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Death-feigning behaviour is a phenomenon in which a prey is rendered
motionless due to stimulation or threat from a predator. This anti-predator
defence mechanism has been observed across numerous animal taxa and
is considered adaptive in nature. However, longer durations of death feign-
ing can result in decreased opportunities for feeding and reproduction, and
therefore is often associated with fitness costs as compared to environments
without predators. Differences have also been observed in the frequencies
and durations of death feigning within populations, and these differences
are thought to be influenced by the balance between survival and other
fitness costs. Furthermore, this balance is predicted to vary in response to
changes in environmental conditions. In this study, we examined the
death feigning in 38 populations of the red flour beetle (Tribolium castaneum).
Our results demonstrate that frequencies and durations of the death feigning
in T. castaneum show geographical variations and a latitude cline, indicating
that this behaviour is influenced by location as well as latitude. This study is
the first to demonstrate the existence of a latitudinal cline in death feigning
and suggests that death-feigning behaviour might have evolved in response
to environmental factors that vary with latitude.

Predation is one of the key selection pressures that influences the evolution of
anti-predator strategies [1-3]. Behaviours characterized by immobility, such as
death feigning and tonic immobility, which involve a state of lack of motion as
a response to external stimulus, are widely recognized as anti-predator defence
mechanisms across a wide range of animal taxa [4-7]. The act of death feigns,
when the prey is at a risk of predator attack, can lead to the loss of sight or interest
of the predator towards the prey. Empirical studies indicate that individuals with
longer durations of death-feigning behaviours have higher survival rates during
encounters with predators [4-6,8]. Thus, selection pressure may drive an organ-
ism towards longer death-feigning durations in environments with higher
predation pressure. Conversely, lengthy and extended death feigning durations
may increase fitness costs. For example, individuals with longer durations of
death feigning, have lower tolerance to physical stress [9]. Moreover, the fact
that individuals with longer death-feigning durations remain inactive for
longer periods of time, adversely effects the number of encounters they can
have with potential mates [10,11]. Therefore, it is hypothesized that the duration
of death feigning is regulated by the balance between various selection pressures.
Thus, it is expected that death-feigning behaviour may differ among populations
of the same species, living in diverse environmental conditions [12].

Body size and life-history traits often vary in accordance with varying
geographical conditions, in several animal taxa (e.g. [13-20]). These differences
are often influenced by latitude at which the animal lives; animals inhabiting
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higher latitudes exhibit larger body sizes than those living at
lower latitudes [21]. These latitudinal variations are often
affected by environmental factors such as temperature that
changes with latitudes. Conversely, predation pressure can
also be considered to vary with latitude, and not only tempera-
ture [22], because of which, latitudinal clines can be observed
in anti-predator behaviours. As a matter of fact, several studies
have previously reported latitudinal clines of behavioural
traits associated with predation avoidance [22-24]. Since
predation pressure is thought to gradually decrease with lati-
tude, a latitudinal cline may also be observed in death-feigning
behaviour affected by the balance of advantages and disad-
vantages. If predation pressure varies with latitude, duration
of death feigning should also vary accordingly, and should
be longer at latitudes with higher predator pressure and
shorter in latitudes with lower predator pressure. Since
previous studies have reported genetic variation in death-
feigning behaviour [7,12,25], it can be postulated that if
predation pressure is the cause of the latitudinal clines in the
discussed trait, the genetic variation in the latitudinal clines
is possibly a result of natural selection. However, no studies
to our knowledge have previously investigated the genetic
basis for geographical variation in anti-predator behaviours.

In the present study, we have examined the frequency and
duration of death-feigning behaviour in the red flour beetle Tri-
bolium castaneum, a common cereal storage pest existent
worldwide [26]. Since a previous study has reported that the
intensity of circadian rhythms of T. castaneum collected across
Japan is weaker at higher latitudes than at lower latitudes
[27], there is a possibility that the behaviour and responses of
this organism also vary in accordance with the geography. In
this study, we have investigated the death-feigning behaviour
in 38 populations of T. castaneum. To test whether there is a
genetic basis for immobile geographical variation and/or lati-
tudinal cline, we procured some red flour beetles from the field
and then allowed them to breed in a controlled and unified lab-
oratory environment. We used these laboratory-bred beetles
for our experiment. This can help us to establish the fact that
while death-feigning behaviour differs between populations,
environmental factors definitely play a part; however, it is
possible that there is a genetic link as well. If predation pressure
in T. castaneum also varies with latitude, latitudinal cline may
show in frequency and duration of death-feigning behaviour
in this beetle.

2. Materials and methods

(a) Insects

Tribolium castaneum beetles were collected from 38 locations in
Japan between 2016 and 2021 (figure 1). We predominantly col-
lected these beetles from rice bran storage areas, adjacent to rice
polishing machines. These sites are common throughout Japan,
but we chose localities that had a similar environment to maintain
uniformity in our experiments. The latitudes and longitudes of
each sampling site are given in the electronic supplementary
material, table S1. These rearing environments were determined
on the basis of some previously conducted studies (e.g.
[7,25,28]). The beetles were reared in an incubator (Sanyo,
Tokyo, Japan). The temperature of these incubators was main-
tained at 25°C and 16: 8 h light/dark cycle (light on at 07.00 h,
switched off at 23.00 h) was maintained. The beetles were fed a
mixture of whole meal (Nisshin Seifun, Tokyo, Japan) with
brewer’s yeast (Asahi Beer, Tokyo). The beetles we used for this

experiment, where the third generation of the beetles obtained
from the fields. After pupation, the male and female beetles
were separated on the basis of morphological characteristics. We
used virgin male and female insects (21-28 days old, around 40
to 176 individuals per population) selected randomly from each
population. The experiment was conducted with each population
separately between 2016 and 2021.

(b) Measurement of death-feigning behaviour

One day before the experiment, each beetle was placed in a well
of a 48-well tissue culture plate to prevent interaction with other
beetles. In the experiment, each of the beetles was gently placed
on its back in a saucer (diameter 140 mm, height 15 mm), and
death-feigning behaviour was induced by gently touching the
abdomen of the beetle with a wooden stick. This was done
to provoke death-feigning behaviour and its duration was
measured with a stop watch and readings were recorded. The
duration of the behaviour was defined as the length of time
between the stick touching the beetle and detection of its first vis-
ible movement. If the beetle did not respond, the touch was
repeated. The number of stimuli until death-feigning behaviour
was displayed was not recorded. While conducting the exper-
iments, the identity of the beetles (population, year, latitude
and location) was not revealed to the observer. All trials were
conducted between 12.00 h and 18.00 h in the laboratory where
temperature was maintained at 25°C.

(c) Statistical analysis

Death-feigning duration was analysed using a generalized linear
model (GLM) with population, sex, and the interaction between
population and sex as explanatory variables. In GLM analyses,
the Akaike information criterion (AIC) values of the Gaussian,
Poisson and gamma distributions were compared, and the
gamma distribution was chosen, because it had the lowest AIC
values (electronic supplementary material, table S2). We added
one to all values to test with the GLM with gamma distribution
before calculating the AIC values. The frequency of death feign-
ing was analysed using a GLM with a binomial distribution. To
test the effect of latitude, we used GLMs with gamma and bino-
mial distributions for the duration and frequency of death
feigning, respectively. To test the relationship between duration
and frequency of death feigning, we used the Pearson product-
moment correlation coefficient. All analyses were performed
using R v. 3.4.3 [29].

3. Results

There were variations in frequency (0.91 + 0.01) and durations
(mean +s.e.=114.99+3.89) of death-feigning behaviour
among populations (figure 1). The GLM results showed the
significant effect of population in the frequency and duration
of death feigning (table 1). Moreover, the GLM results
showed a significant effect of latitude in the frequency and
duration of death-feigning behaviour (table 2). Thus, a latitu-
dinal cline was observed, with the proportion of beetles with
a longer duration of death-feigning behaviour increasing
with increasing latitude (figure 1). In the correlation between
death-feigning duration and latitude, the regression slope
was observed to be significantly higher for female beetles
as compared to male beetles (figure 24, table 2). The death-
feigning frequency was significantly higher in male beetles
than in female beetles (figure 2b, table 1 and 2). Duration
and frequency of death feigning showed a significant positive
correlation (r =0.33, p <0.0001; figure 2c).
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Figure 1. Locations from where the populations of T. castaneum were collected (beetles were collected at 38 locations (a), but if collection sites were adjacent to
each other, these are depicted by a single point). Pie charts show the proportion of longer (black) and shorter (white) durations of death-feigning behaviours (long
and short durations were divided by 61.78 s, the median of the overall data including individuals with an immobility time of zero seconds, as a boundary).

Table 1. Results showing GLM values for the effects of population and sex
on death-feigning behaviour.

death

feigning  factor df. ' p

duration population 37 47966 <2 x 107"
sex 1 0.36 0.5462
population X sex 37 3889  0.3845

» error » 2194 »

frequency  population 37 16596  <2x 107
sex ' 1 48 0082
population X sex 37 2846  0.842
error ‘ 2194 ‘ ‘

4. Discussion

Both the frequency and duration of death-feigning behaviour
showed continual variation with latitude. These findings
suggest that death-feigning behaviour is significantly affected
by environmental conditions that vary with latitude, and/or

Table 2. Results showing GLM values for the effects of latitude and sex on
death-feigning behaviour.

death

feigning  factor df. ' p

duration latitude 1 4789 450 x 107"
sex 1 0.1 0.7582
latitude X sex 1 517 0.023
errdr » » 2266 -

frequency  latitude 1 5782 287x107™
Sex 1 438 00364
latitude X sex 1 0.19 0.6635
error 2266 ‘

genetic differences among these reproductively isolated
populations. Although previous studies have reported geo-
graphical variations in death-feigning behaviours in some
insect species [30], including T. castaneum [31], our study is
the first to demonstrate a latitudinal cline with regard to
this behaviour. This study used individual beetles that had
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Figure 2. Relationship between latitude and death-feigning behaviour ((a)
duration, (b) frequency), and frequency and duration of death feigning (c),
respectively. Blue and red colours show males and females of each
population. Error bars show standard errors (s.e.).

been reared in the laboratory for generations, suggesting that
the latitudinal clines observed in death-feigning behaviours
were not due to plasticity to environmental factors, but
rather could be attributed to geographical variations with a
genetic background. This result is very important, because
it reveals for the first time the genetic-latitude-line in anti-
predator behaviour.

In this study, beetles from higher latitudinal areas showed
a significantly longer duration and higher frequency of death-
feigning behaviour than beetles from lower latitudinal areas.
These results suggest that the intensity and/or direction of
predation pressure varies with latitude. It has been reported
that, predator density and abundance tends to decrease
with increasing latitude [22]. This prompts the speculation
that predator size may increase with increasing latitude,
thereby influencing the evolution of anti-predator strategies.
However, since the predation pressure of the red flour beetles
procured from the fields was not examined in this study,
further investigation is needed. In addition, predator foraging
patterns may also play a critical role in shaping the evolution

of anti-predator strategies in prey animals. Previous studies [ 4 |

have reported that individual creatures with a longer dur-
ation of death-feigning behaviour may have a higher
survival rate when they encounter actively hunting predators
and a lower survival rate when they encounter sit-and-wait
predators [32]. Therefore, it is plausible that there are more
sit-and-wait predators in the lower latitudinal areas and
more active hunting predators at higher latitudes. Moreover,
previous studies have suggested death-feigning behaviours
of higher frequencies and longer durations in the beetles is
greater when conspecific beetle density is high [33]. Future
studies should investigate the conspecific density and
foraging types of predators in each population.

In many animals, latitude clines are found with regard to
body size and other traits. Many of these latitude clines are
thought to be influenced by environmental factors, such as temp-
erature. If behaviour can be altered by environmental factors
such as temperature, latitudinal clines may also be observed in
traits such as anti-predator behaviour. Indeed, previous studies
involving other insect species have reported a significantly
longer duration of death-feigning behaviour at lower tempera-
tures than at higher temperatures [34,35]. In addition, studies
conducted on ladybugs of different body colours revealed,
that the relationship between temperature and death-feigning
duration differed among individuals having different body col-
ours [36]. Conversely, in this study, we tested death-feigning
behaviours under controlled and uniform temperature
conditions to explore other possible reasons influencing the fre-
quency and duration of death feigning in T. castaneum. Therefore,
although the results of this study suggest that the death feigning
of T. castaneum from geographical lineages is influenced by gen-
etic factors, it is important to also investigate the plastic change in
death feigning due to temperature differences.

In our study, although there were no differences between
the sexes in the duration of death feigning, it was observed
that male beetles feigned death more frequently than female
beetles. In addition, female beetles had a greater slope of the
regression line than male beetles, in the correlation between
death-feigning duration and latitude (see interaction between
latitude and sex in table 1). While this study represents the first
evidence of latitudinal clines of death feigning related to
sex difference, observed in T. castaneum, the underlying
cause of this phenomenon remains to be determined and
this represents an area of focus for future research.
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