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Abstract  Mating behavior and sexual selection in relation to morphometric traits in a polygamous beetle, Glenea cantor (F.) 
(Coleoptera: Cerambycidae), were investigated. Upon encounter, a male approached a female, mounted her, grasped her terminal 
abdomen with his hind tarsi, and attempted to mate. Successful mating lasted about 3.5 h. Although all traits measured in females 
and half of traits in males were significantly correlated with mating success, the primary selection on virgin females was the 
genital trait, the bursa copulatrix length, and that on males was the body length and hind tarsal length. Longer bursa copulatrix 
accommodated a larger ejaculate, suggesting that this female trait benefits the male that first mates with the female in terms of in-
creasing ejaculate size to beat subsequent males in sperm competition. Under a female-biased sex ratio, more than 20% of mat-
ings failed within 20s after the male genitalia had been inserted into hers, suggesting that males assess genital features of the fe-
male before insemination and undertake cryptic male mate choice. Larger males were more capable of grasping females and 
achieving mating. During the premating struggle the male almost always used his hind tarsi to lift the female terminal abdomen to 
the position for his genitalia to insert, and as a result, males with longer hind tarsi achieved higher mating success [Current Zoolo-
gy 59 (2): 257−264, 2013]. 
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Sexual selection has been used to explain the evolu-
tion of external morphological traits in different sexes 
that give a mating advantage for their bearers (Darwin, 
1871). In this paper, premating sexual selection is de-
fined as sexual selection before insemination occurs. 
Many external morphological traits in males (e.g., 
Danielsson, 2001; Wang, 2002; Jimenez-Perez and 
Wang, 2004; Wang and Zeng, 2004; Yang and Wang, 
2004; Willemart et al., 2009) and females (e.g., Wang, 
2002; Wang and Zeng, 2004; Yang and Wang, 2004; 
Stuart-Smith et al., 2007; Bussiere et al., 2008; Xu and 
Wang, 2010) are reported to be sexually selected in the 
premating process. Several studies show that genital 
traits are also subject to sexual selection (e.g., Hosken 
and Stockley, 2004; Yang and Wang, 2004; Xu and 
Wang, 2010) although genital features are often as-
sumed to be under postmating rather than premating 
sexual selection (reviewed in Eberhard, 1996; Arnqvist 
and Danielsson, 1999; Kahn et al., 2010). 

Variance in fitness among individuals within a sex is 
a prerequisite for sexual selection to occur (Clutton- 
Brock, 2007, 2009). However, as various studies (e.g., 

Clutton-Brock, 1983; Sutherland, 1985; Hubbell and 
Johnson, 1987; Gowaty and Hubbell, 2005; Tang-Mar-
tinez and Ryder, 2005; Pischedda and Chippindale, 
2006) have suggested, these variances may not result in 
sexual selection because a substantial proportion of fit-
ness variance within sexes may be caused by age, by 
random processes that do not contribute to selection, or 
by phenotypic differences that have no heritable basis. 
Therefore, it is not always easy to determine traits that 
are directionally selected and honestly reflect reproduc-
tive fitness when a number of traits are positively asso-
ciated with mating success (Partridge and Halliday, 
1984; Møller, 1994; Xu and Wang, 2010). 

Glenea cantor (F.) (Coleoptera: Cerambycidae: 
Lamiinae) is a polygamous beetle with five generations 
a year in southern China (Lu et al., 2011a). Adults are 
diurnally active, and both tactile and visual cues play 
roles in short-range sex location and recognition (Lu et 
al., 2007). Premating interactions between sexes typi-
cally involve frequent contacts between antennae, legs, 
abdomens, and genitalia (Lu et al., 2007; this study). 
Successful mating lasts several hours and insemination 
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starts ≈ 20 min after their genitalia are connected (WL 
unpubl. data). Here we postulate that the traits of those 
body parts that are in frequent contact between sexes 
before insemination occurs may be involved in mutual 
assessment and may be subject to premating sexual se-
lection in G. cantor.  

In the present study, we made observations on mating 
behavior to determine mating behavioural sequence and 
body parts involved in possible mate assessment in both 
sexes. We then attempted to infer sexually selected traits 
in each sex by carrying out mate choice experiments, 
recording short and successful matings, measuring those 
traits that were in frequent contact between sexes before 
insemination, and statistically analysing the data. Finally, 
we discussed the form and nature of premating sexual 
selection in both sexes of this beetle.   

1  Materials and Methods 
1.1  Rearing conditions and morphometrics 

Insects were obtained from our laboratory colony 
mass-reared on freshly cut Bombax ceiba L. twigs at 
25±2°C, 75%±5%RH and a photoperiod of 14:10 h (L:D) 
(Lu et al., 2011a), where all experiments were carried 
out.  

To ensure virginity, we collected newly emerged 
adults from the colony daily and reared them individu-
ally in glass containers (10 cm diameter by 12 cm high), 
each with a freshly cut B. ceiba twig section (1.5 cm 
diameter by 2 cm long). Adults were reared for eight 
days before experiments because this species becomes 
sexually mature ≈ six days after emergence (Lu et al., 
2007). 

All observations on mating behavior and mate choice 
experiments were conducted between 8 and 14 h into 
the photophase because most matings occur during this 
period (Lu et al., 2013).  

Morphological traits were measured under a stereo-
microscope (WILD M8, Switzerland), equipped with an 
ocular micrometer. All measurements of length and 
width reported here were greatest length and width. For 
example, body length was the length between the top of 
the head and the abdominal tip. 
1.2  Observations of mating behavior 

To observe the details of mating behavior, we set up 
60 pairs, each in an above mentioned glass container 
with a freshly cut B. ceiba twig section (1.5 cm diameter 
by 2 cm long) as adult food. For each container we re-
leased one 8-day-old virgin male and one 8-day-old virgin 
female, and immediately started observing their behav-

ior. We recorded all detailed activities from release to 
successful mating. Mating duration was also recorded.  

In addition, we allowed ten 8-d-old pairs to mate, 
asphyxiated them in copula using CO2 and dissected 
them for examination of the position of male genitalia 
inside the female during mating. 
1.3  Sexual selection on female traits 

To determine female traits that were associated with 
mating success in female G. cantor, and to attempt to 
find traits that may be subject to directional sexual se-
lection, we allowed mating to occur under a female-    
biased sex ratio. Sixty-seven replicates were set up. For 
each replicate, we released an 8-d-old virgin male and 
two 8-d-old virgin females to one of the above-men-
tioned glass containers and observed the mating events. 
Insects were placed in a freezer at −20°C for 24 h im-
mediately after successful mating for morphological 
measurement.  

We measured external morphological traits of both 
mated and unmated females, and then dissected all fe-
males and measured their genitalia (Fig. 1). We selec-
tively measured these traits because, based on the lite-
rature and our own observations (see Results), they  

 

Fig. 1  Comparison of morphological traits between fe-
males that succeeded in mating (n = 67 for each trait) and 
those that failed (n = 67 for each trait) 
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may reflect female reproductive fitness and thus may be 
subject to sexual selection. Female body size is reported 
to be a function of reproductive potential in many in-
sects (e.g., Kraak and Bakker, 1998; Stuart-Smith et al., 
2007; WL unpubl data). Antennae are involved in the 
initial and subsequent contact with males in both 
pre-copulatory and copulatory G. cantor (this study), 
and their length could thus be a signal of female fitness. 
Abdominal size appears to be an honest signal of the 
number of mature eggs that females carry in several 
insect species (e.g., Funk and Tallamy, 2000; Yang and 
Wang, 2004; Li et al., 2005; Bussiere et al., 2008; Xu 
and Wang, 2010). The size of the reproductive opening 
in female cerambycids depends on the width of the 
eighth sternite, which may determine the efficiency of 
the male genitalia insertion. The ovipositor is an impor-
tant organ in insects that helps ensure the maximal sur-
vival of offspring (e.g., Mousseau and Roff, 1995; 
Sivinski et al., 2001; Yang and Wang 2004; Lu et al., 
2011b). The bursa copulatrix is a structure for ejaculate 
deposition in many species across insect orders includ-
ing beetles (e.g., Düngelhope and Schmitt 2006; this 
study), and the length of this structure is the function of 
its volume (see Results), which determines the amount 
of ejaculate a female can accommodate. 
1.4  Sexual selection on male traits 

To determine male traits that were associated with 
mating success in male G. cantor and to attempt to find 
traits that may be subject to directional sexual selection, 
we set up mating trials and made measurements as 
above, but here we released one virgin female and two 
virgin males in each replicate. Sixty-one replicates were 
performed for this experiment.  

We measured external morphological traits of both 
mated and unmated males, and then dissected all males 
and measured their genitalia (Fig. 2). We selectively 
measured these traits because, based on the literature 
and our own observations (see Results), they may re-
flect male reproductive fitness and thus may be subject 
to sexual selection. Many authors (e.g., Partridge et al., 
1987; Danielsson, 2001; Jimenez-Perez and Wang, 2004) 
report that male insect body size is a determinant of his 
reproductive fitness. Males with longer antennae have 
better ability to detect females in several insect species 
(e.g., Jimenez-Perez and Wang, 2004; Yang and Wang, 
2004). During the premating process in G. cantor male 
antennae frequently contact females on their antennae 
and abdomens (see Results) and their length could thus 
be a signal of male fitness. Although all six legs are in-
volved in holding females in the premating process, the  

 
Fig. 2  Comparison of morphological traits between males 
that succeeded in mating (n= 61 for each trait) and those 
that failed (n = 61 for each trait) 

male hind tarsi play a major role in mating success (see 
Results). Therefore, male hind tarsal length may be 
subject to sexual selection. Parameres, aedeagus and 
endophallus appear to work together to achieve suc-
cessful insertion of the male genitalia into the female 
reproductive tract, and may thus be under sexual selec-
tion. 
1.5  Statistical analysis 

To determine whether those morphological traits 
measured in each sex were correlated with each other, 
we performed Pearson analysis and generated Pearson 
correlation matrices.  

To estimate the net sexual selection on traits and to 
identify the direct and indirect effect of selection, we 
used standardized bivariate and multivariate selection 
analyses (Lande and Arnold, 1983; Arnold and Wade, 
1984), where morphological traits were used as inde-
pendent variables and mating success as a dependent 
variable. Individuals that succeeded in mating were 
coded as 1, and those that failed as 0. All included in-
dependent variables were standardized to mean zero and 
unit variance prior to analyses. Standardization removes 
the effect of differential scaling and therefore allows for 
a comparison (in standard deviation units) of the relative 
importance of each variable (Gibson, 1987).  
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Directional selection differentials (s) estimate the net 
selection acting on a trait by measuring the relative 
strength of bivariate relationships (bivariate analysis) 
between relative mating success and each trait (Pryke et 
al., 2001; Møller et al., 2009). A bivariate logistic re-
gression was performed to calculate the correlation of 
mating success with each trait, where s was estimated 
by the coefficient of the regression. Directional selec-
tion gradients (β′) quantify the strength of the selection 
acting on the trait independent of variation in other traits 
included in the regression model (Lande and Arnold, 
1983). β′ values were calculated as partial linear regres-
sion coefficients from multiple regressions (multivariate 
analysis) of relative mating success to the standardized 
value of the traits (Pryke et al., 2001; Møller et al., 
2009). A multiple logistic regression was then applied to 
the multivariate analysis. 

In the multivariate regressions strong correlations 
among the independent variables (multicolinearity) can 
lead to an overestimation of the standard errors of the 
regression coefficients, reducing the power of the analy-
sis (Mitchell-Olds and Shaw, 1987). To assess the in-
fluence of multicolinearity on the results, we examined 
the PCA (principal component analysis) correlation ma-
trix of the standardized variables in each regression. 
Condition numbers (square root of the ratio of the larg-
est eigenvalue to the smallest) below 10 are considered 
acceptable (Fry, 1993). In the present study, the condi-
tion numbers from all selection gradients were less than 
6, indicating that the correlations among the variables 
were not sufficiently high to adversely affect the sig-
nificance tests. 

Rejection level was set when α < 0.05 in all analyses. 
All analyses were made using SAS9.1 (SAS, 2006).  

2  Results 
2.1  Mating behavior 

Released insects often walked for < 5 min after re-
leased to glass containers, after which time sexual be-
havior occurred. When sexes were ≈ 3 cm apart, the 

male approached the female, and upon contact with her 
body by his antennae, he mounted her and held her 
elytra with his front and mid tarsi and her terminal ab-
domen with his hind tarsi, and attempted to mate. Dur-
ing this process the male and female frequently con-
tacted each other on their antennae, and the male fre-
quently touched the female abdomen with his antennae.   

Upon mounting, the male grasped the female termi-
nal abdomen with his hind tarsi, stretched his parameres 
and aedeagus which were in contact with the female 
abdominal terminal and remained outside the female 
genital chamber, and then inserted his reversed endo-
phallus. Male hind tarsi and stretched parameres and 
aedeagus appeared to play the major role in ensuring the 
successful insertion of his endophallus. Dissection 
shows that the male inserted his endophallus all the way 
to the end of the vagina where he reversed his flagellum 
and inserted it into the duct leading to the bursa copula-
trix; the tip of the flagellum stopped at the opening of 
the bursa copulatrix where sperm were transferred (n = 
10). Successful mating lasted 3.29 ± 0.97 h (mean ± SE, 
n = 60).  
2.2  Sexual selection on female traits 

Successful matings occurred in all 67 replicates. 
However, before the male eventually mated with one of 
the two females successfully, in 14 replicates the male 
performed short mating with one or both females, i.e. 
withdrawing his genitalia ≈ 20 s after genitalia insertion.   

Pearson correlation analysis shows that all six traits 
measured were significantly correlated with each other 
(Table 1).  

The initial bivariate analysis indicates that all six 
traits measured in females were significantly correlated 
with female mating success, with the bursa copulatrix 
length having the greatest selection differential value (s) 
(Fig. 1). The multivariate analysis reveals that only the 
bursa copulatrix length was significantly directionally 
selected (Table 2).   
2.3  Sexual selection on male traits 

All 61 females successfully mated. No short mating  

Table 1  Pearson correlation matrix of morphological traits in females (*P < 0.05; **P < 0.0001) 

Traits Body length Antennal 
length 

Eighth ster-
nite width 

Ovipositor 
length 

Bursa copulatrix 
length 

Second abdominal seg-
ment width 

Body length 1      

Antennal length 0.86** 1     

Eighth sternite width 0.664** 0.711** 1    

Ovipositor length 0.578** 0.658** 0.709** 1   

Bursa copulatrix length 0.296** 0.308** 0.242* 0.381** 1  
Second abdominal  
segment width 0.866** 0.864** 0.766** 0.693** 0.323** 1 
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Table 2  Multiple regressions of female morphological traits in relation to mating success 

Traits β' χ2 P 

Body length (mm) 0.619 1.089 0.2967 

Antennal length (mm) -0.459 0.621 0.4305 

Second abdominal segment width (mm) 0.691 0.957 0.3278 

Eighth sternite width (mm) -0.229 0.274 0.6004 

Ovipositor length (mm) 0.219 0.288 0.5917 

Bursa copulatrix length (mm) 2.449 27.939 <0.0001 

Table 3  Pearson correlation matrix of morphological traits in males (*P < 0.05; **P < 0.0001) 

Traits Body length Antennal length Hind tarsal length Paramere length Aedeagus length Endophallus length

Body length 1      

Antennal length 0.893** 1     

Hind tarsal length 0.866** 0.861** 1    

Paramere length 0.53** 0.448** 0.546** 1   

Aedeagus length 0.557** 0.563** 0.571** 0.375** 1  

Endophallus length 0.475** 0.483** 0.517** 0.224* 0.382** 1 

 
was observed in this trial. Pearson correlation analysis 
shows that all six traits measured were significantly 
correlated with each other (Table 3). 

Analysis shows that of six male traits measured, three 
were significantly correlated with male mating success, 
with the hind tarsal length having the greatest selection 
differential value (s) (Fig. 2). Further analysis of the 
three traits for directional selection gradients (β') indi-
cates that only the hind tarsal length and body length 
were significantly directionally selected in males (Table 
4).  

Table 4  Multiple regressions of male morphological 
traits in relation to mating success 

Traits β' χ2 P 

Body length (mm) 1.055 6.060 0.0138 

Hind tarsal length (mm) 1.538 11.181 0.0008 

Paramere length (mm) -0.328 1.825 0.1767 

3  Discussion 
In the present study, all insects used were of the same 

age and bred under the same nutritional and environ-
mental conditions, minimizing the effect of age and 
environmentally-induced reproductive variance. We 
show that the genital trait, the bursa copulatrix length, in 
females (Table 2) and non-genital traits, the hind tarsal 
length and body length, in males were significantly di-
rectionally selected in G. cantor (Table 4).   

Our study also shows that those traits not directiona-

lly selected in sexual selection in G. cantor were also  
significantly correlated with mating success (Figs. 1 & 
2). This may be because that they were significantly 
correlated with the directionally selected bursa copula-
trix length in females (Table 1) and body length and 
hind tarsal length in males (Table 3). 

In several insect species, female abdominal size ap-
pears to be sexually selected because a larger abdomen 
is positively correlated with fecundity (e.g. Li et al., 
2005; Bussiere et al., 2008; Xu and Wang, 2010). Adult 
females of these insects are usually short-lived and 
probably pro-ovigenic. However, G. cantor adult fe-
males are long-lived and synovigenic with egg produc-
tion and maturation continuing throughout their lifetime 
(Lu et al., 2011a, 2013). Therefore, the fact that the fe-
male abdominal size in this species is not directionally 
selected by males (Table 2) may be attributed to this 
trait not being a reliable signal of lifetime reproductive 
fitness in females.  

In G. cantor the bursa copulatrix is an elongate blind 
sac open to the duct leading to the vagina at one end and 
to the spermatheca at the other end. Our measurement 
shows that the length of this structure is the function of 
its volume, and thus a longer bursa copulatrix can ac-
commodate a larger ejaculate. Many studies have sug-
gested that paternity is determined by the relative num-
ber of competing sperm in females from different males 
(e.g., Parker, 1990 1998; Gage and Morrow, 2003). 
Consequently, males should transfer larger ejaculates to  
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females to succeed in sperm competition (Cook and 
Gage, 1995; Simmons, 2001). Our previous study shows 
that G. cantor females mate multiply (Lu et al., 2013). 
Therefore, in the present study where virgin females are 
used, larger bursa copulatrix should benefit males in 
terms of allowing larger ejaculates to be transferred and 
thus better chance to outcompete subsequent males in 
sperm competition. This may account for the directional 
selection of the bursa copulatrix length in G. cantor 
females. 

The female genital features are usually considered 
under postcopulatory rather than premating sexual se-
lection (Eberhard, 1996; Arnqvist and Danielsson, 1999) 
probably because it is usually assumed that males can-
not assess them before mating occurs. However, in G. 
cantor under a female-biased sex ratio, more than 20% 
of matings failed (no insemination) after the endophal-
lus had been inserted into the vagina. It is suggested that 
during the process before successful mating, G. cantor 
males may well have the opportunity to assess female 
genital features and to decide whether or not to transfer 
sperm. This could be an empirical example of cryptic 
male mate choice (Bonduriansky, 2001). 

Our observations show that to achieve successful 
mating, the male needs to firmly hold the female with 
his legs and push his genitalia in to prevent them from 
disconnecting with hers. As a result, longer males are 
more capable of grasping females in G. cantor. This 
may largely account for the fact that larger males are 
significantly more likely to achieve mating. Further-
more, various studies report that larger males are sexu-
ally selected by females because larger males have bet-
ter genes and more ejaculate supply over smaller ones 
(Phelan and Barker, 1986; Kempenaers et al., 1992; 
Keller and Reeve, 1995; Bissoondath and Wiklund, 
1996). Therefore, females that mate with larger males 
may have sons and daughters that can carry alleles for 
these beneficial characters.  

Several studies have assessed the roles that male in-
sect legs play in mating success. For example, all six 
tarsi are important for paternity success in a male beetle 
(Edvardsson and Arnqvist, 2005); male tarsal length 
(particularly the fore tarsi) is sexually selected by fe-
males in two beetle species (Trumbo and Sikes, 2000), 
and in an assassin bug sexual selection appears to act on 
the length of male hind tarsi (McLain and Boromisa, 
1987). During the premating process in G. cantor the 
male almost always uses his hind tarsi to hold the ter-
minal segments of the female abdomen and attempt to 

lift them to the position for his endophallus to insert. If 
the female runs and attempts to dislodge the mounting 
male, he holds the substrate firmly with his hind tarsi to 
prevent her from running. As a result, males with longer 
hind tarsi have significantly better chance to achieve 
mating. Aedeagus and parameres also appeared to play 
roles in ensuring male genitalia insertion but why these 
male genital traits are not sexually selected is not clear. 

We conclude that differences in the bursa copulatrix 
length in females and body length and hind tarsal length 
in males may reliably reflect variance in reproductive 
fitness of G. cantor, and that variance in these traits may 
have evolved under sexual selection. The form and na-
ture of sexual selection of all species mentioned above 
reveal that sexual selection may act on different mor-
phological traits in different species, probably due to the 
diverse mating systems. 
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