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Abstract 
Several previous studies have reported geographic variation and/or latitudinal clines of morphological sexual characteristics, 
but there are few studies that consider reproductive traits that are not morphological. Here, we measured the proportion of 
females fertilized by males, frequency of reproductive failure in males, and number of female copulations of the red flour 
beetle Tribolium castaneum collected from fields in Japan to investigate the relationship between reproductive traits and lati-
tude. Our results show substantial differences in the reproductive traits of both sexes among field populations. We identified 
latitudinal clines for reproductive traits in males, but not females. Moreover, female, but not male, reproductive traits were 
correlated with body size. Our study suggests that selection for male reproductive traits varies with latitude in T. castaneum.

Significance statement
It has been established that latitudinal gradients are frequently observed in the traits of numerous animal species, of which 
body size is a prime example. Analogously, latitudinal gradients have been documented in the reproductive traits of several 
animal species, indicating that sexual selection may be influenced by latitude, although the specific understanding thereof 
remains elusive. In this study, we quantified the male and female reproductive traits and analyzed their relationship with 
latitude in the red flour beetle Tribolium castaneum. Our findings indicate that male mating efficacy was superior at lower 
than at higher latitudes, but no discernible latitudinal gradient was observed in female mating frequency. These results imply 
that selective pressure on males of this species is stronger at lower than at higher latitudes.

Keywords Sexual selection · Sexual conflict · Geographic variation · Tribolium castaneum

Introduction

The evolution of sexual traits may be influenced by food 
availability, population density, and predation risk (Svensson 
et al. 2004). Therefore, it is predicted that sexual selection 
differs according to environmental conditions.

Environmental conditions differ based on geography (e.g., 
Bergmann 1848; Blanckenhorn and Demont 2004; Blanck-
enhorn et al. 2006; Hut et al. 2013; Leocadio-Miguel et al. 

2017; Matsumura and Miyatake 2023), and these differ-
ences predict geographic variation in traits via differences 
in food conditions and population density. Previous studies 
have reported geographic variation in traits of several animal 
species (Bergmann 1848; Blanckenhorn et al. 2006), such 
as in the field cricket Teleogryllus emma, where individu-
als located at higher latitudes demonstrated a shorter devel-
opmental period than those from lower latitudes (Masaki 
1967). Moreover, body size shows geographic variation in 
various animal taxa (Cushman et al. 1993; Sota et al. 2000; 
Timofeev 2001; Ashton 2002; Belk and Houston 2002; 
Ashton and Feldman 2003; Adams and Church 2008; Est-
lander et al. 2017). This body size difference often depends 
on the latitude; a positive relationship between body size and 
latitude has been reported in various species (Blanckenhorn 
and Demont 2004; Blanckenhorn et al. 2006). Therefore, 
life history traits and body size may differ based on the 
geographic location due to habitat environmental factors. 
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Since sexual selection is dependent on environmental fac-
tors (Svensson et al. 2004), these traits may demonstrate 
geographic variation and/or latitudinal cline.

Geographic variation in sexually selected traits has been 
reported. For example, in Japanese rice fish Oryzias latipes, 
males at lower latitudes display increased mating activity 
than males at higher latitudes (Fujimoto et al. 2015). In the 
false blister beetle Oedemera sexualis, males possess large 
hind legs that function as a female-grasping apparatus, and 
males from lower latitudinal areas have more developed legs 
than those from higher latitudinal areas (Satomi et al. 2019). 
In the New Zealand giraffe weevil Lasiorhynchus barbi-
cornis, the overall mean body and weapon size increased 
at higher latitudes which is consistent with Bergmann’s 
rule; however, there was a decline in the allometric slope 
(Painting et al. 2014). The latitudinal clines of the reproduc-
tive traits observed in these studies may be influenced by 
temperature which affects copulatory behavior (reviewed in 
Colinet et al. 2015). For example, in the adzuki bean beetle 
Callosobruchus chinensis, male mating activity increased 
at higher than at lower temperature (Katsuki and Miyatake 
2009). Thus, mating activity is expected to increase in males 
at lower than at higher latitudes. Moreover, in lower lati-
tudinal areas where there is a longer reproductive season, 
the operational sex ratio is expected to be male-biased, sug-
gesting increased sexual selection pressure (Fujimoto et al. 
2015). Furthermore, in many species, sexual selection inten-
sity depends on the population density (Conner 1989; French 
and Cade 1989; Arnqvist 1992; Bertin and Cézilly 2005). 
For example, because the population density of O. sexualis 
is higher at lower than at higher latitudes, the previous result 
suggests that the increased sexual selection for male hind 
legs is positively correlated with population density (Satomi 
et al. 2019). Although previous studies have reported on the 
geographic variation and/or latitudinal cline of male sexual 
traits by considering the morphological traits (e.g., Fujimoto 
et al. 2015; Satomi et al. 2019), there are few studies that 
consider the non-morphological reproductive traits.

Geographic variation in reproductive traits is observed 
in females such as a latitudinal cline in fecundity was 
demonstrated in T. emma where females showed higher 
fecundity at lower than at higher latitudes (Masaki 1967). 
Selection pressure for male reproductive traits also influ-
ences female reproductive traits (Lande and Arnold 1983; 
Andersson and Iwasa 1996; Mead and Arnold 2004). 
Furthermore, a previous study conducted experimental 
evolution under different operational sex ratios (OSRs, 
female:male, 9:1 or 1:6) in T. castaneum and examined 
the reproductive fitness consequences (Michalczyk et al. 
2011). After 20 generations of selection, females from 
female-biased OSRs had decreased reproductive fitness 
after multiple mating events. In contrast, females from 
the male-biased OSRs showed no change in reproductive 

fitness after multiple mating events. These results suggest 
that higher sexual selection intensity for males may be 
influenced by the evolution of female traits via counter-
adaptation for sexual conflict (i.e., sexually antagonistic 
co-evolution). Therefore, if male mating activity is higher 
in lower latitudinal areas, females from lower latitudes 
are expected to have an increased number of copulations 
than those from higher latitudinal areas. It is possible that 
changes in female reproductive traits depend on environ-
mental factors which may influence the evolution of male 
reproductive traits. For example, a previous study sug-
gested that female body size differs among field popula-
tions in different environments, and these differences in 
female body size can alter male mating traits and tactics 
of the ground beetle Carabus japonicus (Okuzaki 2021). 
Thus, it is important to examine the male and female traits 
simultaneously when examining the geographic variation 
in reproductive traits. However, few studies have investi-
gated geographic variation and/or latitudinal cline in the 
intensity of female polyandry (Hill 1994; Endler 1995).

In addition, latitude-dependent temperatures may affect 
how often females mate and empirical studies have shown 
that high temperature conditions lead to sterility in insects 
(Sutter et al. 2019; Vasudeva et al. 2021). Therefore, in high-
temperature environments, females risk reproductive failure 
through copulation with sterile males. Under these condi-
tions, it has been suggested that polyandry is adaptive as 
a bet-hedging strategy to avoid reproductive failure (Yasui 
2001; Yasui and Garcia-Gonzalez 2016; Matsumura et al. 
2021). Studies on the oriole have shown that in environ-
ments where males are exposed to high temperatures, female 
polyandrous mating increased their reproductive success 
(Vasudeva et al. 2021). Therefore, in females living in low 
latitudes where temperatures are high, polyandry is expected 
to evolve because males are more likely to be sterile.

Okuzaki (2021) suggested that geographic variation in 
sexual traits may have been indirectly caused by geographic 
variation in body size. Therefore, it is necessary to exam-
ine the body size in comparison with the reproductive traits 
between populations.

Here, we investigate whether the proportion of females 
fertilized by the male, frequency of reproductive failure by 
the male, and number of female copulations differed between 
the field populations and displayed latitudinal cline in T. cas-
taneum. Abe et al. (2021) reported the latitudinal cline of 
the circadian rhythm of T. castaneum, suggesting that gene 
flow has not occurred between the field populations in Japan. 
T. castaneum is a suitable insect for conducting this study 
because it is widely distributed in Japan (Abe et al. 2021). 
In T. castaneum, there are differences in the male and female 
reproductive traits within a population (Fedina and Lewis 
2008). We hypothesized that if the sexual selection intensity 
for this beetle was higher in the lower latitudinal area, the 
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proportion of females fertilized by the male and number of 
female copulations would decrease with latitude.

Materials and methods

Insects

T. castaneum adults were collected from 19 locations in 
Japan (Fig. 1; Table S1) and Table S1 shows the latitude 
and longitude of each sampling location. The northern-
most site was the Akita Prefecture (40°18′N, 140°05′E), 
and the southernmost site was the Okinawa Prefecture 
(26°25′N, 127°69′E) (Table S1). Collections were per-
formed in 2016 and 2017. A previous study (Ridley et al. 
2011) reported that the T. castaneum beetle is capable 
of flying approximately 1 km. Although Fig. 1E and F 
appears to be adjacent on the map, the length between 
E and F is approximately 60 km; thus, it is expected that 
movement between these collection sites is difficult for 
this beetle. In this study, rice bran storage areas adjacent 

to a rice-polishing machine served as collection sites for 
T. castaneum. This is where rice bran that is discharged 
from the rice-polishing machine is stored, and such 
places exist in various regions of Japan. Although there 
are some differences among the locations, all rice bran 
storage sites had sufficient bran to serve as food for T. 
castaneum because humans frequently use the rice mill-
ing machines. Therefore, large food condition differences 
are not expected among the rice bran storage sites. Each 
beetle was reared in an incubator (Sanyo, Tokyo, Japan) 
and maintained at 25 °C with a 16-h/8-h light/dark cycle 
(light on at 07:00; off at 23:00). The provided food was 
a mixture of whole wheat grain (Nisshin Seifun, Tokyo, 
Japan) with brewer’s yeast (Asahi Beer, Tokyo) (whole 
wheat grain:brewer’s yeast ratio, 16:1). This rearing envi-
ronment was determined following a previously described 
study method (e.g., Miyatake et al. 2004; Miyatake et al. 
2008; Matsumura and Miyatake 2015). In this study, 2–3 
generational offspring of the field-caught generation were 
used. After pupation, the sexes were separated based on 
their morphological characteristics (Park 1934).

Figure 1  Collection sites from 
field population of T. castaneum 
in Japan
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The body size was measured by photographing adult T. 
castaneum using a microscope (SZ61, Olympus, Tokyo) and 
camera (AUSB3-4203K, ARMSSYSTEM, Tokyo, Japan). 
The dorsal side of the adult beetle was photographed from 
directly above. The body length (head to abdomen) and pro-
thorax width of each beetle (sample size: 10–20 beetles from 
17 populations; total = 303 beetles) were measured using 
ImageJ software (Rasband 2011).

Sample sizes in each experiment ranged from 10 to 30 
individuals in each population, although the body size of 
several populations could not be measured (see Table S1). 
Thus, some populations were excluded from the results 
because collections did not provide sufficient samples 
(Table S1).

Reproductive traits

The proportion of females fertilized by males and the fre-
quency of male reproductive failure of T. castaneum from 
the field population was measured. Males (24–35 days 
old, virgin) were randomly collected from each popula-
tion and marked with white paint on the middle of their 
elytra to distinguish the sex (sample size: 15–30 males 
from each population; total = 328 males). This method 
has been used in previous studies with T. castaneum (e.g., 
Miyatake et al. 2009; Matsumura and Miyatake 2015). 
Males were individually placed into a Petri dish (35 mm 
in diameter, 10 mm in height) with sufficient food as 
described above that would allow them to survive for an 
extended period (adult lifespan approximately 1 year). 
Five females (24–35 days old, virgin) from the same 
population as the respective male were also placed into 
the Petri dish (i.e., male:female = 1:5). Each male was 
allowed to mate with the females for 24 h. Because males 
of this species fail to mate at a relatively high rate (Tyler 
and Tregenza 2013), the number of male copulations was 
not recorded in this experiment. Several previous studies 
have used a similar 24-h mating period (e.g., Bernasconi 
and Keller 2001; Michalczyk et al. 2011). Each female 
was then moved to a separate Petri dish (35 mm in diam-
eter, 10 mm in height) with sufficient food as described 
above that would allow them to survive for an extended 
period. After 10 days, the females were removed from 
the Petri dish to avoid cannibalism through excess ovi-
position. There are individual oviposition differences in 
this species and a shorter period, such as 5 days, may 
include females that were fertilized but did not yet ovi-
posit (personal observation). Therefore, the oviposition 
period was extended to 10 days. All Petri dishes were 
maintained in the incubator as described above for 30 
days. Whether an adult beetle was present in each Petri 
dish determined fertilization success. To determine the 
proportion of females fertilized by the male, we recorded 

the proportion of fertilized and unfertilized females per 
male. Moreover, if a male did not fertilize any of the five 
females, it was recorded as a “reproductive failure male.”

To measure the number of female copulations females 
(24–35 days old, virgin) from each population (sample size: 
10 females from 13 populations; total = 130 females) were 
individually placed into a Petri dish (50 mm in diameter, 10 
mm in height). Five males (24–35 days old, virgin) from the 
same population as the respective female were also placed 
into the Petri dish (i.e., male:female ratio = 5:1). To distin-
guish the sex of the beetles, the male elytra were marked 
with white paint as described above. The mating system of 
T. castaneum is successful when the male mounts the female 
and inserts their genitalia by rubbing the female body with 
his legs (rubbing behavior). In this observation, successful 
mating was determined when the male mounted the female 
and male rubbing behavior was present. Because it was dif-
ficult to observe whether the male inserted their genitalia 
into the female during mating, this was not recorded. The 
mating behavior of the beetles was observed in a Petri dish 
for 30 min and the number of copulations of the female mat-
ing with the males was observed. In this observation, we did 
not distinguish whether the female repeatedly mated with 
the same male or with different males. A previous study 
reported that females of this species often mate with the 
same male many times and are not disadvantaged by this 
(Pai and Yan 2020). Therefore, how many times the female 
mated with a particular male was not measured, but rather 
how many times the female mated. All observations were 

Figure  2  Relationship between body length and latitude of male 
(black circle, solid line) and female (white circle, dashed line) in T. 
castaneum 
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conducted by one individual in a room maintained at 25 °C 
between 12:00 and 19:00.

Statistical analysis

Multivariate analysis of variance (MANOVA) was con-
ducted for the body length and prothorax width of T. 
castaneum to determine the relationship between body 
size, latitude, and sex. Because there was a significantly 
positive correlation between body length and protho-
rax width (F1,479 = 482.79, p < 0.0001), only the body 
length was used for subsequent analyses. To determine 
whether the proportion of females fertilized by the male 
varied according to population and latitude, the general-
ized linear model (GLM) with a binomial distribution 
(link = logit) was used and the proportion of females 
fertilized by the male (number of fertilized females/5) 
was used as a response variable. To determine whether 
the frequency of reproductive failure varied according 
to population and latitude, the GLM with a binomial 
distribution was used and the frequency of reproductive 
failure males (females were not fertilized) was used as 
a response variable. The population and latitude were 
analyzed separately as explanatory variables when ana-
lyzing the number of female copulations, and the GLM 
with gamma distribution (link = log) was used. Similarly, 
the population and latitude were analyzed separately as 
explanatory variables and added +1 to the number of 
female copulations to fit the gamma distribution. Spear-
man’s rank correlation coefficient was used to test the 
relationship between the proportion of females fertilized 
by the male, frequency of reproductive failure by the 
male, and number of female copulations, with the body 
length. All statistical analyses were performed using R 
ver. 3.4.3 (Core 2017) and the car ver. 3.0.11. program 
(Fox and Weisberg 2018).

Results

The body length of the northernmost population was 
about 0.5 mm longer than that of the southernmost pop-
ulation (Fig. 2). MANOVA revealed that the body size 

significantly increased with latitude, and T. castaneum 
females were significantly larger than males (Fig. 2, 
Table 1). The proportion of females fertilized by the 
males from the 18 field populations was significantly 

Table 1  Results of MANOVA for body length and prothorax width in 
T. castaneum 

Factor d.f. F p

Latitude 1 114.30 < 0.0001
Sex 1 21.96 < 0.0001
Latitude*sex 1 0.99 0.3193
Error 479

Figure  3  Relationship of latitude with proportion of females fer-
tilized by the male (A), frequency of reproductive failure male (B), 
and number of female copulations (C) in field population. Error bars 
showed standard error
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different between the populations (Fig. 3A, Table 2). 
The proportion of females fertilized by the males of 
the northernmost males was below 20%, and that of the 
southernmost males was approximately 80% (Fig. 3A). 
There was a significant effect of latitude on the pro-
portion of females fertilized by the males, indicating a 
negative correlation between the proportion of females 
fertilized by the males and latitude (Fig. 3B, Table 2). 
The frequency of reproductive failure in males showed 
that more than half of the males from higher latitudes 
failed to fertilize the females, whereas many males 
from lower latitudes successfully fertilize the females 
(Fig.  3B). The frequency of reproductive failure in 
males was significantly different between field popula-
tions (Fig. 3B, Table 2). There was a significant effect 
of latitude on the frequency of reproductive failure in 
males, indicating a positive correlation between male 
reproductive failure and latitude (Fig. 3B, Table 2). 
The number of female copulations from 13 field 
populations showed a significant difference between 
populations (Fig. 3C, Table 2); however, there was no 
significant effect of latitude on the number of female 
copulations (Fig. 3C, Table 2). Statistical analysis of 
the correlation between the male and female reproduc-
tive traits showed a significant negative correlation 
between the proportion of females fertilized by males 
and frequency of reproductive failure in males, and a 
significant negative correlation between the number 
of female copulations and female body length (Fig. 4, 
Table 3). Populations with a proportion of females that 
were fertilized by males showed a lower frequency of 
reproductive failure males. Populations with larger 
body lengths showed a smaller number of female copu-
lations. No significant correlations were found in the 
other combination (Table 3).

Discussion

In this study, there were significant differences between the 
male and female reproductive traits among T. castaneum 
field populations. Previous studies have reported geographic 
variation in the reproductive traits of various species (Out-
omuro and Johansson 2011; Monteiro and Lyons 2012; 
Hasegawa and Arai 2013; Kelly et al. 2013; Painting et al. 
2014; Romiti et al. 2017). The results from this study also 
demonstrated geographic variation in the reproductive traits 
of both sexes of T. castaneum. Furthermore, the results indi-
cated a latitudinal cline of the proportion of females fer-
tilized by the male and frequency of reproductive failure 
males, indicating a negative and positive correlation with the 
latitude, respectively; i.e., the higher the latitude, the lower 
the proportion of females fertilized by the male and higher 
the male reproductive failure rate.

Previous studies that considered the morphological traits 
of insects have reported geographic variation and latitudinal 
cline in sexual traits. In the common blue-tailed damselfly 
(Ischnura elegans), Dudaniec et al. (2022) found an increase 
in the male body size with latitude but no effect on female 
body size, resulting in reduced sexual dimorphism toward 
the high latitudinal area. It was also reported that the sex 
ratios became increasingly male-biased toward the range 
limit, and there was evidence for an altered sexual selection 
regime shifting from favoring larger males in the south to 
favoring smaller males in the north. In the New Zealand 
giraffe weevil L. barbicornis, although the overall mean 
body and weapon size increased at higher latitudes, which 
is consistent with Bergmann’s rule, there was a decline 
in the allometric slope, indicating that either large males 
decreased or small males increased their relative investment 
into weaponry along the cline (Painting et al. 2014). A previ-
ous study reported that as males invest more into body size 

Table 2  Results of GLM for 
male and female reproductive 
traits

Trait Factor d.f. χ2 p

Proportion of females fertilized by the male Population 18 381.44 < 0.0001
Error 309
Latitude 1 86.34 < 0.0001
Error 326

Frequency of reproductive failure male Population 18 73.32 < 0.0001
Error 309
Latitude 1 26.97 < 0.0001
Error 326

Number of female copulations Population 12 29.09 0.0038
Error 117
Latitude 1 3.4 0.0651
Error 128
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at higher latitudes, they invest less into the relative weapon 
size. Therefore, several studies that have reported geographic 
variation and/or latitudinal cline in sexual traits considered 

morphological traits. However, to the best of our knowl-
edge, this is the first study to reveal geographic variation in 
the proportion of females fertilized by the male and number 
of female copulations, and the latitudinal clines in the pro-
portion of females fertilized by the male and frequency of 
reproductive failure in males.

The latitudinal cline in the male reproductive traits may 
be due to the influence of temperature. Temperature influ-
ences male mating behavior, where higher temperatures 
induce higher mating activity (Katsuki and Miyatake 2009). 
In lower latitudinal areas, where temperatures are higher, 
increased male mating activity may intensify male competi-
tion and drive selective pressure which further increased the 
male mating activity. Therefore, there may be differences 
in male reproductive traits among the populations despite 
observation within the same laboratory setting. Moreover, 
these results may be influenced by the reproductive season 
length. In O. latipes, males at lower latitudes show higher 
mating activity than males at higher latitudes (Fujimoto 
et al. 2015). Shorter reproductive season periods may lead 
to an equal OSR in the population, suggesting a lower sexual 
selection intensity pressure. Conversely, in lower latitudinal 
areas where there is a longer reproductive season period, 
the OSRs are often expected to be male-biased, suggest-
ing a higher sexual selection intensity pressure (Fujimoto 
et al. 2015). Therefore, our evaluations may have occurred 
during the longer reproductive season period of the lower 
latitudinal area than of the higher latitudinal area for T. cas-
taneum. Although we did not record the reproductive season 
and OSR in each field population, this is a critical issue 
that requires further investigation. Furthermore, our results 
may also be affected by the population density. In many 
species, sexual selection intensity pressure depends on the 
population density (Conner 1989; French and Cade 1989; 
Arnqvist 1992; Bertin and Cézilly 2005). For example, in 
O. sexualis, males possess large hind legs that function as 
a female-grasping apparatus, and the male hind femur was 
stouter at lower latitudes than at higher latitudes (Satomi 
et al. 2019). Because the population density of O. sexualis 
at lower than at higher latitudes, this suggests that the sexual 
selection intensity for male hind legs was positively cor-
related with the population density (Satomi et al. 2019). In 
T. castaneum, the population density often differs among 
the field populations in Japan (Matsumura 2021). Therefore, 
there is a possibility that our results were affected by popu-
lation density. Similarly, because sexual selection strength 
was positively correlated with population density in T. cas-
taneum, our results that male mating activity was higher 
at lower latitudes may have been due to the higher popula-
tion density at lower latitudes. In addition, temperature is an 
important factor in these hypotheses. Our results suggest that 
the latitudinal cline of male reproductive traits was strongly 
influenced by temperature.

Figure  4  Relationship between body length with proportion of 
females fertilized by the male (A), frequency of reproductive failure 
male (B), and number of female copulations (C) in field population. 
Error bars showed standard error
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In the experiment on male reproduction, there was a geo-
graphic variation in the proportion of the five females who 
were not fertilized by the male. Moreover, the frequency 
of reproductive failure in males was positively correlated 
with latitude. In many insect species, males often fail to 
fertilize even if they successfully copulate. Various tempo-
rary or permanent genetic or environmental factors cause 
male infertility (Garcia-Gonzalez 2004; Tyler and Tregenza 
2013). For example, some postemergence injuries or infec-
tious diseases may damage the male copulatory organs, or 
males may temporarily exhaust their sperm stock. A previ-
ous study reported that the proportion of infertile mating 
across 30 insect species varied between 0 and 63%, with a 
median of 22% (Garcia-Gonzalez 2004). However, to the 
best of our knowledge, this study is the first to report a latitu-
dinal cline in male reproductive failure. It is possible that the 
selection pressure toward an increased proportion of females 
fertilized by males may be synonymous with a decreased 
frequency of reproductive failure in males. A significant 
positive correlation was found between both traits (Table 3); 
however, this result should be carefully considered because 
it is unknown whether the failed reproduction in males was 
due to infertility.

The number of female copulations also showed geo-
graphic variation; however, a latitudinal cline was not 
found. In Fig. 3C, the relationship between the two tends 
to be negative, but the effect of one population at lower 
latitude may be greater. A previous study (Pai and Ber-
nasconi 2008) using T. castaneum reported female mating 
up to ten times during observation for 1 h; therefore, it is 
unlikely that the 30-min observation period in this study 
was too short. Conversely, some species mated only once 
during the 1-h observation (Pai and Bernasconi 2008). 
Thus, the variability in the number of female copulations 
is expected to be high. Several previous studies have sug-
gested that female polyandry is an adaptive bet-hedging 
strategy to avoid reproductive failure through the copula-
tion with sterile males (Yasui 2001; Yasui and Garcia-
Gonzalez 2016; Matsumura et al. 2021). In the results of 
this study, the proportion of infertile males was higher 
at higher latitudes, but the number of female copulations 

was not greater at higher than at lower latitudes. Since 
females of this species frequently copulate with multiple 
males (Fedina and Lewis 2008), selection pressure as a 
bet-hedging strategy may be relatively small.

The body size of T. castaneum was larger in higher 
than in lower latitudinal areas. This result may be caused 
by the “temperature-size rule” where body size increases 
because of the longer developmental period in lower 
temperature environments (Atkinson 1994). Although 
the T. castaneum used in the experiments were main-
tained in a laboratory with a standardized environment, 
the presence of a genetic basis from the evolution of the 
field populations may have caused this result (Partridge 
et al. 1994). The geographic variation of the reproduc-
tive traits may be affected by differences in body size 
among the field populations. For example, in C. japoni-
cus, although there are geographic variations in the male 
reproductive traits, a latitudinal cline was not observed 
(Okuzaki 2021). Because reproductive traits are often 
associated with body size, male reproductive traits may 
differ geographically in response to body size. A pre-
vious study in C. japonicus found geographical differ-
ences in the food conditions during the developmental 
period (Okuzaki 2021), which affects the reproductive 
traits via body size. Similarly, in this study, the rela-
tionships between latitude and T. castaneum body size 
were positively correlated. Therefore, it was considered 
that body size affected the reproductive traits, and the 
number of female copulations was negatively correlated 
with body size. Conversely, although latitudinal clines 
were observed, male reproductive traits showed no sig-
nificant correlation with body size. These results suggest 
that male reproductive traits may be directly altered geo-
graphically, whereas the female reproductive traits may 
be indirectly altered via geographic variation in body 
size. Multiple mating is considered precarious in females 
(Arnqvist and Rowe 2005). Females with a large body 
size may be able to resist excessive mating attempts from 
males, resulting in less copulation. Conversely, females 
with a smaller body size may have difficulty in resist-
ing excessive mating attempts from males, which may 

Table 3  Results of Spearman’s rank correlation coefficient for each value

Variable Vs. variable Spearman’s rank correlation 
coefficient (ρ)

P

Proportion of females fertilized by the male Frequency of reproductive failure male − 0.7007 0.0008
Proportion of females fertilized by the male Number of female copulations 0.5153 0.0715
Frequency of reproductive failure male Number of female copulations − 0.3032 0.3139
Proportion of females fertilized by the male Body length − 0.0784 0.7648
Frequency of reproductive failure male Body length 0.2317 0.3708
Number of female copulations Body length − 0.6679 0.0176
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increase the number of copulations. In this study, it was 
not possible to determine whether the females accepted 
copulation without resistance or were forced to mate. 
Therefore, more detailed investigations are required.

In this study, to remove the maternal effects from our 
results, each population was reared in a standardized labo-
ratory environment for 2–3 generations. Thus, reproductive 
traits may have been altered during this period. However, 
in a previous study, field populations of T. castaneum were 
reared in the laboratory for two generations, as in the pre-
sent study, and differences in behavioral traits were found 
among these populations (Matsumura and Miyatake 2023). 
Therefore, the influence of this rearing period on our results 
may be negligible.

In conclusion, these results reveal geographic variations 
and/or latitudinal clines in the male and female reproduc-
tive traits of T. castaneum. These study results also suggest 
that the female reproductive traits are affected by body size, 
but the effect of body size on the male reproductive traits is 
small. Further investigation is required to reveal other factors 
that play a role in the geographic variations and/or latitudinal 
clines in the sexual traits of T. castaneum.
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