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Abstract

In many animals, investment in anti-predator traits can affect reproductive success. Conversely, males that invest more
resources in mating success may have relatively fewer resources to devote to anti-predator traits, leading to increased preda-
tion risk. Although previous studies have reported a trade-off in investment between anti-predator traits and reproductive traits
in male animals, few studies have specifically investigated the effects of anti-predator behavior on male reproductive traits.
Many animals engage in death-feigning as an anti-predator behavior. Herein, we investigated the relationship between the
death-feigning behavior and pre- and post-copulatory reproductive traits of male red flour beetles, Tribolium castaneum. In
a previous study, we used artificial selection to establish 7. castaneum strains with a genetically longer (L-strain) or shorter
(S-strain) duration of death-feigning behavior. In the present study, we compared the attractiveness (a pre-copulatory trait)
and paternity success (a post-copulatory trait) between L- and S-strain males. The results showed no significant difference in
attractiveness or paternity success between the two strains. The results suggest that death-feigning behavior is not correlated

with pre- or post-copulatory reproductive traits in male 7. castaneum.
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Introduction

Both predation pressure and sexual selection exert evolu-
tionary pressure on many animal species (e.g., Edmunds
1974; Blum and Blum 1979; Lima and Dill 1990; Sih 1992;
Lima 1998). However, predation pressure is thought to be
opposed by sexual selection (e.g., Magnhagen 1991; Anders-
son 1994; Hine et al. 2011; Sharma et al. 2012). This antago-
nism between natural and sexual selection has been reported
in several previous studies. For example, in the wood tiger
moth Parasemia plantaginis, males with more conspicuous
warning coloration had increased survival rates but were less
successful at mating than inconspicuous males (Nokelainen
et al. 2012). This suggests that a trade-off exists between
warning coloration and mating success because investment
in warning coloration may decrease the resources for mat-
ing success in males. Furthermore, in the guppy Poecilia
reticulata, males with conspicuous ornaments attracted more
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females but were at increased risk of predation due to their
conspicuous ornamentation (e.g., Breden and Stoner 1987,
Godin and McDonough 2003). Although previous studies
have investigated the relationship between anti-predator and
reproductive traits with a focus on conspicuous traits, such
as coloration, few studies have investigated the effects of
anti-predator behavior on reproductive traits in males.

Prey species often exhibit death-feigning behavior [thana-
tosis or tonic immobility (e.g., Miyatake et al. 2004; Ruxton
et al. 2018)] in response to the threat of predation. Death-
feigning behavior is observed in a wide range of animal taxa
(reviewed in Humphreys and Ruxton 2018). In our previous
study (Miyatake et al. 2004), two-way artificial selection of the
duration of death-feigning was carried out in the red flour bee-
tle, Tribolium castaneum, resulting in the establishment of two
strains with a genetically longer (L-strain) or shorter (S-strain)
duration of death-feigning behavior. L-strain beetles had a
higher survival rate than S-strain beetles when encountering
the jumping spider Hasarius adansoni, a model predator of T.
castaneum (Miyatake et al. 2004). Moreover, L-strain males
had lower mating success than S-strain males (Nakayama and
Miyatake 2010a). These results suggest that a longer duration
of death-feigning is adaptive for predator avoidance but costly

@ Springer


http://orcid.org/0000-0003-0906-373X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10164-019-00596-4&domain=pdf

266

Journal of Ethology (2019) 37:265-270

in terms of the mating success of male 7. castaneum. That is,
males that invest more in death-feigning behavior might have
a decreased investment in pre-copulatory reproductive traits.
Attractiveness is an indicator of investment in pre-copulatory
reproductive traits, and males investing more in attractiveness
have increased mating success (Houde 1997; Zuk and Sim-
mons 1997). Therefore, L-strain males may have a decreased
investment in attractiveness compared with S-strain males, due
to a greater investment in death-feigning behavior. In other
words, S-strain males may be more attractive than L-strain
males.

In polygamous species, mating opportunities do not ensure
reproductive success for males. In addition to pre-copulatory
male-male competition, sperm competition and other forms
of post-copulatory male—male competition for egg fertilization
(paternity success) are important for male reproductive success
(e.g., Parker 1970; Eberhard 1996; Birkhead and Mgller 1998;
Simmons 2001). If males that invest more resources in anti-
predator behavior decrease their investment in reproductive
traits, they may have decreased paternity success as well as
mating success. Therefore, males that invest more resources in
anti-predator behavior may increase their investment in pater-
nity success, but not mating success. Although investment in
anti-predator behavior may affect pre- and post-copulatory
reproductive traits in males, few studies have investigated this
relationship (but see Wilber 1989; Jivoff 1997).

In the present study, we investigated the correlation
between anti-predator behavior and reproductive traits in
males using death-feigning strains (L- and S-strains) of
Tribolium castaneum (Herbst, 1797). We compared the
attractiveness, as an indicator of pre-copulatory reproduc-
tive traits, and paternity success, as an indicator of post-
copulatory reproductive traits, of L- and S-strain males. In
T. castaneum, females show a preference for males with
high olfactory attractiveness, as indicated by the level of
4,8-dimethyldecanal (DMD) (Suzuki 1980; Bloch Quazi
et al. 1998). We therefore tested the following two hypoth-
eses. First, if L-strain males have a decreased investment in
reproductive traits, they will produce less DMD and have a
lower paternity success than S-strain males. Second, if there
is a trade-off between pre- and post-copulatory reproductive
traits, S-strain males will have higher levels of DMD, but
therefore may have decreased resources for paternity suc-
cess. On the other hand, if L-strain males decrease invest-
ment in DMD, they may have increased paternity success.

Materials and methods
Insect lines and artificial selection

The stock population of T. castaneum used in the pre-
sent study has been reared in the laboratory at Okayama
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University for over 10 years. The beetles are fed a blend of
whole wheat flour and brewer’s yeast at a 19:1 ratio. They
are kept in an incubator (Sanyo, Tokyo) maintained at 25 °C
under a 16-h light:8-h dark (lights on at 0700 hours, lights
off at 2300 hours) cycle.

Artificial selection of duration of death-feigning behav-
ior was carried out for over 40 generations (Miyatake et al.
2004; Matsumura and Miyatake 2018). Details of this selec-
tion procedure are described in Miyatake et al. (2004). In
brief, 100 virgin males (14-21 days old) and 100 virgin
females (14-21 days old) were chosen at random from the
stock population (base strain) and placed into individual
wells of 48-well plates with food. The next day, each beetle
was placed on a ceramic dish, and its abdomen was stimu-
lated with a fine stick. We defined the onset of death-feign-
ing as the point when the beetle was observed to stiffen in
response to this stimulation. We recorded the duration of
feigning using a stopwatch. The ten males and ten females
with the longest duration of death-feigning were collected
and propagated as the L-strain, whereas the ten males and
ten females with the shortest duration of death-feigning were
collected and propagated as the S-strain. The offspring of
each strain were reared in an incubator as described above.
When the next generation of adults emerged, we measured
the duration of death-feigning and selected those with the
longest and shortest death-feigning durations in the same
manner as before. We repeated this procedure for over 40
generations. We simultaneously created two replicates of
each line in this selection experiment (LA, SA, LB, and SB).

In the present study, we measured the duration of death-
feigning behavior in beetles of the L- and S-strains to assess
the results of our artificial selection procedure. We chose
40 virgin males (21-35 days old) of the L- and S-strains at
random and placed them into individual wells in a 48-well
plate with food. On the next day, we measured the duration
of death-feigning in these beetles by the method described
above.

Attractiveness

L- and S-strain males were randomly chosen, and each beetle
was placed in a glass vial (diameter, 20 mm; height, 50 mm)
with food and a piece of filter paper (10 mm X 10 mm).
These vials were maintained in an incubator, as described
above, for 21 days. Previous studies have reported that this
method allows olfactory attractants, including DMD, to
adhere to the filter paper (Boake and Wade 1984; Boake
1985; Lewis and Austad 1994). After 21 days, filter papers
with DMD were removed from the incubator and used for a
test of male attractiveness. The filter paper was placed on the
edge of a petri dish, and a randomly selected female of the T.
castaneum base strain was positioned on the opposite side.
We recorded the time from when the female was released in
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the petri dish until she touched the filter paper. The recorded
time was defined as male attractiveness (i.e., shorter latency
indicates higher attractiveness). The test was continued for
500 s. If the female did not touch the filter paper after this
time, we recorded the time as 500 s. As a control treatment,
the attractiveness test was also performed using filter paper
subjected to the same incubation regime but without expo-
sure to male beetles. All experiments were conducted in the
laboratory at 25 °C between 1200 and 1800 hours.

Paternity success

To assess paternity success, we measured sperm defense
(P1) and sperm offence (P2). P1 is the ability of a male’s
sperm to enable paternity after a female mates with a sec-
ond male. P2 indicates the ability of a second male’s sperm
to enable paternity when a female has already mated with
another male. In this experiment, we used a black mutant
strain as a genetic marker. The black strain has a black body,
which is semi-dominant over normal body color in 7. cas-
taneum (Sokoloff et al. 1960). The black strain has been used
in many previous studies to investigate paternity success in
T. castaneum (e.g., Schlager 1960; Lewis and Austad 1990,
1994; Edvardsson and Arnqvist 2000; Bernasconi and Kel-
ler 2001; Fedina and Lewis 2006, 2008; Lewis et al. 2012).
In the test for P1, virgin males (14-21 days old) were ran-
domly selected from the L- and S-strains, and each male
was paired with a virgin base strain female (14-21 days old).
After mating, the female was mated again with a virgin male
(14-21 days old) of the black strain. The female was kept
in a petri dish (diameter, 60 mm; height, 10 mm) with food
for 1 week to allow oviposition. Offspring were reared in
an incubator as described above. When the adults of the
offspring emerged, we counted the number of beetles with
a normal or black body color. Paternity success was defined
as the proportion of offspring with normal coloration. In the
test for P2, a base strain female was first mated with a black
strain male and then with a L- or S-strain male. As in the
first experiment, the female was allowed to oviposit in a petri
dish, and offspring were reared in incubators. The colors
of the offspring were recorded, and paternity success was
calculated by the same method as before. All experiments
were conducted in the laboratory at 25 °C.

Statistical analysis

For analysis of the duration of death-feigning behavior, we
used a generalized linear mixed model (GLMM) with a
log link function. In this analysis, GLMM was assumed to
have a gamma distribution; strains were the fixed effect, and
replicate lines the random effect. We performed a survival
analysis with Cox proportional hazards regression and like-
lihood ratio test to analyze the results of the attractiveness

test, as we had set an upper limit to the time data (500 s). In
this analysis, the strain was the fixed effect, and the replicate
line was the random effect. We also performed a post hoc
Tukey’s honest significance difference (HSD) test. For anal-
ysis of paternity success, we used a GLMM with a binomial
distribution, strain and mating order (P1 and P2) as the fixed
effects, and replicate line as the random effect. Analyses for
death-feigning and paternity were conducted in R (R Core
Team 2017) version 3.4.3, and analysis for attractiveness
was conducted in JMP version 12.2.0 (SAS Institute 2015).

Results

Males of the L-strain (n =30) showed a significantly longer
duration of death-feigning than those of the S-strain (n=30)
males (;(2: 235.42, p<0.0001; Fig. 1; Table 1). In the attrac-
tiveness test, females showed a shorter response latency
to touching filter paper containing DMD from males than
to touching the control filter paper (n=15) without DMD
(Fig. 2). That is, females were attracted more by filter paper
with DMD than by filter paper without DMD. There was a
significant effect of treatments on attractiveness, and the post
hoc test showed that the time to touching the filter paper by
the females was significantly shorter in the L- (n=34) and
S-strains (n=39) than in the control, but there was no signif-
icant difference between the L- and S-strains (Tukey’s HSD
test: p>0.05; Fig. 2, Table 1). In the test of paternity suc-
cess, both the L- (P1, n=56; P2, n=207) and S-strains (P1,
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Fig. 1a, b Duration of death-feigning behavior in males. Black bars
L-strain, white bars S-strain. Error bars indicate SE. Numbers in
parentheses indicate sample size
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Table 1 Results of generalized linear mixed model analysis of death-
feigning duration, attractiveness, and paternity success

Trait Factor df 2 P
Death-feigning Strain 1 23542 <0.0001
Attractiveness Treatment 1 15.97 0.0003
Paternity success  Strain 1 0.27 0.6049
Mating order 1 153.31 < 0.0001
Strain X Mating order 1 0.11 0.7429

500 1

400 - -[

300 A

200 A

100 A I

Latency of female touch the paper (s)

(15) (19) (20)

Control LA SA LB SB

Treatment

Fig.2 Attractiveness (measured as time from release of female beetle
to touching of filter paper) of males of L- and S-strains, including the
replicate lines (a, b) and the control (filter paper without 4,8-dime-
thyldecanal). Shorter latency indicates higher attractiveness. Error
bars indicate SE. Numbers in parentheses indicate sample size

n=>55; P2, n=211) had a significantly higher P2 than P1
(;(2 =153.31, p<0.0001), but there was no significant differ-
ence in paternity success between the two strains (y° =0.27,
p=0.6049; Fig. 3, Table 1). The interaction between strain
and mating order also had no significant effect (4*=0.11,
p=0.7429; Fig. 3, Table 1).

Discussion

We investigated the effects of artificial selection of death-
feigning duration on the pre- and post-copulatory traits of
male 7. castaneum. We found no significant difference in the
attractiveness or paternity success of the L- and S-strains.
These results suggest that investment in death-feigning
behavior does not affect the reproductive traits of male red
flour beetles.

@ Springer

In T. castaneum, males investing more in DMD pro-
duction for olfactory attractiveness increased their mating
success (Suzuki 1980; Bloch Quazi et al. 1998). We first
considered the hypothesis that if males of the L-strain have
decreased investment in reproductive traits, they would have
decreased levels of DMD and decreased paternity success
compared with the S-strain. However, our results revealed
no significant difference in attractiveness between the L- and
S-strains. A previous study showed that L-strain males had
lower mating success than S-strain males (Nakayama and
Miyatake 2010a). Furthermore, in the adzuki bean beetle
Callosobruchus chinensis, males with a genetically deter-
mined longer duration of death-feigning had decreased mat-
ing success compared with males with a shorter duration
of death-feigning (Nakayama and Miyatake 2010b). These
studies suggested that males with more investment in death-
feigning behavior had less investment in pre-copulatory
reproductive traits. Therefore, the present finding raises the
question of why S-strain males have higher mating success
than L-strain males, despite no difference in olfactory attrac-
tiveness. In many animals, the activity level of males affects
their encounters with females, and more active males often
have higher mating success than inactive males (e.g., Parker
1978; Thornhill and Alcock 1983; Clutton-Brock and Parker
1992; Andersson 1994; Fromhage et al. 2016). A previous
study found that S-strain 7. castaneum were significantly
more active than L-strain 7. castaneum (Miyatake et al.
2008). The same difference between L- and S-strains has
also been reported for Tribolium confusum (Nakayama et al.
2012) and C. chinensis (Ohno and Miyatake 2007). Mating
success in 7. castaneum may be affected by male activity
level rather than attractiveness. Our results are unlikely due
to errors in our methods, as we did find that both the L- and
S-strains were significantly more attractive than individuals
in the control treatment (without DMD). However, we did
not measure the actual amount of DMD released by male
beetles in this study, thus additional studies comparing the
actual amount of DMD released by L- and S-strains are
needed. Males of T. castaneum rub females with their legs
during copulatory courtship (Eberhard 1996; Bloch Quazi
et al. 1998), and we need additional research to compare the
courtship behavior between the two strains.

We also considered a second hypothesis: if there is a
trade-off between pre- and post-copulatory reproductive
traits, S-strain males may have increased levels of DMD,
while L-strain males may have increased paternity suc-
cess. However, we found no difference in paternity success
between the L- and S-strains. Many previous studies in ani-
mal species have reported that males with increased mating
success have decreased paternity success (e.g. Parker 1970;
Eberhard 1996; Birkhead and Mgller 1998; Simmons 2001).
That is, males investing more in pre-copulatory reproduc-
tive traits often decrease their resources for post-copulatory
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Fig. 3 Paternity success [P1 (a), P2 (b)] of male beetles. Black bars L-strain, white bars S-strain. Error bars indicate SE. Numbers in parenthe-

ses indicate sample size

male—male competition for fertilization of eggs (i.e., sperm
competition). In the present study, the two selected strains
had the same level of attractiveness, with apparently similar
levels of investment in paternity success. On the other hand,
both strains had significantly higher values of P2 than P1,
which concurs with the results of many previous studies in
T. castaneum (e.g. Schlager 1960; Lewis and Austad 1990;
Fedina and Lewis 2004). This indicates that there were no
problems regarding the methods or results of this study.

Individuals that invest more in anti-predator traits often
have fewer resources to invest in other traits. In fact, previous
studies have reported a trade-off between predation avoid-
ance and reproduction in males (e.g., Breden and Stoner
1987; Godin and McDonough 2003; Nokelainen et al. 2012).
In the present study, we found that death-feigning behavior
was not correlated with pre- or post-copulatory reproductive
traits in males. However, a previous study reported higher
mating success in males of the S-strain than the L-strain
(Nakayama and Miyatake 2010a), suggesting a trade-off
between death-feigning duration and reproductive success
in male T. castaneum. This fitness cost of death-feigning
behavior may lead to the maintenance of variation in death-
feigning behavior within 7. castaneum populations. The
present study investigated the relationship between death-
feigning behavior and reproductive success only in males,
and additional studies are needed to investigate the effects
of artificial selection of death-feigning duration on female
reproductive traits.
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