero. RVI, relative variable importance.The dash (−) indicates that these
predictor variables were not retained in the strongly supported models explaining variation in acoustic parameters of distress calls.

TABLE 2 | Model-averaged parameter estimates of strongly supported linear models (1AICc ≤ 2) explaining the inter-individual variation of echolocation pulses in
Rhinolophus sinicus.

Parameters Mite load Bat-fly load Body condition Forearm length Sex

RVI 95% CI RVI 95% CI RVI 95% CI RVI 95% CI RVI 95% CI

Pulse duration 1.00 (−1.36,−0.27) − − − − − − 0.35 (−5.21, 1.71)

Resting frequency − − 1.00 (0.02, 0.40) − − 0.40 (−0.34, 0.08) 1.00 (2.33, 3.52)

Duration (INT) 1.00 (−0.10,−0.01) 0.32 (−0.06, 0.16) − − 1.00 (0.03, 0.26) 0.54 (−0.60, 0.06)

Minimum frequency (INT) 0.55 (−0.03, 0.29) − − − − 1.00 (−1.24,−0.39) 1.00 (1.70, 4.17)

Maximum frequency (INT) 0.66 (−0.01, 0.15) 0.67 (−0.02, 0.36) 0.43 (−0.40, 0.08) 1.00 (−0.43,−0.02) 1.00 (2.52, 3.72)

Duration (TM) 0.34 (−0.07, 0.01) 0.11 (−0.14, 0.06) − − 0.11 (−0.12, 0.06) 0.30 (−0.41, 0.11)

Minimum frequency (TM) 0.20 (−0.24, 0.10) 0.17 (−0.54, 0.28) 0.99 (−1.48,−0.40) 0.17 (−0.31, 0.59) 0.99 (0.64, 2.95)

Maximum frequency (TM) − − 1.00 (0.04, 0.38) 0.24 (−0.12, 0.32) 0.25 (−0.27, 0.09) 1.00 (2.56, 3.54)

Values in bold represent the parameters with 95% confidence intervals that did not overlap zero. RVI, relative variable importance.The dash (−) indicates that these
predictor variables were not retained in the strongly supported models explaining variation in acoustic parameters of echolocation pulses. INT, initial frequency modulated
component; TM, terminal frequency modulated component.

That is, mite load was negatively correlated with bandwidth
(Figure 3A) and explained 62.07% of the acoustic parameter
variation (Figure 2F). Bat-fly load was positively correlated
with pause duration (Figure 3B) and explained 67.30% of the
variation (Figure 2B). Additionally, body condition had a strong
effect on minimum frequency, maximum frequency, and Wiener
entropy, accounting for 64.21, 64.41, and 78.24% of the variation
(Figures 2D,E,H and Table 1), respectively.

Echolocation Pulses
Both the multimodel inference and the hierarchical partitioning
procedures indicated that mite load, body condition, forearm
length, and sex were significantly associated with individual
variation in acoustic parameters of echolocation pulses (Figure 4
and Table 2). Although bat-fly load was also suggested to
explain the acoustic parameter variation by the multimodel
inference approach (Table 2), the hierarchical partitioning
approach did not support this result (Figure 4). Specifically,
mite load was negatively related to pulse duration and duration
(INT) (Figure 3) and contributed 76.32 and 36.28% of the
observed variation (Figures 4A,C), respectively. In addition,
body condition was related to minimum frequency (TM) and

contributed 48.25% of the variation (Figure 4G and Table 2).
Forearm length was correlated with duration (INT), minimum
frequency (INT), and maximum frequency (INT) and explained
9.12–50.28% of the variation (Figures 4C–E and Table 2).
Finally, sex had marked effects on all five spectral parameters
[i.e., resting frequency, minimum frequency (INT), maximum
frequency (INT), minimum frequency (TM) and maximum
frequency (TM)] and explained 35.85–83.12% of the variation of
these parameters (Figure 4 and Table 2).

DISCUSSION

The results of this study indicate that acoustic signals of R.
sinicus are parasite-condition dependent. First, several acoustic
parameters of both distress calls (pause duration and bandwidth)
and echolocation pulses [pulse duration and duration (INT)]
were significantly associated with parasite loads (mite load or bat-
fly load), results that were in accord with the first prediction.
Second, mite load and bat-fly load had a significant influence
on pause duration and bandwidth of distress calls, respectively,
in accord with the second prediction. Together, these results
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FIGURE 2 | Independent contributions (%) of the five explanatory variables to the inter-individual variation in syllable duration (A), pause duration (B), peak frequency
(C), minimum frequency (D), maximum frequency (E), bandwidth (F), harshness (G), and wiener entropy (H) of distress calls, calculated with hierarchical partitioning.
Asterisks denote statistical significance (*P < 0.05).

support the hypothesis that acoustic signals of bats potentially
contain detailed information about parasite infections.

Our study shows that acoustic signals of R. sinicus appear to
serve as reliable indicators of a caller’s parasite infection intensity.
Specifically, bats infected with more gamasid mites emitted
distress calls with narrower bandwidth and echolocation pulses
with shorter duration (manifested as shorter pulse duration and
shorter duration of initial frequency-modulated component), and
bats with more bat flies emitted distress calls with longer pause
duration (mean lower syllable rate). In fact, similar results have
been found in previous studies. Redpath et al. (2000) found that
male tawny owls (Strix aluco) suffering from higher parasite
burdens emitted songs with a narrower bandwidth compared to
individuals with fewer parasites. Both in barn swallows (Hirundo
rustica) and sedge warblers (Acrocephalus schoenobaenus), the
song duration and rate of male individuals markedly decreased
as the intensity of parasitic infection increased (Møller, 1991;
Buchanan et al., 1999; Garamszegi et al., 2005). These changes in
acoustic signals may result from the parasite-stimulated immune
response. More specifically, the immune response is an effective
defense against parasites but is also expensive to maintain, such

that heavily parasitized individuals may be forced to draw a large
portion of energy away from vocalizations and toward immune
response, and thus may not have sufficient energy to enable them
to produce costly calls (e.g., calls with longer duration, higher
call rate, or wider bandwidth) (Redpath et al., 2000; Garamszegi
et al., 2005; Nouri and Blumstein, 2019). Alternatively, previous
research has shown that parasites can induce a variety of effects in
some brain regions involved in vocalization (Gilman et al., 2007;
Adamo, 2013), and it is possible that parasite infections impact
the ability of an infected individual’s brain to produce “proper”
calls.

In this study, we found that mite loads were negatively
correlated with bandwidth, while bat-fly loads were positively
correlated with pause duration, results that supported the
potential of distress calls of R. sinicus to encode information
concerning infection with either gamasid mites or bat flies. These
results echo the findings of Gilman et al. (2007) that male
mountain white-crowned sparrows infected with Leucocytozoon
significantly increased song consistency, while males infected
with Plasmodium significantly reduced song output, suggesting
that bird songs may contain information on infection with
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FIGURE 3 | The relationship between parasite load and acoustic parameters of distress calls (A,B) and echolocation pulses (C,D). INT, initial frequency modulated
component.

specific parasites. A possible explanation accounting for the
different influence of each parasite to acoustic signals is that
different parasites have different life cycles, utilize different
host tissues, and even differ in infectivity and virulence;
these factors could impact brain function through different
pathways and activate different parts of the immune system and
thereby differentially affect the behavioral traits of their hosts
(Wedekind, 1992; Gilman et al., 2007; Nouri and Blumstein,
2019). Indeed, previous studies have indicated that there are
significant differences between gamasid mites and bat flies in
life cycle and pathogenicity (Holz et al., 2018). However, further
study investigating whether gamasid mites or bat flies can
differently impact brain function or stimulate different immune
responses remains to be conducted.

It is worth noting that echolocation pulses varied only in
relation to mite load but not bat-fly load, suggesting that
echolocation pulses are less likely to contain information on
infection with either gamasid mites or bat flies as in distress
calls. Several possible reasons can be suggested to explain this
result. First, compared with social calls, echolocation pulses
have a simpler acoustic structure, and thus a restricted acoustic
space available for communication (Finger et al., 2017). Hence,
although echolocation pulses may provide sufficient specificity
to encode information about some simple traits, they may have
limitations for encoding detailed information (Finger et al.,
2017; Chaverri et al., 2018). Second, prior work has shown that

echolocation pulses and social calls are controlled by different
midbrain structures (Fenzl and Schuller, 2007; Liu et al., 2013).
Therefore, it is possible that bat flies impact the midbrain
structures that control social calls but do not affect the structures
that control echolocation pulses. Finally, we do not rule out the
possibility that bat-fly loads may have significant influence on the
parameters that we did not measure.

Our study found that distress calls of R. sinicus varied not
only as a function of parasitism but also with respect to body
condition, and these results correspond with previous findings
that distress calls can be condition dependent (Laiolo et al.,
2004). Condition-dependent acoustic signals have been shown
to play a major role in mediating various aspects of animals’
life histories through the transmitting of useful information (Luo
et al., 2017; Nouri and Blumstein, 2019; Kelly et al., 2021). In a
distress context, the information contained in distress calls may
be profitable for both signalers and receivers, as suggested by
previous studies (Laiolo et al., 2004, 2007; Nouri and Blumstein,
2019). That is, healthy callers may emit distress calls to signal
their health and infection status and thus their ability to bear
the costs of anti-predator defense, thereby possibly discouraging
close predators. In contrast, predators might benefit from these
calls by focusing on a more vulnerable prey in order to avoid
wasting energy on pursuing prey with good anti-predator ability.
Furthermore, vulnerable callers might conceivably solicit help
from nearby conspecifics by signaling their vulnerability.
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FIGURE 4 | Independent contributions (%) of the five explanatory variables to the inter-individual variation in pulse duration (A), resting frequency (B), duration (INT)
(C), minimum frequency (INT) (D), maximum frequency (INT) (E), duration (TM) (F), minimum frequency (TM) (G), and maximum frequency (H) of echolocation
pulses, calculated with hierarchical partitioning. Asterisks denote statistical significance (*P < 0.05). INT, initial frequency modulated component. TM, terminal
frequency modulated component.

The ultrasonic echolocation pulses of R. sinicus extend well
beyond the hearing range of most animal taxa (Luo et al.,
2019). Therefore, it is reasonable to believe that echolocation
pulses are less likely to mediate the information transfer between
bats and their predators, as in distress calls. Echolocation
pulses with high frequencies are not a good choice for
attracting conspecifics to attack or scare away close predators,
because these pulses will attenuate quickly as they travel
through air (Luo et al., 2019). It is possible that bats give
echolocation pulses just to scan their immediate environment
in stressful situations. In contrast, parasite-condition dependent
echolocation pulses might play an important role in other
biological tasks. For example, a previous study found that
female horseshoe bats were preferentially attracted to male
echolocation pulses that indicated better body condition, a
result that provided indirect support for the potential role of
echolocation in mating (Puechmaille et al., 2014). If this is
the case, female R. sinicus would assess the parasite infection
status of males based on echolocation pulses and then select
parasite-free or -resistant males in order to avoid the direct

infection of parasites and obtain resistance genes for their
offspring. Additionally, our study also found that echolocation
pulses potentially provide information about body condition,
forearm length and sex, factors that have been demonstrated to be
important in the mate selection of bats (Puechmaille et al., 2014;
Ward et al., 2014).

CONCLUSION

Our results suggest that both distress calls and echolocation
pulses of R. sinicus potentially encode information about parasite
infection intensity, and distress calls also reflect information
on infection with specific parasites. However, further work is
still needed to obtain more convincing evidence that acoustic
signals provide detailed information on parasite infection which
could be used by receivers to assess a caller’s condition in bats.
First, similar studies in more bat species and individuals should
be conducted. Second, in addition to ectoparasites, whether
endoparasites (e.g., blood parasites, intestinal parasites) also have
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significant influence on the acoustic signals of bats need be
investigated. Third, all parasite individuals should be identified
to species level as far as possible, and then both the individual
effects of a specific parasite species and the interactive impact
of different parasite species on bat acoustic signals should be
analyzed. Fourth, whether the effect of parasite infection on bat
acoustic signals is different between different sexes should be
investigated. Finally, future playback experiments are required to
determine whether and how potential receivers respond to the
acoustic signals from parasite-infected bat individuals.
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