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Abstract

Multimodal communication in animals is common, and is particularly well studied in signals that

include both visual and auditory components. Multimodal signals that combine acoustic and olfac-

tory components are less well known. Multimodal communication plays a crucial role in agonistic

interactions in many mammals, but relatively little is known about this type of communication in

nocturnal mammals. Here, we used male Great Himalayan leaf-nosed bats Hipposideros armiger

to investigate multimodal signal function in acoustic and olfactory aggressive displays. We moni-

tored the physiological responses (heart rate [HR]) when H. armiger was presented with 1 of 3 stim-

uli: territorial calls, forehead gland odors, and bimodal signals (callsþodors). Results showed that

H. armiger rapidly increased their HR when exposed to any of the 3 stimuli. However, the duration

of elevated HR and magnitude of change in HR increased significantly more when acoustic stimuli

were presented alone compared with the presentation of olfactory stimuli alone. In contrast, the

duration of elevated HR and magnitude of change in HR were significantly higher with bimodal

stimuli than with olfactory stimuli alone, but no significant differences were found between the HR

response to acoustic and bimodal stimuli. Our previous work showed that acoustic and chemical

signals provided different types of information; here we describe experiments investigating the

responses to those signals. These results suggest that olfactory and acoustic signals are non-

redundant signal components, and that the acoustic component is the dominant modality in male

H. armiger, at least as it related to HR. This study provides the first evidence that acoustic signals

dominate over olfactory signals during agonistic interactions in a nocturnal mammal.
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Animals communicate using several sensory modalities simultan-

eously, a phenomenon known as multimodal communication

(Partan and Marler 1999, 2005). Multimodal signals can be classi-

fied into redundant and non-redundant signals based on the classifi-

cation framework of Partan and Marler (2005). The redundant

signal hypothesis states that different components of multimodal sig-

nal convey similar information and elicit the same response of the

receiver (Partan and Marler 1999, 2005; Bro-Jørgensen 2010).

When components are combined, redundant signals might produce

the same response (equivalence) or an increased response
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(enhancement; Partan 2013). In contrast, the multiple message hy-

pothesis states different components of multimodal signal provide

different information and produce different responses by the receiver

(Partan and Marler 1999, 2005; Bro-Jørgensen 2010). When com-

bined, each component of non-redundant signals can continue to

have an effect (independence), 1 component can overshadow (dom-

inance) or change (modulation) the effect of the other component,

or their combination might provoke a new response (emergence;

Partan and Marler 2005). It is important to examine receiver

responses to isolated versus combined components because this ap-

proach can help us further classify multimodal signals (Partan and

Marler 2005). The study of multimodal communication has

attracted the attention of behavioral ecologists in the last 20 years

because it is critical to fully understand animal communication

(Partan and Marler 1999; Stevens 2013; Wierucka et al. 2018; Zhu

et al. 2021). The accumulating evidence has been reported in both

human and non-human primate communication via gestures and

vocalizations because it is helpful to clarify human language origins

(Fröhlich et al. 2019).

Territorial conflict presents an excellent multimodal context for

investigating multimodal communication because it usually involves

a number of sensory modalities including vision, acoustics, and ol-

faction (Briffa 2015). There can be strong selection on the assess-

ment of fighting ability of opponents and on recognition of territory

neighbors versus strangers (Arnott and Elwood 2009). The ability of

a territory owner to recognize the status of its opponent and to as-

sess the opponent’s fighting ability (i.e., mutual assessment) is bene-

ficial because this facilitates an economic decision on whether to

fight or flee (Arnott and Elwood 2009). Encoding information using

multiple sensory channels provides increased signal information

content thus reducing the likelihood of misidentification and

increasing the accuracy of the assessment of a rivals’ fighting ability

(Hebets and Papaj 2005; Frommen 2020). The multimodal signals

in agonistic interactions have been studied in many non-mammals,

such as the cichlid Neolamprologus pulcher (chemical and visual sig-

nals; Bayani et al. 2017), jumping spider Phidippus clarus (visual

and vibratory signals; Elias et al. 2008), fiddler crab Uca mjoebergi

(visual and vibrational signals Mowles et al. 2017), and 4 species of

Sceloporus lizards (chemical and visual signals; Martins et al. 2018).

The ability of multimodal signals to provide receivers with informa-

tion about individual identity and fighting ability has also been well

explored in a number of mammalian species (Vannoni and

McElligott 2008; Faragó et al. 2014; Mercier et al. 2019; Sun et al.

2021). However, studies on multimodal communication during ag-

onistic interactions in mammals have focused mainly on diurnal

mammals that rely on visual and acoustic signals (e.g., Genty et al.

2014; Déaux et al. 2015), and no studies to date have tested noctur-

nal mammals that depend mostly on olfactory and acoustic signals.

The addition of studies on signaling in nocturnal animals can help

us fully understand the role of multimodal communication in con-

flict resolution.

The potential role of different components of multimodal signals

has typically focused on changes in receiver behavior in response to

isolated or combined components of the signal (Narins et al. 2003;

Partan et al. 2009). While this approach is obviously important, it

misses circumstances where a physiological response to a signal is

stronger than an observable behavioral response, and this pattern

may be particularly important under stressful conditions (e.g.,

Semin et al. 2019; Dal Bò et al. 2020; Groot et al. 2020). For ex-

ample, heart rate (HR) could objectively quantify individual internal

physiological changes in response to stimuli, especially if individuals

do not display any visible behavioral responses to stimuli. HR has

been confirmed to reflect internal physiological state (e.g., emotional

arousal) in a number of contexts, including social behavior, animal

cognition, and animal conflict (Wascher 2021). A positive relation-

ship between HR and aggressiveness has been demonstrated in

many mammals (Wascher 2021), including bats (Gadziola et al.

2012, 2016). Thus, HR is a suitable autonomic measure of a

receiver’s response to multimodal signals generated during agonistic

interactions.

The Great Himalayan leaf-nosed bat Hipposideros armiger is a

nocturnal and highly gregarious mammal that usually roosts in

caves, sharing day, and night roosts among hundreds of individuals

(Cheng and Lee 2004). Our prior studies showed that male H. armi-

ger defend their private roosting territories using multimodal dis-

plays incorporating territorial calls (acoustic signal; Sun et al. 2018)

and forehead gland odors (olfactory signal; Zhang et al. 2020).

Territorial calls of male H. armiger can contain information about

emotional state, body mass, and individual identity (Sun et al. 2018,

2021), and forehead gland odors can encode information about

threat and individual identity (Zhang et al. 2020).

The goal of this study was to categorize the multimodal aggres-

sive display of male H. armiger using Partan and Marler’s (2005)

classification framework. HR has been used as a proxy for response

to signals during agonistic interactions (Wascher 2021). We thus

used changes in HR of H. armiger to characterize the physiological

response of bats both to multimodal territorial signals and to the iso-

lated unimodal components of those signals. First, since our previ-

ous studies showed that territorial calls serve the function of

territorial defense (Zhang et al. 2021) and olfactory signals serve the

function of threat during the agonistic interactions (Zhang et al.

2020), we hypothesized that H. armiger would respond physiologic-

ally to acoustic, olfactory, and combined stimuli. We thus predicted

that the instantaneous HR of H. armiger would increase when they

were exposed to acoustic, olfactory, or combined stimuli. Second,

we hypothesized that HR would respond to acoustic and olfactory

signal components as they were redundant. We predicted that the

combination of components would either produce 1) a similar re-

sponse (equivalence) or 2) an increased response (enhancement)

compared with either isolated component. The alternative hypoth-

esis was that HR would respond to components as they were non-

redundant. We predicted that 1 component would either 1) add to

(independence), 2) override (dominance), 3) modulate (modulation),

or 4) change (emergence) the information of the other.

Material and Methods

Collection and husbandry of bats
In April 2018, 8 adult males of H. armiger were collected with a

mist net from the Shiyan cave in Chongyi, Jiangxi Province, China.

Captured adults were maintained in a 6.5 m long�5.5 m wide �
2.1 m high husbandry room. The room was maintained by Chun-

Mian Zhang (CMZ) at a relative humidity around 60%, a tempera-

ture around 23�C, and a 12-h light/dark cycle, mimicking the nat-

ural environment inside the cave. All bats were given Zophobas

morio larvae (super worms) ad libitum and freshwater enriched with

vitamins and minerals. In order to identify individuals, we marked

the bats with 4.2 mm metal rings (Porzana Ltd, East Sussex, UK) on

their forearms. The bands do not affect the normal behavior of H.

armiger (Sun et al. 2018). The 8 males were used for the subsequent

sound recording, forehead gland secretion collection, electrocardio-

gram (ECG) monitoring, and stimulus presentation experiments. To
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reduce the potential effect of experience with familiar odors on the

experiment, experimental bats were housed for at least 3 days in in-

dividual cages (0.5 m long�0.5 m wide � 0.5 m high) in the hus-

bandry room before the experiment started.

Sound recording and stimuli construction
Eight bats were used in our stimulus presentation experiments.

Before running the experiments, territorial calls from each of these

bats were recorded to use as the vocal stimuli in our experiment.

This was done as follows: we placed the 8 bats into a large flight

cage (4.4 m long�1.5 m wide�1.8 m high). Recording sessions

were conducted from 20:00 to 08:00 the next day, which included

the maximum activity period from 22:00 to 03:00. Vocalizations

were recorded on 10 consecutive days. We used 2 infrared cameras

(FDR-AX60; Sony Corp., Tokyo, Japan) to record their behaviors

and used an Avisoft UltraSoundGate116H (Avisoft Bioacoustics,

Glienicke, Germany) with an ultrasound microphone (CM16/

CMPA, Avisoft Bioacoustics, Glienicke, Germany) to record their

vocalizations. The sampling rate of the recording system was

250 kHz with 16-bit resolution. The distance between the micro-

phone and the bat was 1.5 m. Camera 1 was placed at a distance of

30 cm from the ground to record the bats’ overall behavior. Camera

2 was placed at a distance of 120 cm from the ground to identify the

caller. Our prior work (Sun et al. 2018) showed that male H. armi-

ger emit bent-upward frequency modulated (bUFM) syllable calls, a

common territorial call used in territory disputes, with the highest

sound energy in the first harmonic during high-intensity aggression

(Supplementary Figure S1a). Thus, we only recorded the bUFM syl-

lable calls emitted by males during territorial disputes.

We created 8 playback files using Avisoft-SASLab Pro 5.2

(Supplementary Audio Files S1). Each playback file was created by

randomly mixing 10 bUFM calls from 1 individual. A total of 562

syllables from 8 individuals (an average of 70 syllables per bat;

range: 68–73; an average of 7 syllables per call; range: 4–12) were

selected. The silent intervals between calls in the playback file were

from 81 to 1,560 ms, mimicking the natural intervals of calls (Sun

et al. 2018). Each playback file was 10 s long. The call rate was

�1 call/s. The playback files were normalized so that the peak amp-

litude of the weakest call was ��30 dB. All playback files were

high-pass filtered at 2 kHz to minimize the impact of background

noise.

Forehead gland secretion collection and stimuli

construction
The gland odors used in our experiments were collected as follows:

We gently extruded a dark secretion from the forehead gland

(Supplementary Figure S1B,C) by squeezing the area around the

forehead gland, and transferred the secretion using pre-sterilized for-

ceps into a 2 mL freezer tube vial with a PTFE-lined septum. We col-

lected 2 samples from each of 8 individuals (16 samples in all) with

a 15-day interval between the collection events. Two samples from

each donor were needed because each experimental bat was pre-

sented with 1 unimodal (olfactory-only) and 1 multimodal (olfactor-

yþ acoustic) stimulus. All samples were collected between 19:00

and 19:30. To avoid cross-contamination between individuals, a

pair of forceps was used for only 1 individual. After collection, we

weighed the gland secretions to the nearest 0.001 g using an elec-

tronic balance (AR2140, Ohaus International Trading Co. Ltd,

China). All samples were immediately stored at �80�C for subse-

quent experiments.

ECG monitoring
Individuals of some species of bats have been shown to produce ag-

gressive vocalizations toward an acoustic stimulus, exhibiting wing

flapping or boxing toward the acoustic stimulus, and hovering in

front of the speaker (Fernandez et al. 2014). However, in our previ-

ous studies (Sun et al. 2018; Zhang et al. 2020), we rarely observed

male H. armiger displaying these behavioral reactions to either

acoustic or olfactory stimuli. We, therefore, used HR to evaluate the

bats’ responses to aggressive signals. HR was monitored with an ani-

mal telemetry system (C19BTA, INDUS MouseMonitor Telemetry,

Farmington Hills, MI, USA) using a sampling frequency of 512 Hz.

Eight individuals underwent surgery to attach electrode spring tips

that allowed an external ECG device (1.9 cc, 2.7 g,

22.0 mm�12.0 mm�7.5 mm) to connect with a communication

module.

Prior to surgery, each bat received an intraperitoneal injection of

sodium pentobarbital (1%, 40 mg/kg, i.p., Shanghai Haling

Biological Technology Co. Ltd, China). After anesthesia, we placed

the bats on a thermostat (S-100, Yuyan, China) at 30�C for surgery.

Hair covering the dorsal and abdominal surface was removed with a

shaver (327, LB, China). Four small incisions were made on the

upper right of dorsal surface of the experimental bat, lower left of

dorsal surface, upper left of abdominal surface, and lower right of

abdominal surface. We wrapped the ECG device using plastic wrap

so that it could be easily removed from the bat, and then we glued

the ECG device onto the dorsal skin of bats using Deli 502 glue

(Figure 1A). The ECG device consisted of positive and negative elec-

trodes, and each electrode lead was covered with a plastic tube with

a diameter of 2 mm. The purpose of this design was not only to pre-

vent direct contact with air from reducing the electrical conductivity

of the electrode lead, but also to make it easier to insert the electro-

des in the subcutaneous tissues. The negative lead was inserted in

the incision at the upper left of abdominal surface through to the in-

cision at the upper right of dorsal surface of the experimental bat,

and the positive lead was inserted in the incision at the lower right

of abdominal surface through to the incision at the lower left of dor-

sal surface (Figure 1A). Subsequently, the electrode spring tips were

attached to abdominal muscles using suture needles to prevent them

from slipping in the subcutaneous tissues. The 4 incisions were

closed with sutures after we ensured that the ECG was normal.

Immediately following surgery, some antibiotic powder (Cefixime

Dispersible Tablets, Kinhoo Pharmaceutical Co. Ltd, Zhuhai,

China) was applied to the incisions to help wound healing. A square

adhesive bandage was attached to the dorsal surface to prevent the

bats from scratching the ECG device. The surgery lasted �20 min

for each experimental bat. It took �30 min for the bats to recover

from the anesthetic. After the bats woke up, they were housed in the

individual cages (0.5 m long�0.5 m wide�0.5 m high) for a 1-

week recovery period before the experiment. Bat movement was

limited in these cages to allow for wound healing. They were then

transferred to a larger cage where they were able to move around

and feed freely.

Stimulus presentation experiments
We conducted 3 types of stimulus presentation: acoustic, olfactory,

and combined (multimodal). The experiments were carried out in a

box made of plexiglass with no lid (1.0 m long � 0.5 m wide�0.5 m

high; Figure 1C) in a 4.5 m long � 2.4 m wide � 2.2 m high room

(Figure 1B). We placed a taxidermic model inside the window

where the stimuli were presented to simulate a territorial bat. We

made a taxidermic model from a dead bat that was captured from
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the roosting cave. We placed a speaker (Ultrasonic Dynamic

Speaker, Avisoft Bioacoustics, Glienicke, Germany) and a swab

with gland secretions, which were at the same horizontal level and

1.1 m above the ground, outside the stimulus window (Figure 1C).

An infrared camera from the front window was used to monitor

whether the bats calmed down (i.e., remained motionless or started

self-grooming) before recording the baseline HR. Before the trial,

we randomly selected a male and hung it at a distance of 15 cm from

the taxidermic model to acclimate it to the box. After the bat

remained motionless for �5 min, we first recorded its HR for 5 min

Figure 1. Experimental design. (A) Schematic diagram of ECG device implanted in the H. armiger on the back (left) and abdomen (right). The grey rectangle indi-

cates ECG device. The device is above the skin. The 2 wires indicate positive and negative poles, respectively. Solid lines represent that the wires are above the

skin, and dotted lines represent that the wires are under the skin. The 2 circles indicate the locations of the 2 electrode spring tips, and the 2 electrode spring tips

are buried under the subcutis of the abdomen. (B) The overall view of the experimental setup for playback of different stimuli. The gray rectangle indicates a

foam board. The area circled in gray is the experimental setup used for playback. (C) The partial enlargement of the experimental setup for playback of different

stimuli. The gray bat indicates the taxidermic model. The black bat indicates the live bat, which roosts on the mesh. A speaker and a swab were placed next to the

taxidermic model at the same horizontal level. An infrared camera was used to record the behavior of bats from the front window.
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in resting state. Then, we recorded the HR for 5 min during a stimu-

lus presentation. All bats were exposed to 1 stimulus each day. Each

bat was tested every 1 or 2 days. Each bat was used only once with

each stimulus. Experiments were conducted during the bats’ usual

activity period (19:00–21:00). All stimuli presented to a single bat

came from the same donor, and different bats were tested with stim-

uli from different donors.

When we broadcast acoustic stimuli, the amplitude of bUFM

calls was �60 dB SPL at a distance of 15 cm from the bat. We cali-

brated the acoustic stimuli at a sound level of around 60 dB SPL at

1 m from the speaker by comparing the root mean square to a

15 kHz reference tone. We tested individual responses to olfactory

stimuli using a swab fastened to a 50 cm long and 2 cm diameter

stick. The stick was attached to a telescopic rod to allow the position

of the swab to be adjusted with a rotating button on a tripod

attached to the telescopic rod (Figure 1C). After we recorded HR

for 5 min in the resting bat, we placed the 5 mg forehead gland secre-

tions on the swab. Subsequently, the swab was moved toward the

bat by rotating the button on the tripod. This process took �5 s and

was not included in the statistical analyses. When the distance be-

tween the swab and the bat was 15 cm, we stopped rotating the but-

ton and started recording the HR of the bat. The duration of

stimulus presentation was 5 min. To estimate individual responses

to the multimodal stimulus, 1 experimenter made the gland secre-

tion swab gently approach the bat. When the distance between the

swab and the bat was 15 cm, another experimenter simultaneously

broadcast bUFM calls and recorded the HR of the bat. The experi-

menters were quiet during all experiments.

ECG analysis
Instantaneous HR was calculated using the reciprocal of 2 successive

R-wave intervals (R–R) in beats per minute (bpm). To reduce the

impact of background “noise” on the ECG recordings, all voltages

<0.35 mV were filtered from the data set. There were also outliers

in the data set that were removed before instantaneous HR was cal-

culated. We defined outliers as data points more than 2 standard

deviations (SDs) from the mean or >1,200 bpm which was greater

than the physiological maximum (Kurta and Baker 1990; Neuweiler

2000). After the outliers were removed, we used “NaN” to fill in the

missing values. We combined all the data points of each 10-min ex-

periment (5 min baseline plus 5 min stimulus presentation) into an

Excel file, and the Excel files were imported into MATLAB R2019a

(MathWorks, Natick, MA, USA). A shape-preserving segmented

cubic interpolation was used to fill in the missing values.

Instantaneous HR was boxed at 1 s, and a 10-s sliding window with

1-s increments was used for smoothing the data.

Baseline HR was computed as the mean instantaneous HR for

the first 5 min of the experiments. The duration of elevated HR was

computed as the duration of time that the instantaneous HR was

greater than the mean baseline HR plus 2 SDs. The magnitude of

change in HR was defined as the maximum of the instantaneous HR

minus the mean baseline HR.

Statistical analysis
All variables in this study were normally distributed (Shapiro–Wilk

tests; P>0.05). One-way analysis of variance (ANOVA) was per-

formed to compare the differences in the baseline HR, duration of

elevated HR, and the magnitude of change in HR under different

playback stimuli. If there were significant differences, Bonferroni

multiple-comparison tests were used to test the differences in

baseline HR, duration, and magnitude of elevated HR between any

2 types of stimuli. Statistical analyses were performed in SPSS ver-

sion 22.0 (IBM Corp., Armonk, NY, USA). The significance level

was set at P<0.05. All data are presented as mean 6 SD.

Results

Change in HR under different presentation stimuli
The average baseline HR of H. armiger under acoustic, olfactory,

and multimodal stimuli was 359 6 45, 351 6 39, and 375 6 51 bpm

(Figure 2), respectively. There were no significant differences in the

baseline HR between the 3 playback stimuli (ANOVA: F2,5¼0.610,

P¼0.553).

There was a rapid increase in instantaneous HR when we pre-

sented either the acoustic, olfactory, or multimodal stimuli

(Figure 2). These results suggest that bats could respond to different

stimuli. The elevated HR was sustained for an average of 157 s and

gradually returned to baseline after stimulus presentation for an

average of 143 s (Figure 2).

Differences in HR under different playback stimuli
There were significant differences in the duration of elevated HR in re-

sponse to the 3 stimulus presentations (ANOVA: F2,5¼10.64,

P¼0.001; Figure 3A). Bonferroni multiple-comparison tests indicated

that these differences were significant between the acoustic (1736 55 s;

Figure 3A) and olfactory (906 55 s; P¼0.016; Figure 3A) stimuli,

and between multimodal (2106 49s; Figure 3A) and olfactory stimuli.

However, there were no significant differences between the multimodal

and acoustic stimuli (P¼0.532; Figure 3A).

We also found that there were significant differences in the magni-

tude of change in HR among the 3 presentation stimuli (ANOVA:

F2,5¼11.388, P<0.001; Figure 3B). Bonferroni multiple-comparison

tests indicated that these differences were significant between the acous-

tic (1866 44 bpm; Figure 3B) and olfactory (856 50 bpm; P¼ 0.001;

Figure 3B) stimuli, and between the multimodal (1826 49 bpm;

P¼0.002; Figure 3B) and olfactory stimuli. However, there were no

Figure 2. Changes in instantaneous HR during three 10-min playback trials

from 8 bats. Changes in instantaneous HR when H. armiger were at 5-min

resting state (0–300 s) and 5-min acoustic stimuli (300–600 s; blue line), 5-min

resting state (0–300 s) and 5-min olfactory stimuli (300–600 s; red line), and 5-

min resting state (0–300 s) and 5-min multimodal stimuli (300–600 s; green

line). The gray area represents 95% confidence interval.
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significant differences in the magnitude of change in HR between multi-

modal and acoustic stimuli (P¼ 0.99; Figure 3B).

Discussion

In this study, we found that the instantaneous HR increased rapidly

when H. armiger was exposed to acoustic, olfactory, or multimodal

stimuli, supporting our first hypothesis that H. armiger showed a

physiological response to signals typically emitted during territorial

encounters. Moreover, when H. armiger was exposed to acoustic

stimuli alone, the duration of elevated HR was significantly longer

than bats exposed to olfactory stimuli alone. No significant differen-

ces were found in the duration of elevated HR and the magnitude of

change in HR between multimodal and acoustic stimuli, while sig-

nificant differences were found between multimodal and olfactory

stimuli. These results are consistent with our previous findings that

acoustic and chemical signals encoded different types of information

(Sun et al. 2018, 2021; Zhang et al. 2020), supporting the second

prediction of the third hypothesis (see the “Introduction” section)

that olfactory and acoustic components are non-redundant, and that

the acoustic component may be a dominant modality to odor during

the territorial conflicts of H. armiger, at least as these relate to auto-

nomic responses to these signals.

The rapid increases in instantaneous HR of male H. armiger

were detected at the onset of acoustic, olfactory signals, and multi-

modal signals (Figure 2), which are known to be associated with ag-

onistic interactions (Gadziola et al. 2016; Wascher 2021). HR is a

key physiological trait and is significantly related to aggressiveness

because it reflects emotional arousal levels of animals (Wascher

2021). Social stressors can trigger physiological responses in animals

including changes in HR (Takahashi et al. 2018). More specifically,

social stressors can activate the sympathetic nervous system to re-

lease catecholamines that can trigger an increase in HR (Stoddard

et al. 1986; Sapolsky 1992). This increase in HR after social expos-

ure to stressors has been explored in a number of mammalian spe-

cies (Stöhr 1986; Jong et al. 2000; Polheber and Matchock 2014),

including humans (Hamidovic et al. 2020). Intraspecific confronta-

tion is one of the most common sources of social stressors among

animals (Martinez et al. 1998; Konoshenko et al. 2013). High levels

of aggressiveness have been shown to correlate with a higher HR in

a number of vertebrates such as big brown bat Eptesicus fuscus

(Gadziola et al. 2012, 2016), greylag geese Anser anser (Wascher

et al. 2009), and domestic pigs (Marchant et al. 1995). Our results

indicated that acoustic and olfactory signals in male H. armiger dur-

ing agonistic interactions may represent social stressors to receivers.

Increases in HR, modulated by higher emotional arousal during ag-

onistic interactions, may also be indicative of higher levels of aggres-

siveness in territorial conflicts in male H. armiger.

We found that the change in HR in response to an acoustic signal

was the same as the response to a multimodal (acousticþolfactory)

signal (Figure 3). In contrast, the HR response to an olfactory signal

was significantly weaker than the response to the multimodal

(acousticþolfactory) signal. Thus, according to the classification of

Partan and Marler (2005), acoustic and olfactory signal components

in H. armiger appear to be non-redundant. Non-redundancy in

multimodal signals is very common (Hebets 2008; Déaux et al.

2015; Chabrolles et al. 2017). Our previous work showed that male

H. armiger bUFM calls can encode information about emotional

state, body mass, and individual identity (Sun et al. 2018, 2021),

and forehead gland secretions can encode information about threat

and individual identity (Zhang et al. 2020). Together with these pre-

vious results, our study suggested that acoustic and olfactory com-

ponents are non-redundant.

What is the benefit to male H. armiger of displaying non-

redundant multimodal signals during agonistic interactions? One

possible benefit indicated in the multiple messages hypothesis is that

each component of the multimodal signal provides information

about different aspects of a sender’s quality, thus allowing receivers

to more rapidly and comprehensively evaluate senders’ quality

(Møller and Pomiankowski 1993; Johnstone 1996). Hipposideros

armiger has a polygynous mating system with 1 territorial male and

several females (Yang 2011). Therefore, selection on territory hold-

ers to effectively communicate their individual identity and resource

holding potential (RHP; i.e., factors such as body size, social rank,

and aggressive motivation) is especially important in male H. armi-

ger. Because males defend access to females/territory against other

males, the ability of males to recognize the identity of neighboring

males and assess the RHP of potential competitors based on acoustic

and olfactory signals could facilitate neighbor-stranger discrimin-

ation (sensu, the “dear-enemy effect” that reduced aggression

Figure 3. Comparison of the duration of elevated HR (A) and magnitude of change in HR (B) under 3 different stimuli. Blue solid points indicate only playback

acoustic stimuli; red solid points indicate only playback olfactory stimuli; green solid points indicate playback acoustic combined with olfactory stimuli; lines indi-

cate mean values of elevated HR (A) and magnitude of change in HR in each treatment (B). Different letters above values indicate significant differences under 3

different stimuli.
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between established territorial neighbors relative to strangers;

Ydenberg et al. 1988; Temeles 1994), and minimize costly aggres-

sive interactions. These results suggested that acoustic and olfactory

components of male H. armiger multimodal signals may provide dif-

ferent types of information of an opponent’s quality that in turn

may facilitate individual recognition and assessment of fighting abil-

ity, and thereby facilitate conflict resolution without actual fighting.

Further, we found that the acoustic sensory modality may dom-

inate over the olfactory modality in conflict resolution of H. armi-

ger. One possibility is that the production of acoustic signals may be

easier and quicker than that of olfactory signals because the forma-

tion and release of many olfactory signals tend to require an accu-

mulation of material (Wyatt 2014). Moreover, the fact that glands

may only exude a minimal level of secretion or even a complete lack

of secretion during some periods (Chun-Mian Zhang, personal ob-

servation; Zhang et al. 2020) may weaken the value of olfactory sig-

nals in individual recognition and assessment. Thus, olfactory

signals may be inappropriate as a dominant sensory modality for

communication in male H. armiger. Together, these results indicate

that acoustic signals should dominate olfactory signals during agon-

istic interactions in male H. armiger.

Although olfactory signals alone generated a weaker physiologic-

al response than either acoustic signals alone or the combination of

acoustic and olfactory signals, olfactory signals still can play a role

in agonistic interactions of male H. armiger. Multimodal communi-

cation of many mammals involves an olfactory sensory component,

indicating that olfactory signals serve an important role in social

interactions (Wierucka et al. 2018). Indeed, olfactory signals play an

essential role in agonistic interactions in many mammals, including

territorial defense (Jordan et al. 2007) and the modulation of aggres-

sive behavior (Stritih and Kosi 2017). In bats, 15 species have been

reported to have an odor-producing gland or structure (Mu~noz-

Romo et al. 2021). Most of the glands and odor-dispersing struc-

tures are sexually dimorphic (as in H. armiger; Zhang et al. 2020),

indicating that olfactory signals play a vital role in mate choice and

copulation (Mu~noz-Romo et al. 2021). Moreover, we previously

showed that male H. armiger uses olfactory signals to discriminate

among individuals and also to mitigate the costs of conflict (Zhang

et al. 2020). Thus, these results suggested that bats’ olfactory signals

also served a role in agonistic interactions.

In summary, our study demonstrates that territorial calls and ol-

factory signals can be used as non-redundant elements of multi-

modal signals, and that acoustic components of multimodal signals

play a more dominant role in territorial conflict of male H. armiger

than olfactory components. To our knowledge, our study provides

the first experimental evidence that acoustic signals dominate over

olfactory signals during agonistic interactions in a nocturnal mam-

mal. A limitation of this study is that we focused only on the re-

sponse of receivers to a single level of each unimodal signal and on a

single level of the multimodal signal. Additionally, we used a physio-

logical response that is likely to be stress-based as an index of infor-

mation content of the signals. Future studies are needed to

determine the dynamic response of receivers to the interaction be-

tween multimodal signals of different magnitude and future studies

should also evaluate aspects of receiver responses beyond an auto-

nomic stress response.
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Stöhr W, 1986. Heart rate of tree shrews and its persistent modification by so-

cial contact. In: Schmidt TH, Dembroski TM, Blümchen G, editors.
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