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Predation is a powerful selection pressure that shapes predator–prey interactions. 
Due to long-term interactions, moths have developed hearing to detect the 
echolocation calls of bats. This allows bats to impose the non-consumptive 
effects of predation on moths. However, information on the changes in the 
growth, development, reproduction, and hormones of moths that are vulnerable 
to bat predation is limited. In this study, we used Spodoptera litura (Lepidoptera: 
Noctuidae) to determine the effects of the predation risks of bats on their growth, 
development, reproduction, and hormone titers. Our results showed that the 
larvae of S. litura increased food intake, accelerated the development of the larval 
stages, increased mortality and metamorphosis failure, and had a smaller body 
size under the risk of predation by bats. Additionally, the reproductive activity and 
fecundity decreased in the adults of S. litura, but the juvenile hormone titers and 
20-Ecdydysone hormone titers increased. These results suggested an adaptive 
response in S. litura under bat predation risks at the cost of lower survival and 
reproduction. Finally, we found that S. litura moths showed different responses 
to different predation risk cues, which suggested that they might assess the 
magnitude of different predation risks to make the most suitable decision for 
survival and reproduction. Our results highlight the importance of the predation 
risk imposed by bats to negatively regulate the population dynamics of moths. 
Our findings indicated that the biological control of bugs using bats is a promising 
strategy.
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Introduction

The risk of predation strongly influences predator–prey interactions (Carpenter et al., 2001; 
Frank, 2008) and leads to changes in population dynamics, community structure, and ecosystem 
function (Krebs et al., 1995; Zanette et al., 2011). Predator–prey interactions are generally 
quantified by comparing the changes in the abundance of prey populations due to the direct 
consumption effects (CEs) of predators (Sih et al., 1985; Sheriff et al., 2020). However, researchers 
have realized that predation risks can also exert strong non-consumptive effects (NCEs) on prey 
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by changing prey traits (e.g., behavior, physiology, and morphology) 
and development through multiple signals (e.g., auditory, olfactory, 
and visual signals) (MacLeod et al., 2018; DeWitt et al., 2019) which 
in turn can negatively affect the adaptations and fitness of prey (Sheriff 
et al., 2020). Several studies have shown that NCEs associated with 
predator–prey interactions might be equally or even more important 
than CEs on the prey population and community dynamics (Peckarsky 
et al., 2008; Peacor et al., 2020). Several studies on NCEs have been 
conducted with insects (Bauman et al., 2019), fishes (Hughes et al., 
2014; Mitchell and Harborne, 2020; Benti et al., 2021), amphibians 
(Zamzow et  al., 2010), birds (Malone et  al., 2017), and mammals 
(Abom and Schwarzkopf, 2016; Fauteux et al., 2018). For example, 
Melanoplus femurrubrum (Orthoptera: Acrididae) increases the mass-
specific metabolic rate by 32%, with a concomitant increase in 
carbohydrate intake by 40% when they perceive the risk of predation 
by spiders (Hawlena and Schmitz, 2010). The presence of fish 
predators that cannot attack also might increase the failure rate of 
metamorphosis and larval mortality in Leucorrhinia intacta (Odonata: 
Libelulidae) (McCauley et al., 2011). Different ultrasound frequencies 
can negatively affect juvenile hormone titers in Monochamus 
alternatus (Coleoptera: Cerambycidae), which might further disrupt 
sexual maturation (Zha et al., 2021). However, these studies mainly 
focused on the changes in the traits of the prey (i.e., vigilance, body 
size, habitat selection), but studies on the effects of the changes in 
traits on fitness components or the abundance of the prey remains 
unclear (Peacor et al., 2022).

There are more than 1,400 species of bats, most of which occupy 
a unique nocturnal ecological niche (Kunz et al., 2011). Insectivorous 
bats with precise echolocation systems mainly hunt nocturnal insects 
(Wilson and Reeder, 2005). The interaction between bats and moths 
is a fascinating evolutionary “arms race” (Rubin et al., 2018). During 
coevolution, echolocating bats influenced the evolution of numerous 
characteristics of nocturnal insects, and many insects evolved 
ultrasound-sensitive ears, evasive behaviors, or other survival 
strategies in response to the selection pressure imposed by bats. Thus, 
even in the absence of predation, bats can still pose a strong predation 
risk to moths. However, the NCEs of the predation risk of bats on 
moths remain unclear.

The echolocation calls of bats vary among species and can 
be  classified into three types: constant frequency (CF), frequency 
modulation (FM), and quasi-constant frequency (QCF) (Schnitzler 
et al., 2003). CF bats use CF acoustic signals for echolocation, and the 
duration of the acoustic signal is long, i.e., up to 30–60 ms per signal. 
FM bats use FM acoustic signals for echolocation, and the duration of 
the acoustic signal is short, about 0.5–5 ms per signal (Jones and 
Teeling, 2006). Exposure to the risk cues (e.g., ultrasound) of predators 
can have strong indirect effects on the physiology of the exposed 
moths and also the performance of the offspring, which indicates 
promising results for biological control strategies based on the ecology 
of fear (Cinel et al., 2020). For example, exposure of Spodoptera litura 
(Lepidoptera: Noctuidae) and S. exigua to pulsed ultrasound white 
noise elicited a flight-stopping response in moths with no or little 
auditory adaptations, which indicated that the moths tended to escape 
from the ultrasound (Nakano et al., 2022). In another study, ultrasonic 
treatment had strong negative effects on the biological parameters, 
such as longevity, body mass, and fecundity, of the immature life 
stages of Sesamia cretica (Lepidoptera: Noctuidae) (Agah-Manesh 
et al., 2021). These studies suggested that bat ultrasound might be used 

to effectively control agricultural pests. However, many studies have 
used synthetic ultrasound signals to recreate a stimulus similar to the 
calls of bats (Lalita and McNeil, 1998; Huang and Subramanyam, 
2004). These synthetic ultrasounds often lack the biological attributes 
of real bat ultrasounds, and thus, they may not be suitable for assessing 
the magnitude of bat NCEs on prey. Additionally, prey can detect 
predators using visual, tactile, chemical, physical, and other cues 
(Hermann and Thaler, 2014). As most studies have only focused on 
the acoustic cue of bats, it remains unclear whether the multimodal 
cues related to the risk of predation can cause a greater degree of 
negative effects on the prey.

Spodoptera litura (Lepidoptera: Noctuidae) is a polyphagous and 
important agricultural pest found worldwide (Xiao et al., 2021). It has 
evolved the ultrasound-sensitive tympanal organ in response to 
predation by echolocating bats. Thus, the predation risk of bats, 
especially using ultrasound stimuli, might be used for controlling this 
pest. Previously, we discovered that the CF-FM bat Rhinolophus sinicus 
(Chiroptera: Rhinolophidae) and the FM bat Miniopterus fuliginosus 
(Chiroptera: Vespertilionidae) could prey on a large number of S. litura 
(unpublished data), and the two bats have different foraging habitats, 
physiological ecology, and ultrasonic parameters. Though it is not clear 
if the bats prefer to eat this species or whether the prey cannot 
effectively evade predation, it still provides a good opportunity to 
study the NCEs of the predation risk of bats on the changes in the traits 
of these moths and the consequences of these changes on their fitness.

For prey, there is usually a trade-off between predator avoidance and 
growth (survival and reproduction) (Thaler et al., 2012). An increase in 
the survival of prey is associated with a reduction in foraging activity and 
an increase in vigilance when exposed to high predation risk (Lalita and 
McNeil, 1998; MacLeod et al., 2018). Conversely, prey allocates more 
energy to reproduction and adaptive changes in behavior, physiology, 
and life history traits (Sheriff et al., 2020). In this study, we used R. sinicus 
and M. fuliginosus and their echolocation calls related to foraging as 
predation risk cues to investigate the effects of different predation risks 
imposed by bats on the growth, development, reproduction, and 
hormone levels of S. litura. We hypothesized that the predation risks of 
bats would negatively affect the growth, development, reproduction, and 
physiology of S. litura. We  tested the following predictions: (1) bat 
predation risk might be associated with changes in the growth and 
development of S. litura, including food intake, body mass, survival rate, 
death rate, pupation rate, and eclosion rate; (2) bat predation risk might 
be associated with a decrease in reproductive behavior and fecundity in 
S. litura; (3) the levels of the JH and 20-E hormone of S. litura might 
change after exposure to the risk of predation by bats.

Materials and methods

Capture and housing of bats

We collected 10 individuals of R. sinicus from Jiumen Cave, 
Lengshuijiang City, Hunan Province, in May 2021. We also collected 10 
individuals of M. fuliginosus from Feilong Cave, Jingnan Town, Xingyi 
City, Guizhou Province, in June 2021. We  placed mist nets at the 
entrance of the caves in the early morning to capture the bats when they 
returned from foraging (Gong et al., 2022). Each individual was placed 
in a sterile cloth bag and brought back to the laboratory (5 m × 10 m × 3 m) 
for rearing at Northeast Normal University. In the laboratory, the 
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temperature and relative humidity were set at 21–22°C and 40%, 
respectively, and a 12-h/12-h light/dark cycle (light conditions of 07:00–
19:00 h) was maintained to mimic the natural environment inside caves 
(Zhang et al., 2022). All bats were provided ad libitum freshwater and 
larvae of Zophobas morio (Coleoptera: Tenebrionidae) enriched with 
vitamins and minerals. Bats were kept healthy during the acclimation or 
experimental periods. All bats were released in good health at the 
location where they were captured, after completion of the experiments.

Recording of echolocation calls during 
foraging

Before the experiments, we recorded the foraging echolocation calls 
from each bat to use as acoustic stimuli in our experiment. In total, 20 
wild-caught S. litura were periodically released in an acoustics laboratory 
(3 m × 5 m × 3 m), and we also hung 10 S. litura larvae with a thin wire 
(0.7 mm in diameter) 1 m from the top of the room to ensure that preys 
were available for bats. Before the experiment, the bats were fed 5 
Z. morio to reach a semi-starved state to motivate the bats to feed on the 
S. litura. During each experiment, we brought one bat into the laboratory 
to record echolocation calls, from search-phase calls to feeding buzzes. 
The interactions were captured using two infrared cameras (FDR-AX60; 
Sony Corp., Tokyo, Japan) placed opposite to each other and two single-
channel ultrasound recording devices (Ultra-Sound Gate 116, Avisoft 
Bioacoustics, Berlin, Germany). The sampling frequency was 375 kHz 
with a 16-bit resolution (Sun et  al., 2018). The experiments were 
performed when the foraging activity was the highest (Appel et al., 
2021) (between 20:00 and 06:00 h), and the calls of each bat were 
recorded for 1 h. After the calls were recorded, the bats were returned to 
their large flight cage in the husbandry room and given food as a reward.

Synthesis and editing of playback files

Each playback file was created by randomly mixing the echolocation 
calls from one individual. The echolocation call sequences (including 
searching, approaching, and feeding buzz phases) with a good signal-to-
noise ratio were selected for editing. These calls were randomly stitched 
together using the Avisoft-SASLab Pro 5.2 (Avisoft Bioacoustics, Berlin, 
Germany) software to construct playback files of 1 min. Each playback 
file consisted of 14 echolocation call sequences with random silent 
intervals of 5–8 s between sequences to mimic the natural intervals of 
echolocation calls. The playback files were normalized, with the peak 
amplitude of the weakest call set at about −30 dB. Each group of playback 
files was randomly arranged based on the 14 echolocation call sequences 
to generate 10 playback files. All playback files were high-pass filtered at 
2 kHz to minimize the effect of background noise. We constructed a 
white noise (0 ~ 100 kHz) stimulus to determine whether the response of 
the moths to bat echolocation calls was similar to that of white noise. The 
individuals of S. litura in each treatment group were stimulated with a 
group of playback files every night during the experimental period.

Collection and maintenance of S. litura

In total, 1,000 eggs of S. litura were purchased from Baiyun 
Industrial Co., Ltd. in Henan Province and housed in polypropylene 

plastic rearing boxes (20 cm × 14 cm × 8 cm) in an artificial climate 
chamber (PRX-450C, NingboSaifu, Ningbo, China) at 27 ± 1°C, 65 ± 5% 
relative humidity, and a 14-h/10-h light/dark photoperiod. All the 
newly-hatched larvae in the experiment were reared together on an 
artificial diet (Guanghong et al., 1998). They were isolated individually 
into finger tubes to prevent the effect of density on their growth and 
development. After pupation in the test tubes, the pupae were transferred 
to polypropylene plastic boxes (20 cm × 14 cm × 8 cm) individually and 
moisturized by spraying water every day until they emerged as adults. 
The adults were placed in a cage (40 cm × 40 cm × 40 cm) made of 
120-mesh gauze and with a 10% honey solution applied on a ball of 
cotton in a glass dish for mating and laying eggs. The eggs on the wall of 
the cage of S. litura were collected on disinfected plastic sheets and 
disinfected with sodium hypochlorite solution (340.0–460.0 μg/L 
effective chlorine content) for 30 min to prevent pathogen infection 
(Xiong et al., 2015). Then, the eggs were rinsed with water for 3 min, air 
dried, placed in a rearing box as mentioned above, and incubated in an 
artificial climate chamber. The individuals of S. litura were reared for a 
generation under predator-free conditions for subsequent experiments.

The playback experiment

All experiments were performed in artificial climate chambers 
under the same physical conditions. To assess the differences between 
two acoustic bat cues and the NCEs of white noise on the S. litura, and 
to determine whether bats have only acoustic cues that can cause effects 
on S. litura, six treatment groups were established, including the control 
group (Control), white noise playback group (Whitenoise), CF 
echolocation call playback group (CF-call), R. sinicus exposure group 
(CF-exp), FM echolocation call playback group (FM-call), and 
M. fuliginosus exposure group (FM-exp). The Whitenoise, CF-call, and 
FM-call groups were the echolocation call playback groups, and the 
CF-exp and FM-exp groups were bat the exposure groups. We provided 
chronic stimulation throughout the life history stages of S. litura to 
determine the sustained effects of chronic stimulation. For the 
echolocation call playback groups, the microphone, and the 
loudspeaker were connected to an ultrasound recording system and an 
ultrasound playback interface (UltraSoundGate player 116), 
respectively. The speaker was set on a tripod 50 cm above the individuals 
of S. litura. These speakers provide an acoustic cue to S. litura. For the 
bat exposure groups, each group consisted of five adult bats in a cage 
(50 cm × 50 cm × 50 cm) 50 cm away from the S. litura moths to create 
an environment where the moths were exposed to bat predators. These 
bats might provide acoustic, visual, and olfactory cues to S. litura. All 
stimulation treatments were provided from 10:00 p.m. to 8:00 a.m. and 
stopped for the rest of the day, whereas the larvae in the control group 
were placed in the same environment in the absence of stimuli.

Development and food intake of S. litura 
larvae under the risk of predation

Newly hatched larvae of S. litura were randomly assigned to one 
of the six above-mentioned treatment groups. We chose 300 newly 
hatched larvae from each group and divided them into six replicates 
of 50 larvae each. The larvae were reared individually in sterilized glass 
test tubes (20 mm × 150 mm) and fed an artificial diet. Each replicate 
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had 50 test tubes in one test tube rack, counting a total of six test tube 
racks per group. The test tubes were sealed with sterilized gauze to 
ensure air permeability, and the tubes were placed in plastic containers 
(22 cm × 9 cm × 15 cm). The development progress of S. litura was 
recorded, specifically, the developmental stages, number of pupae, and 
number of emerging adults. After the third instar of the S. litura 
larvae, randomly 100 larvae in each treatment group were weighed 
daily using an electronic balance (BSA124S 120 g/0.1 mg, Sartorius 
Ltd., Germany) till they started to develop into pre-pupae. At this time 
point, larvae stopped feeding and made pupal chambers. The weight 
of the pupae in all treatment groups was recorded 3 days after 
pupation. The condition of the moths and wing abnormalities were 
recorded every day until all moths died. For each treatment type, 
we  selected additional 100 third instar larvae and reared them 
individually in single tubes containing enough fresh artificial diet to 
satisfy their food intake when exposed to different stimuli. The 
remaining artificial feed was weighed each day and replaced with a 
sufficient amount of fresh artificial diet. The experiment was 
completed after all larvae entered the prepupal stage; the amount of 
food consumed was calculated for the larvae in each treatment group.

The reproductive behavior of S. litura under 
the risk of predation

The behavior of insects is complex and variable. We selected three 
main behaviors to determine the behavioral responses of moths to 
different types of treatments, which included movement, mating, and 
courtship (Svensson et al., 2003; Zhou et al., 2010). We selected moths 
of similar body condition that emerged on the same day from each of 
the treatment groups and placed them in plastic cups 
(10 cm × 10 cm × 10 cm) with 10% fresh honey solution applied on 
cotton balls to provide supplementary nutrients. Ten pairs of moths 
were assigned to each treatment group (Sandhyarani and Rani, 2013). 
The behaviors of the moths were recorded using an infrared camera 
(HDR-CX 760E; Sony Corp., Japan) every day within the duration in 
which the stimuli were provided (Wu et al., 2018). We recorded three 
nights total because the peak of S. litura movement, mating, and 
courtship occurred within 3 days of eclosion (Li et al., 2012). We used 
QvodPlayer (Version 5.0.80, ShenzhenQvod Technology Co., Ltd., 
Guangdong, China) to analyze the recorded video files of the moths 
in the six treatment groups and quantify their behavior. Based on the 
recorded data, the percentage of time spent performing each behavior 
was calculated. Following the methods described above, we selected 
another 10 pairs of moths to determine the effects of the different 
types of treatments on the oviposition of female moths (Wu et al., 
2018). The eggs were collected and counted daily. From them, 100 eggs 
laid on the same day by females of the same age were randomly 
selected to calculate the hatching rate, and 10 replicates were used for 
each treatment (Wu et al., 2018).

The titers of JH and 20-E of S. litura under 
predation risk

To determine the effects of different types of treatments on the 
hormone levels of S. litura, we selected two hormones that are critical 
for insect growth and development and analyzed their changes. From 

the six treatment groups, the late fourth, late fifth, and late sixth instar 
larvae, as well as, 1-, 3-, and 5-day-old female and male moths, were 
selected to determine the titers of JH and 20-E. Furthermore, because 
the JH titer was generally low in pupae and the 20-E titer did not differ 
significantly (Plantevin et al., 1984), we chose 1-, 3-, and 5-day-old 
pupae without distinguishing between male and female to only 
determine the 20-E titers. Three biological replicates were set up for 
each treatment (Zha et  al., 2021). The double-antibody sandwich 
enzyme-linked immunosorbent assay (ELISA) was performed to 
evaluate the levels of JH and 20-E. Insect JH and 20E ELISA kits 
(detection range of 6.25–200 pg./mL) (Shanghai Enzyme-Linked 
Biotechnology Co., Ltd., China) were used to determine JH and 20E 
levels, following the manufacturer’s instructions. Each analysis phase 
was performed separately three times and averaged.

Data analysis

The Kolmogorov–Smirnov test was conducted to test the 
normality of the data, and parametric tests were performed to analyze 
normally distributed data. Non-parametric tests were performed to 
analyze the data that were not normally distributed. The data on 
development duration, mortality, adult longevity, pupation rate, 
eclosion rate, larval food intake, maximum body mass of last instar 
larvae, 3-day-old pupal weight, total egg production, hatching rate, 
titers of JH, and titers of 20-E were normally distributed in each 
treatment group, and the differences among the different treatment 
groups were analyzed by performing the one-way analysis of variance 
(ANOVA) with Tukey’s multiple comparisons. The percentage of time 
spent moving (adults), courting, and mating was not normally 
distributed. For these three parameters, the Kruskal-Wallis and 
Wilcoxon rank sum tests were performed to compare the differences 
among/between different treatment groups. All statistical analyses 
were performed using SPSS version 22.0 (IBM, Armonk, NY, 
United States).

Results

Effects of bat predation risks on the growth 
and development of S. litura

The food intake of S. litura larvae exposed to different predation 
risks and white noise was significantly higher than that of the larvae 
in the Control group (F5, 449 = 28.976, p < 0.001, Figure 1A), and the 
larvae in the CF-call, CF-exp, and FM-exp groups had the highest 
food intake, followed by those in the FM-call and Whitenoise groups. 
Additionally, larvae exposed to predation risk showed faster 
development of the larval stages compared to those in the Control 
group (Figure 1B), whereas their maximum fresh weight was not 
significantly different from those in the Control group (Figure 1C). 
However, the weight of pupae was significantly lower for those that 
were exposed to different predation risks compared to the weight of 
pupae in the Control group (F5, 436 = 11.017, p < 0.001, Figure 1D). The 
weight of pupae was significantly lower in the FM-exp and Whitenoise 
groups (p < 0.001, Figure 1D), and although it was also lower in the 
CF-exp, CF-call, and FM-call groups, the differences were 
not significant.
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The bat and echolocation playback call treatments significantly 
accelerated larval growth (Figure  1E) and decreased larval 
developmental duration (F5, 1,514 = 18.630, p < 0.001, Figure 1E), but the 
growth of larvae was not significantly different between the Whitenoise 
and Control groups (Figure 1E). The duration of the pupal period also 
showed differences between treatments (F5, 733 = 18.630, p < 0.001; 
Figure 1F). The pupae in the CF-exp group had the longest pupal 
period (12.62 ± 1.63 day), followed by those in the FM-exp (11.63 ± 1.19 
day), CF-call (10.56 ± 1.19 day), and Whitenoise (10.27 ± 0.97 day) 
groups. The pupal period of the FM-call group was 9.57 ± 0.71 day, 
which was not significantly different from that of the pupae in the 
Control group. The longevity of S. litura adults was significantly lower 
for those in the CF-call and Whitenoise groups compared to the 
longevity of those in the Control group (F5, 733 = 16.285, p < 0.001, 
Figure 1G). However, although the longevity of adults was lower for 
those in the FM-exp, FM-call, and CF-exp groups relative to those in 
the Control group, the differences were not significant (Figure 1G).

For the S. litura individuals exposed to different predation risks and 
white noise, their survival rate was significantly lower (Figure 1H), larval 
mortality was significantly higher (F5, 30 = 11.017, p < 0.001, Figure 1I), 
and pupation rate was significantly lower (F5, 30 = 17.575, p < 0.001, 

Figure 1J) than those of the individuals in the Control group. Overall, the 
moths exposed to the two bat playback treatments had the highest larval 
mortality (p < 0.001, Figure 1I), followed by those in the FM-call, CF-call, 
and Whitenoise groups (p = 0.032, Figure 1I). Similarly, the moths in the 
CF-exp and FM-exp groups had the lowest pupation rate (p < 0.001, 
Figure 1J), followed by those in the FM-call and CF-call groups (p = 0.001, 
Figure 1J), but no significant difference was found between the moths in 
the Whitenoise and Control groups. The eclosion rate was significantly 
lower (F5, 30 = 17.084, p < 0.001, Figure 1K) only for pupae exposed to CF 
echolocation calls (p = 0.014, Figure 1K), FM echolocation calls (p = 0.019, 
Figure 1K), and white noise (p < 0.001, Figure 1K) relative to that of the 
pupae in the Control group, however, exposure to the two bat playback 
treatments had no significant effect on the eclosion rate of the pupae.

Effects of bat predation risks on the 
reproductive behavior and fecundity of  
S. litura

The percentage of time spent moving was significantly lower for 
S. litura individuals exposed to different bat predation risks and white 
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FIGURE 1

Effects of different treatments on the growth and development of S. litura. (A) Food intake of larvae in different treatment groups, (B) diurnal variation 
in the body mass of the larvae, (C) maximum fresh body mass of the larvae, (D) body mass of 3-day-old pupae, (E) the duration of larval development, 
(F) the duration of pupal development, (G) longevity of moths, (H) the survival rate at different life stages, (I) the death rate of larvae, (J) the pupation 
rate of larvae, and (K) the eclosion rate of pupae. The data are expressed as the mean ± SD. Different colors represent data from different treatment 
groups. The different letters on the bar and box plots indicate significant differences between treatment groups (Tukey’s test, p < 0.05); ns indicates no 
significant difference between treatments.
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noise (H5, 30 = 20.268, p = 0.001, Figure 2A) than for the individuals in 
the Control group. The percentage of time spent moving for 
individuals in the FM-exp group was significantly lower than that for 
the individuals in the Control group (p = 0.001, Figure  2A). The 
proportion of mating behavior of S. litura individuals in all treatment 
groups was similar (H5, 30 = 6.792, p = 0.237, Figure  2B). However, 
among all groups of individuals exposed to bats and bat echolocation 
playback calls, mating behavior was only observed once in the CF-call, 
FM-call, and FM-exp groups. The percentage of time spent courting 
for individuals in all treatment groups was similar to that for 
individuals in the Control group, but it was significantly lower for 
individuals in the FM-call group than that for individuals in the 
CF-call group (p = 0.001, Figure 2C).

The peak fecundity period of S. litura was the third day after 
laying, and then, the fecundity of the moths decreased, except for 
those in the CF-call group, where the daily fecundity was higher than 
that of the moths in the Control group on the fourth day after laying 
(Figure 2D). Overall, the total fecundity of S. litura decreased when 
exposed to different predation risks and white noise (F5, 54 = 3.855, 
p = 0.005, Figure 2E). The moths in the FM-exp group produced the 
lowest number of eggs (1,935 ± 1,465), which was significantly lower 
than the number of eggs laid by moths of the other groups (p < 0.001, 
Figure  2E), i.e., the Whitenoise group (2,847 ± 1,149), the CF-call 
group (2,912 ± 1,507), and the FM-call group (3,397 ± 1,798). The 
number of eggs laid by moths in the CF-exp group (4,008 ± 864) was 
lower than that laid by moths in the Control group (4,138 ± 892), but 
the differences were not significant. The hatching rate of the moths 
exposed to different predation risks and white noise was significantly 

lower than that of the moths in the Control group (F5, 54 = 29.333, 
p < 0.001, Figure 2F), with the lowest hatching rate (64.20%) recorded 
for moths in the FM-exp group (p < 0.001, Figure 2E), followed by 
those in the CF-call (67.80%), FM-call (75.50%), CF-exp (75.6%), 
Whitenoise (82.60%), and Control groups (89.90%).

Effects of the predation risk of bats on the 
titers of JH and 20-E in S. litura

Except for the late fifth instar in the Whitenoise group, the titers 
of JH in S. litura larvae under different predation risks and white noise 
were significantly higher at the late fourth instar (F5, 12 = 63.152, 
p < 0.001, Figure  3A), late fifth instar (F5, 12 = 92.645, p < 0.001, 
Figure 3A), and late sixth instar (F5, 12 = 92.645, p < 0.001, Figure 3A) 
compared to that in the larvae of the Control group. The larvae in the 
FM-call group had the highest JH titers at the late fourth instar, but no 
significant differences were observed between the larvae in different 
predation risk groups at the late fifth instar. The highest titers of JH 
were found in the larvae of the FM-exp group (p < 0.001, Figure 3A) 
at the late sixth instar. The JH titers were significantly higher in the 
larvae of the Whitenoise group than that in the larvae of the Control 
group at both the late fourth and late sixth instars (p < 0.001, 
Figure 3A) but not in the late fifth instar.

Except for the 3- and 5-day-old female moths in the CF-exp 
group and the 5-day-old female moths in the Whitenoise group, the 
1-day-old (F5, 12 = 344.102, p < 0.001, Figure  3B), 3-day-old (F5, 

12 = 406.822, p < 0.001, Figure 3B), and 5-day-old (F5, 12 = 119.925, 
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FIGURE 2

Reproductive behavior and fecundity of S. litura moths under different types of predation risk. (A) The proportion of time spent moving, (B) the 
proportion of time spent mating, (C) the proportion of time spent courting, (D) daily fecundity, (E) lifetime fecundity, and (F) the hatching rate. The data 
are expressed as the mean ± SD. Different letters on the bars or box plots indicate significant differences between treatments (Tukey’s test, p < 0.05); ns 
indicates no significant difference between treatments.
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p < 0.001, Figure 3B) female moths under the predation risk of bats 
and white noise treatment had significantly higher JH titers than 
those in the Control group. The highest JH titers were recorded in 
the 1-day-old female moths of the CF-call (p < 0.001, Figure 3B) 
and FM-exp groups (p < 0.001, Figure 3B). Additionally, the highest 
JH titers were also observed in the 3-day-old female adults of the 
CF-call group (p < 0.001, Figure 3B) and in the 5-day-old female 
moths of the CF-call and FM-call groups (p < 0.001, Figure 3B).

Except for the 1- and 5-day-old male moths in the CF-exp group, 
the 1-day-old (F5, 12 = 344.102, p < 0.001, Figure  3C), 3-day-old  
(F5, 12 = 406.822, p < 0.001, Figure 3C), and 5-day-old (F5, 12 = 119.925, 
p < 0.001, Figure 3C) adult male moths exposed to bat predation risk 
or white noise treatment had significantly higher JH titers than those 
in the Control group. The highest titers of JH were found in the moths 
of the CF-call group for both 1-day-old (p < 0.001, Figure 3C) and 
3-day-old (p < 0.001, Figure 3C) male moths, but the highest titers of 
JH was observed in the 5-day-old moths of the FM-call and CF-call 
groups (p < 0.001 Figure 3C).

Effects of bat predation risks on the 20-E 
titers of S. litura

Except for the late fifth instar in the CF-exp group, the 20-E titers 
of larvae exposed to the predation risk of bats and white noise 
treatment were significantly higher than those in the larvae of the 
Control group at the late fourth instar (F5, 12 = 105.267, p < 0.001, 
Figure 4A), late fifth instar (F5, 12 = 79.6340, p < 0.001, Figure 4A) and 
late sixth instar (F5, 12 = 28.492, p < 0.001, Figure 4A). The highest 20-E 
titers were observed in the larvae of the CF-call group (p < 0.001, 
Figure 4A) at the late fourth instar, and in the larvae of the CF-call and 
FM-exp groups at the late fifth instar and late sixth instar (p < 0.001, 
Figure 4A).

The 20-E titers of 1-day-old (F5, 12 = 128.045, p < 0.001, 
Figure 4B), 3-day-old (F5, 12 = 122.559, p < 0.001, Figure 4B), and 
5-day-old (F5, 12 = 218.364, p < 0.001, Figure  4B) pupae in the 
CF-call, FM-call, and Whitenoise groups were significantly higher 
than that in the pupae of the Control group. The 20-E titers among 
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FIGURE 3

The JH titers of S. litura under different types of predation risk. The JH titers of (A) larvae of different ages, (B) female adult moths, and (C) male adult 
moths. The data are expressed as the mean ± SD. Different letters on the bars indicate significant differences between treatments (Tukey’s test, p < 0.05).
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the three acoustic groups for the 1-day-old pupae were not 
significantly different (Figure  4B). The highest 20-E titers for 
3-day-old pupae were recorded in the CF-call (p < 0.001, 
Figure  4B) and FM-call groups (p < 0.001, Figure  4B) 
and in the 5-day-old pupae of the CF-call group (p < 0.001, 
Figure 4B).

Except for the 1-day-old female adults in the Whitenoise group, 
the 1-day-old (F5, 12 = 118.900, p < 0.001, Figure  4C), 3-day-old  
(F5, 12 = 108.990, p < 0.001, Figure 4C), and 5-day-old (F5, 12 = 336.080, 
p < 0.001, Figure 4C) adult females exposed to predation by bats and 
white noise treatment had higher 20-E titers than the females in the 
Control group. The highest titers of 20-E were found in the 1-day-old 
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FIGURE 4

The 20-E titers in the different life stages of S. litura under different types of predation risk. The 20-E titers of (A) larvae, (B) pupae, (C) female adults, 
and (D) male adults. The data are expressed as the mean ± SD. Different letters on the bars indicate significant differences between treatments (Tukey’s 
test, p < 0.05).
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(p < 0.001, Figure 4C), 3-day-old (p < 0.001, Figure 4C), and 5-day-old 
(p < 0.001, Figure 4C) female adults of the CF-call group.

Except for the 1- and 3-day-old male adults of S. litura in the 
CF-exp group and the 3-day-old male adults in the FM-exp group, the 
1-day-old (F5, 12 = 61.749, p < 0.001, Figure  4D), 3-day-old  
(F5, 12 = 104.083, p < 0.001, Figure 4D), and 5-day-old (F5, 12 = 202.927, 
p < 0.001, Figure 4D) adult male moths exposed to predation risk of 
bats and white noise treatment had significantly higher 20-E titers 
than those in the Control group. The highest titers of 20-E were found 
in the 1-day-old (p < 0.001; Figure  4C), 3-day-old (p < 0.001; 
Figure 4C), and 5-day-old (p < 0.001; Figure 4C) adult males of the 
CF-call and FM-call groups.

Discussion

Our results showed that the larvae of S. litura responded to 
predation risks by increasing their food intake and accelerating their 
development, but their body mass did not increase. The duration of 
larval development in the presence of predation risk was shorter than 
that without predation risk, and the duration of pupal development 
was longer. In addition, mortality and the rate of metamorphosis 
failure, which included pupation and eclosion failure, were higher at 
all stages for the moths exposed to predation risk. These results 
supported our first prediction that bat predation risk might 
be associated with changes in the growth and development of S. litura, 
including food intake, body mass, survival rate, death rate, pupation 
rate, and eclosion rate. The predation risk decreased the reproductive 
behavior, fecundity, and adult longevity of S. litura, which supported 
our second prediction that bat predation risk might be associated with 
a decrease in reproductive behavior and fecundity in S. litura. Finally, 
larvae and pupae of S. litura exposed to predation risk cues showed 
significantly higher titers of JH and 20-E, which supported our third 
prediction that the levels of the JH and 20-E hormone of S. litura 
might change after exposure to the risk of predation by bats.

Predation risk can affect prey growth and development (Higginson 
and Ruxton, 2010; Moore et al., 2018). For example, in Manduca sexta, 
individuals exposed to predators decreased their food intake by 
30–40% but developed faster and gained the same weight as the 
individuals with no predation risk (Thaler et al., 2012). Individuals of 
Helicoverpa armigera accelerate their development, enter the pupal 
and adult stages earlier, and have a bigger body size as adults when 
exposed to the risk of predation by Harmonia axyridis (Xiong et al., 
2015). Individuals of Aedes notoscriptus have slower development and 
a smaller size as adults when exposed to the risk of predation by fish 
(van Uitregt et  al., 2012). In this study, the predation risk of bats 
resulted in faster development, smaller size of adults, higher mortality 
and metamorphosis failure rates, and lower adult longevity of S. litura 
moths compared to the corresponding changes in the moths of the 
control group. Predation risk-induced rapid development in prey 
demands more energy for the maintenance of physiological functions, 
which in turn requires them to obtain more resources (Barton, 2010). 
In general, the large size of the body is, in many cases, positively 
correlated with fecundity and survival probability (Brodin and 
Johansson, 2004). However, our results were contrary to this pattern. 
Predation risk can increase stress in prey, decrease antioxidant 
defenses, and result in oxidative damage (Zha and Lei, 2012; Janssens 
and Stoks, 2013, 2014; Roux et  al., 2021; Venkanna et  al., 2021). 

Oxidative damage is a major determinant of the life histories of 
animals and can influence organisms over a long period in many ways, 
e.g., decrease fertility, accelerate aging (Monaghan et al., 2009), and 
increase mortality and metamorphosis failure rates (Baranowski and 
Preisser, 2018). Predation risk also induces faster metabolism and 
increases consumption rates in prey (Schmitz et al., 2016), which 
might explain the increased food intake but smaller body size of 
S. litura moths exposed to predation risk. Additionally, some studies 
have found a trade-off between prey stress and immune function 
under predation risk (Duong and McCauley, 2016; Schwenke et al., 
2016). When exposed to predation risk, the energy allocated to 
immunity decreases in prey, which decreases the immune function 
and increases mortality. In this study, the larvae of S. litura were 
vulnerable to the environment, and the adults were more susceptible 
to predation by bats. This caused individuals to increase their food 
intake, accelerate larval development, and extend the pupal stage, as 
an adaptive response to the risk of predation by bats. The increase in 
the mortality and metamorphosis failure rates were associated with 
the adaptive response of S. litura.

Predation risk affects prey reproduction by decreasing foraging 
behavior or by adversely affecting physiological effects, which in turn 
decreases their fecundity and the fitness of their offspring (Peckarsky 
et al., 1993; Mukherjee et al., 2014; Villalobos-Sambucaro et al., 2020). 
Usually, the resources accumulated by lepidopterans in the larval stage 
are used for reproduction (Fox and Czesak, 2000). An increase in 
body size increases fitness, which might be positively related to higher 
fecundity, probability of survival, and mating success (Brodin and 
Johansson, 2004). For example, bigger males of S. litura have greater 
chances of mating (Fox and Czesak, 2000; Okuzaki, 2021). A smaller 
body might decrease reproductive behavior and reproductive success. 
A decrease in the fecundity of S. litura individuals under predation 
risk might be  related to a decrease in the reproductive success of 
S. litura. Furthermore, all of S. litura’s activities took place at night (Li 
et al., 2012). In our study, no mating behavior was observed in the 
S. litura exposed to the risk of predation by bats, but egg production 
was observed, which could be the S. litura started to lay eggs at one 
point, whether they were mated or not, and thus these eggs were 
unfertilized, which may explain why the predation risk reduces the 
hatching rate of the egg of the S. litura. Additionally, a trade-off might 
occur between reproduction and immunity in insects (Schwenke 
et al., 2016; Guo et al., 2022). Mating promotes reproductive activity, 
and an increase in reproductive activity might decrease immune 
function (Gao et al., 2020). For example, delayed or no mating in adult 
S. litura is associated with longer life, probably due to lower energy 
investment in reproduction; this effect is especially prominent among 
females, as they allocate more energy to reproduction (Wu et  al., 
2018). Additionally, individuals of Helicoverpa armigera (Xiong et al., 
2015), Mamestra brassicae (Huang et  al., 2003) and Plodia 
interpunctella (Huang and Subramanyam, 2004) also had lower 
fecundity when exposed to ultrasound. The predation risk of bats 
decreased reproductive behavior, fecundity, and adult longevity in 
S. litura, which was similar to the findings of previous studies. 
We  speculated that S. litura exposed to bat predation risk might 
be under chronic stress; oxidative stress might lead to a smaller body 
size and an increase in energy requirements allocated to survival. This, 
in turn, might cause lesser energy to be allocated to immunity and 
reproduction. However, there is a trade-off between reproduction and 
immunity in S. litura, where energy is preferentially allocated to 
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immunity; this leads to a decrease in reproductive activity 
and fecundity.

Besides morphological and reproductive changes, physiological 
changes might occur in prey exposed to predation risk (Duong and 
McCauley, 2016). For example, the antioxidant metabolism and 
oxidoreductase activity increased in Spodoptera frugiperda after 
exposure to bat ultrasound (Cinel and Taylor, 2019). In our study, 
larvae, pupae, and adults of S. litura exposed to predation risk showed 
an increase in the levels of JH and 20-E to different degrees. Hormones 
are regulatory signaling factors and coordinate multiple developmental 
and physiological processes in insects (Cherbas et al., 1989; Flatt et al., 
2005). JH and 20-E synergistically regulate insect growth and 
development, metamorphosis, reproduction, and different behaviors 
(Kim et al., 2019; Santos et al., 2019). The 20-E hormone can initiate 
and regulate molting and metamorphosis, while JH can regulate the 
direction of metamorphosis (Truman and Riddiford, 2002). High 
levels of JH not only promote oocyte maturation (Fleig, 1995) and the 
expression of the yolk protein genes but also suppress stress resistance 
and immune function (Parthasarathy et al., 2010; Süren-Castillo et al., 
2012). High levels of 20-E, however, increase the expression of 
immune-related genes and lead to egg resorption of immature yolk 
(Soller et al., 1999; Schwenke et al., 2016). Therefore, maintaining the 
balance between JH and 20-E levels is essential for insect 
metamorphosis, reproduction, and immunity. In our study, exposure 
to the predation risk of bats increased larval 20-E titers, which 
accelerated development by advancing the molting time of S. litura. 
However, an increase in JH titers ensured that S. litura could maintain 
its larval form under predation risk. Exposure to white noise, CF-call, 
and FM-call treatments significantly increased the 20-E titers relative 
to that after exposure to the control and bat treatments; the eclosion 
rate increased significantly. We speculated that the increase in the 20-E 
titers in the pupal stage might be responsible for the decrease in the 
eclosion rate. An increase in the JH and 20-E titers in the adult stage 
was closely related to the reproductive and immune activities of adults. 
An increase in the JH titers under predation risk can promote the 
reproductive activities of adults, while an increase in 20-E titers can 
promote the immune activities of adults. However, although 
individuals showed physiological adaptation to predation risk, those 
in different life stages still experienced high mortality, higher failure 
of metamorphosis, and lower fecundity and longevity.

The strength of NCEs depends on the ability of the prey to perceive 
predators, and prey perceive predators through various sense organs 
(Hermann and Thaler, 2014). They might use multiple sensory systems 
individually or simultaneously (Rosier and Langkilde, 2011) and assess 
the magnitude of predation risk through multiple sensory systems 
(Gonzálvez and Rodríguez-Gironés, 2013). The FM-bat exposure 
group developed the fastest and had the lowest reproduction ability in 
this study, followed by the CF-bat exposure group, FM-call playback 
group, CF-call playback group, and White noise playback group. 
We discovered that exposure to bat predators had a greater negative 
impact than a single acoustic cue, with FM calls and FM bat predators 
having a greater negative impact than CF calls and CF bat predators. 
Previous research has shown that moth behavior and physiology vary 
with predation risk (Lalita and McNeil, 1998). M. fuliginosus prefers 
to forage in open farmland (Alberdi et al., 2020), R. sinicus prefers to 
forage in complex habitats (Aldridge and Rautenbach, 1987), and the 
former has a broader range of calls. The tympanic membranes of 
nocturnal moths can detect ultrasound frequencies from 10 to 

100 kHz, but they are better at detecting frequencies between 20 and 
50 kHz (Zha and Lei, 2012). The bandwidth of the echolocation calls 
of M. fuliginosus was larger than that of the CF bat R. sinicus. Thus, FM 
calls might pose a higher predation risk than CF calls. Noise is also a 
common abiotic environmental stress factor affecting organisms, 
which has a significant negative impact on the physiological ecology 
of organisms (Zha and Lei, 2012). In our study, the white noise 
frequency was 0–100 kHz which was wider than the bandwidth of two 
bats echolocation calls. However, the effects were lesser than those 
associated with bat predators and bat echolocation calls. Additionally, 
exposure to bats might be perceived as a greater predation risk by 
individuals of S. litura because they might detect chemical and visual 
cues of bats through smell or vision. We also found that acoustic cues 
had a greater effect on the pupae, which might be because the pupal 
shell prevented the detection of some of the chemical components, but 
acoustic signals could still be detected by S. litura through physical 
vibrations. Additionally, the effects of exposure to bats during the 
larval and adult stages were greater than the effects of exposure to a 
single acoustic cue, suggesting that S. litura might also perceive 
predation risk via vision and smell. These findings imply that S. litura 
can recognize various predation risks, assess the magnitude of 
predation risk, and devise appropriate defense strategies.

In conclusion, our results indicated that S. litura moths exposed 
to bat predation risk were in a state of chronic oxidative stress and 
suffered oxidative damage. Although the individuals showed varying 
degrees of adaptive responses to stress, they still had lower survival 
and reproduction. We found that the presence of bats might impose a 
greater risk of predation on S. litura than the presence of only their 
ultrasound calls. Our study showed that the NCEs associated with the 
risk of predation strongly influenced the size of the S. litura population 
in the laboratory, which might provide a novel approach to the 
biological control of S. litura in the field.

However, the echolocation calls used in this study were recorded 
while the bats were semi-starved, and the bats in the exposed group 
were also semi-starved, and it is unclear whether the hungry bats made 
the moths more terrified, which would require further investigation. 
The effects of bats on the population of S. litura moths in the field 
might be greater, which needs to be confirmed through field trials. 
Additionally, nocturnal predation by bats can significantly decrease 
agricultural pests on farmland (Rodríguez-San Pedro et  al., 2020; 
Charbonnier et al., 2021), and the combination of direct and indirect 
effects of bats might be more effective in controlling pest populations 
than each effect in isolation. Field experiments will be conducted in the 
future to assess the effects of bat CEs and NCEs on moths, as well as 
the ability of bat biological control and the potential economic benefits.
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