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Abstract 

Animals’ personality traits are defined as consistent behavior tendencies and the 

function of them in life-history strategy and reproductive success has been given a lot 

of explanations in a large amount of research. However, the behavior consistency of 

individuals in different sexes, mating status and selection regimes is rarely mentioned. 

In this research, we were interested in personality traits and their consistency in inter-

individuals and intra-individuals, and proposed that with the removal of fecundity 

selection males would evolve to be more female-like and decrease their locomotor 

activity, and copulation would change the physiological status of females and thus alter 

their levels of activity.  

 

In the experiment, seed beetles (Callosobruchus maculatus) that were artificially 

selected in monogamy, polygamy and male-limited selection regimes were weighed, 

dropped in a designed arena and their behaviors were recorded with a camera for four 

minutes in the first day when they were newborn and virgin. In the next day, the virgin 

beetles were randomly paired to mate, weighed afterwards, and dropped in the arena 

again for videoing the same setting as yesterday. In data collection step, with these 

videos four behaviors types including walking, entering squares, time spent on roof and 

entering a new area were observed, scored and noted down. To process the data, we 

made correlation analysis and it was found that walking, entering square and a new area 

were positively correlated. After building the linear mixed effect models we found that 

sex together with mating significantly act in modifying beetles’ behaviors, males were 

more active than females but the difference was narrowed after mating, and copulation 

caused a significant increase in the level of locomotor activity in females. To our 

disappointment, selection regimes did not have any significant impact on locomotor 

activity. Our work gave an insight that copulation changed individuals’ behaviors more 

in females than in males and dimorphic expression of sex-biased genes differed due to 

mating effect. 

 

Introduction 

Sexual selection was first introduced and developed by Darwin in his two books, The 

Origin of Species (Darwin 1859) and The Descent of Man and Selection in Relation to 

Sex (Darwin 1871). It broadly exists in nature that males usually compete to win 

females, while females tend to be choosy and have the dominant place in mate choice 

(Darwin 1871). Males typically yield a higher reproductive success by mating more 

often than females, who may pursue the quality instead of quantity of mates, and prefer 

those males that can provide both direct benefits like resources and parental care 

(Møller & Jennions 2001), and indirect benefits like “good genes” that increase the 

fitness or attractiveness of offspring (Dawkins et al. 1996). The male-male competition 

can be severe because it is possible that only a small percentage of males have a chance 

to mate (e.g. in species with leks) (Krebs & Davies 1993). This has led to the evolution 

of male reproductive strategies, whereby males advertise their status, condition and 



investment into parental care, by displaying elaborate mating behaviors, ornaments, 

sounds and scents, in order to maximize their mating chances. For example, in 

Cardinalis cardinalis males with higher brightness of breast color tend to show higher 

feeding effort and are preferred as mates by females (Linville et al. 1998) 

 

In addition to the above physiological, morphological and behavioral factors, 

“personality” in humans and animals that drive daily locomotor and mating activity 

patterns can be subject to sexual selection (Schuett et al. 2010). Reale et al. (2007) 

categorized five personality traits in animals, which are “shyness-boldness, exploration 

avoidance, activity, sociability and aggressiveness in an evolutionary and ecological 

context”. These traits do not function solely but are correlated, such as boldness, 

exploration and activity (Reale et al. 2007). It has been suggested that sexual selection 

may play an important but overlooked role in generating correlations between behaviors, 

as well as in generating and maintaining inter-individual variation in ‘personality’ 

behaviors, including between the sexes. For example, female mate choice may favor 

alternative mating strategies in males. Before competing for limited resources in nature, 

individuals need to evaluate the costs (such as energy consumption, injury) and benefits 

associated with resource acquisition. Aggressive males have usually an advantage in 

searching and gathering resources, and they can also provide more protection for 

offspring, and thus they are more likely to be favored by females and get more mating 

chances (Schuett et al. 2010). For example, males in the seed beetle C. maculatus are 

expected to benefit from aggression as well as higher locomotor activity levels in sexual 

competition (Berger et al. 2016). However, too much aggression is not welcomed, since 

females may be harmed in copulation or partnership, and so these selective females will 

balance the pros (good genes and parental care) and cons (direct individual fitness) 

when looking for the best partner, potentially leading to balancing selection for 

alternative ‘personality types’ in males (Schuett et al. 2010). Also, maintaining active 

behaviors is energetically costly and females as the choosy sex should invest more 

energy in fertility. Therefore, in contrast to males, females are expected to play a more 

passive role and be relatively less active as well as to exhibit more characteristic traits 

like shyness (Schuett et al. 2010; Reale et al. 2007). This kind of sexually antagonistic 

selection can lead to the evolution of sexual dimorphism in personality, but also help to 

understand how inter-individual variation is maintained within each sex when 

phenotypic dimorphism is incomplete. Another consequence of selection acting 

differently on the sexes is that females and males may also differ in the composition of 

‘personality’ (i.e. in trait correlations). For example, intrasexual aggression may be 

associated with exploration and boldness in males due to sexual competition, whereas 

selection on females may favor association only between activity and boldness 

beneficial in resource acquisition.  

 

Different individuals are expected to vary in behavioral patterns in populations in a 

context-independent manner, which is central in defining a personality (Peter & Judy 

2008). This is puzzling because it is often assumed that behaviors are plastic, allowing 

an individual to adjust its behavior to changes in environment or physiological 



condition. Several ideas for why consistency may be achieved has been raised (Careau 

et al. 2008, Schuett et al. 2010). For example, individuals will not compete with those 

with higher resource-gaining ability to avoid unnecessary energy waste, which can 

eventually lead to the evolution of a polymorphic population that consists of different 

stable behaviors (Dall et al. 2004). Moreover, females adjust their energy investment in 

parental care according to males’ performance, so in order not to make frequent (also 

costly) alternations, they favor partners with predictable behaviors (Schuett et al. 2010). 

Biro and Stamps (2008) found that consistent behavioral variation in individuals’ 

personality traits is preferred when it is beneficial to fecundity. The frequency-

dependent preference for stability along with the cost of flexibility also highlight its 

significance (Dall et al. 2004). Behavioral consistency is important but neglected by 

most studies, so further research is needed to investigate if it plays an essential role in 

reproductive success and life history strategy (Schuett et al. 2010). It is also important 

to find out whether behavioral consistency differs for the sexes, for example depending 

on the physiological state such as mating status, or social context. 

 

Personality traits like aggression, boldness and activity have been positively linked to 

fecundity across various species (Biro & Stamps 2008). Fecundity selection acts 

through fertility and the number of offspring in one clutch, but while it can also act on 

males when they have pregnancy stage in which brooding size positively correlates with 

male body regimes (Pincheira-Donoso & Hunt 2015), it is more directly associated with 

female fitness. One way how it could operate on C. maculatus (seed beetle) behavior is 

through acquisition of oviposition sites. Exploratory female beetles may be more 

energetic and more likely to look for bigger, less-occupied beans for laying eggs to 

make sure their offspring have relatively abundant food supply (Martinossi-Allibert et 

al. 2018). However, fecundity is positively associated with body size that also 

determines the energetic cost of locomotion (Martinossi-Allibert et al. 2018). One may 

therefore predict that fecundity selection leads to lower activity and exploration levels 

due to the costs associated with larger body mass. Although C. maculatus does not have 

any sex-reversed period in their lifecycle (Chrisptopher & Lawrence 2019), it is also 

possible that fecundity selection operates on males via the positive association between 

male ejaculate investment, body mass and female fecundity, which can favor large and 

therefore less active males. Fecundity selection can drive directional female-biased 

selection in populations (Pincheira-Donoso & Hunt 2015), and here we test its role in 

driving personality evolution relative to male-limited sexual selection and sexually 

antagonistic selection.  

 

Here we take advantage of experimental evolution to test how personality behaviors 

evolve under sexual and fecundity selection in the C. maculatus seed beetles, with a 

specific focus on locomotor activity and exploration. In our study system the beetles 

have evolved under two alternative conditions for 42 generations, where only selection 

on one sex was allowed: under A) ‘male limited’ selection regime, (mostly) sexual 

selection on males could act on males while any selection on females was removed, and 

under B) ‘fecundity’ selection regime only selection on females was allowed, while it 



was relaxed on males. These two conditions were contrasted to the promiscuous 

population with C) the ancestral selection regime whereby selection was allowed to act 

on either sex, which is potentially sexually antagonistic. The predominant selection 

forces the different selection regimes have been subjected to are listed in the Table 1. 

 

We made the following predictions: 

 

a) Consequences of sexual and fecundity selection on activity and exploration:  

In the lines subjected to male-limited selection, allowed to evolve towards male 

optimum, we expect to see an increase in activity and exploration levels. The 

difference should be particularly pronounced relative to the fecundity selection 

regime, as the removal of selection on males should allow the activity and 

exploration levels to evolve closer to the level beneficial to females. We expect 

the female optimum to be lower under the premise that there is a negative 

association between fecundity and activity, possibly mediated by body size 

(Pincheira-Donoso & Hunt 2015).  

 

b) Consequences of selection on behavioral consistency:  Overall, we predict that 

the relative ranking of activity/exploration levels among the selection lines will 

not be affected by the mating status of beetles. However, it is also possible that 

mating will affect especially female activity levels, because of the physiological 

changes related to egg-laying that could influence behavioral decisions. 

 

Table 1. The opportunities for sexually antagonistic, fecundity and sexual selection in the 

ancestral (polygamy), and manipulated (monogamy and male-limited) selection regimes, 

marked with sign “✔”.  

Selection 

regime 

Sexually antagonistic 

selection 

Fecundity selection sexual selection on 

males 

Polygamy ✔ ✔ ✔ 

Monogamy  ✔  

Male-limited   ✔ 

 

Materials and methods 

 

Study populations  

Seed beetle (C. maculatus) is distributed over the tropical and subtropical zones. 

Female seed beetles lay eggs on the surface of bean seeds and the larvae develop inside 

them. The development of the larvae takes approximate three weeks, after which the 

adults will hatch and emerge on the surface of bean seeds. The adults take 24 to 36 

hours to sexually mature and they can survive approximate one to two weeks without 

any water or food. Females and males can mate and a new round of life cycle begins 

again. Its high tolerance to the environment, short generation time (three to seven weeks 

according to the culture environment), distinct sex dimorphism makes it a model 



organism especially for sexual selection and -conflict research as well as education 

(Beck & Blumer 2019). 

 

Monogamy  

In the monogamy selection regime, sexual selection was removed while allowing for 

the opportunity of fecundity selection on females. In each generation, a virgin female 

and male were randomly picked and paired. 100 couples were left to interact and mate 

in 6 cm petri dish for five hours. After that all females were transferred into a jar 

containing black-eyed beans to lay eggs. There was fecundity selection on females so 

they needed to find high quality beans which were larger and less occupied by other 

females to lay eggs, which took 72 hours. Then they were removed and the eggs had 

three weeks to hatch.  

 

Polygamy 

In the polygamy selection regime, males and females were under sexual selection and 

fecundity selection as in the natural environment. In each generation, 100 adult males 

and females were separately transferred into a jar filled with black-eyed beans and the 

jars was placed in the incubators (similar to other regimes). After 72-hour cultivation, 

beetles were free to mate and laid eggs followed by adult beetles being removed, and 

the eggs were left to hatch for three weeks. 

 

Male-limited  

In the male-limited selection regime, males were under sexual selection but fecundity 

selection on females was removed. Each generation was treated the same as in the 

polygamous lines, but after 72-hour copulation females were picked out and placed in 

individual petri dishes with black-eyed beans, and each female was allowed the equal 

chance to lay eggs for 48 hours. The next generation was set up by randomly picking 

out one offspring from one dish, thus eliminating fecundity differences in females. 

 

Preparing lines 

The three selection regimes had been subject to the treatments for 42 generations prior 

to the experiment. There were three replicates for monogamy and polygamy lines but 

two for the male-limited line, as one was lost. Every line was under the same treatment 

and environment for one generation in the preparation of this experiment to make sure 

that it was the gene not the operation that accounted for the variations. 100 males and 

100 females from the last generation were placed in one jar with about 200 black-eyed 

beans, allowed to mate freely and lay eggs with an average density of 2-3 eggs on one 

bean. After that the jar stayed in the incubators (29 o C and 12/12 h day/night cycles) 

for three weeks. In this way beetles were all under sexual selection and fecundity 

selection like in nature.  

 

Before the next generation came out, the beans were individually placed in 24-well 

plates to facilitate collecting experimental individuals as virgins. Beetles were 

discarded if there were more than one in one chamber.  



 

Behavioral assays 

12 newly-hatched virgin beetles for each sex in each line were picked out, individually 

put into Eppendorf tubes (lids punctured for air), and then placed in incubators (29 o C 

and 12/12 h day/night cycles).  

 

The assays were planned to examine the exploration/activity personality trait in beetles. 

A 9 cm petri dish with a yellow sandpaper attached to the bottom and a lid drawn 1x1 

cm square grid (Figure 1a) was used to simulate a novel environment for beetles (arena). 

The movement of every individual was recorded with a camcorder (Sony® Handycam 

HDR-CX250E) placed overhead of the petri dish for a total of four minutes. Beetles 

were weighed before the assays started. 

 

 

Figure 1. a) On the left is the arena where every individual beetle was observed for four minutes and 

scored for their behaviors when virgin or mated. The number of 1x1 cm square grids on the lid was 

marked every time the beetle entered a new square. b) On the right is the illustration how the 

measurement of entering a new area was done. The arena was divided into four quartets and the yellow 

star sign represents where the beetle started walking, and the behavior was scored only when it entered 

the cater-cornered quartet directly or indirectly by passing the neighboring one. There was no score when 

the beetle entered the next quartet or came back to the original one that it just left. Photograph taken by 

Jiaqi Lu. 

 

Data collection 

Four types of behaviors were chosen to observe and score in the four minutes of the 

videos (Table 1) with behavioral observation research interactive software Boris 

(version 7.4.14). The four behaviors were exclusive to each other: 1) the time spent on 

walking in any directions; 2) the number of entering a square; 3)the number of entering 

a new area (Figure 1b); 4) the time spent on the lid or the wall.  

 

 

 

 

 

 

 

a) b) 



Table 2. Four behaviors and their types in video watching for a total time of four minutes.  

Measurement Behaviors Type 

1 Walking Duration 

2 Square Event 

3 Area Event 

4 Roof Duration 

 

Data Analysis 

The behavioral data was analysed by first reducing its dimensionality with a Principal 

Components Analysis (PCA). This included the behaviors walking, entering square and 

entering novel area as well as roof time. We then took the scores of PC1 for each 

individual, which collectively described most variation in activity and exploration 

related behaviors, to use as the new response variable in our main inferential model, 

where we fitted sex, selection regime, mating status and their three- and two-way 

interactions as fixed factors, and weight as the fixed covariate. To account for the nested 

replicate structure of our data (i.e. each selection regime was represented in two or three 

separate lines) and the fact that the data was collected across separate generations 

(blocks) we used a linear mixed effect model (LMM). Here, line and block were treated 

as random factors, and we also estimated random intercepts separately for each sex for 

these terms. To fit the LMM we used the ‘lme4’ package in R followed by testing the 

significance of the fixed factors using Anova (type III) using the ‘car’ package. 

 

Since sex difference and mating status significantly affected behaviors of individuals, 

males and females were further analysed separately to examine the contribution of 

mating to the behavioral expression of beetles and two models were built with PC1 as 

the response variable, and two-way interactions of selection regimes and mating status 

as well as weight as explanatory variables. The model building and significant test 

followed the same procedure of that of the first model, and two boxplots were made for 

visualization with walking (to aid interpretation of the PC1 scores analysed in the 

formal model) in the y-axis and mating status in the x-axis. The reason why walking 

instead of PC1 was used in boxplot was because PC1 had positive or negative values to 

represent direct or inverse relationship with explanatory variables, but this was not 

suitable for boxplot where absolute values can be plotted better. Besides from the 

correlation matrix (Figure 3) walking positively correlated with entering square and 

area, which indicated that walking can be seen as a representative of individuals’ 

behaviors and activity level. The boxplots were shown in Figure 4. and the Anova test 

of the two models were in Table 4.  

 

The associations among the continuous variables (walking, roof time, square, area and 

weight) were also examined in a correlation analysis and plotted using the pairs.panels 

function in R. All data were processed with R (version 1.2.1335). 

 

 

 



Results 

The principle component analysis showed that our three activity and exploration -

related measurements were similarly associated both in virgin and mated beetles 

(Figure 2). The small angle between the behaviors of ‘walking’, entering new ‘area’ and 

‘square’ showed positive correlation confirmed with a correlation analysis: the pairwise 

coefficients were all higher than 0.5 (i.e. 0.65, 0.78, 0.51, Figure 3). 

 

 

Figure 2. The PCA of individual loadings from virgin and mated beetles on biplot. PC1 (on the 

x-axis) explained 47.7% of total variance and PC2 (on the y-axis) did 21.7% explanation. Red 

circle was loadings from mated beetles and blue was from virgins.   

 



 

Figure 3. The matrix shows correlations between two continuous variables including area, 

square, roof time, walking and weight. In the upper right are the correlation coefficients, in the 

diagonal the variables and in the left bottom the scatterplots.  

We then analysed the new activity/exploration variable, represented by the PC1 scores, 

using a linear mixed effects model. There was no significant main effect of selection 

regime on the behaviors (Table 3). Instead, we found a highly significant effect of 

mating with a P-value lower than 0.0001, which also depended on the sex on the beetles’ 

behavior. 

 

Table 3. The Anova (type III) of LMM, with PC1 scores as the response variable and fixed 

variables including weight, selection regime, sex and mating (*: p<0.05).  

 Chisq Df P-value 

(Intercept) 2.3512 1 0.1252 

sel 1.0072 2 0.6044 

sex 0.5971 1 0.4397 

mating 21.4911 1 <0.0001 *** 

weight 1.1602 1 0.2814 

sel:sex 1.5335 2 0.4645 

sex:mating 12.6306 1 0.0003795 ** 

sel:mating 0.8737 2 0.6461 

 

To explore the sex difference of the mating effect further, we fitted a separate mixed 

effect model on each sex. In females, there was a highly significant effect of mating on 

the activity/exploration (Table 4). Females increased locomotor activity after mating 

and the effect was largest in male-limited regime where virgins were the least active 

but the mated individuals reached the highest level of activity – the same as males 



(Figure 4). The increase of active movement after copulation was the second largest in 

monogamy and the third in polygamy. However, these differences were subtle and there 

was no significant interaction effect between mating and selection regime in females 

(Table 4). No Significant difference after copulation was present in males whose 

activity levels changed only slightly, and maintained overall higher than females’.  

 

 

 

Figure 4. The boxplot depicts the time (seconds) spent on walking in a) females and b) males 

when they were virgin and mated in male-limited, monogamy and polygamy selection regimes.  

 

 

 

Table 4. The Anova (type III) of LMM in females (upper panels) and males (lower panels) with 

PC1 scores representing activity/exploration behaviors as the response variable and explanatory 

variables including weight, as well as mating and selection regimes with their two-way 

interactions (*: p<0.05).  

Females Chisq Df P-value 

(Intercept) 0.1936 1 0.66 

sel 0.7368 2 0.6918 

mating 16.6603 1 <0.001 *** 

weight 0.0192 1 0.8899 

sel:mating 0.6593 2 0.7192 

Males Chisq Df P-value 

(Intercept) 6.2122 1 0.01269 

sel 3.8371 2 0.14682 

mating 1.1182 1 0.2903 

weight 1.3629 1 0.24304 

sel:mating 0.4554 2 0.79638 

 

 

Discussion 

Personality traits of animals consist of activity, shyness, exploration, aggressiveness 

and sociability, which are not independent but associated and manifested as behavior 

a) Females b) Males 



syndromes (BS) (Biro & Stamps 2008). This is consistent with the pattern in our data, 

whereby both PCA (Figure 2) as well as the correlation analysis (Figure 3) showed how 

activity (represented by walking and entering square) and exploration (represented by 

entering a new area) were positively related to each other. It has been suggested that 

“outgoing” personality characters – higher activity and exploration levels in a novel 

environment for example, might indicate a higher resource-gaining ability of 

individuals, which can help them outcompete others and win more mating chances in 

nature (Schuett et al. 2010). Personality traits may therefore be subjected to sexual 

selection, through both within-sex competition and mating preferences of males and 

females. Given that males may benefit more from high levels of activity, risk taking 

and aggression in a mating competition than females, on the whole males are expected 

to evolve higher levels of these characteristics than females (Dingemanse & Réale 

2005). Here we tested this main prediction in two main ways: by using experimental 

manipulation of levels of sexual selection and by examining the sex difference in 

activity and exploration behaviors. In addition, we tested for consistency in the 

behavioral differences, which forms the basis for ‘personality’, by examining whether 

mating related physiological changes may affect the behavioral tendencies. First, we 

found support in this experiment for sexual dimorphism in activity and exploration 

levels: males had a higher level of activity than females (Figure 4). However, we found 

no evidence of sexual selection affecting the levels of behavior in either sex. Second, 

mating had a rather dramatic effect on activity levels, but only in females: males showed 

consistency in behavior, whereas females increased activity levels, which eliminated 

the sex difference after mating (Figure 4). 

 

In our prediction, beetles from male-limited regime should have the highest locomotor 

activity since with the removal of fecundity selection individuals (of both sexes) can 

evolve to behave more like males as a result of more male-benefit alleles being 

selectively favored. This prediction was however not statistically supported, although 

there was a tendency for higher activity of male-limited line females but only after 

mating and not as virgins (Figure 4). In cotton bollworm moth (Helicoverpa armigera) 

it was found that females reached the peak flight activity just one or two days after 

mating when they were in the copulation and oviposition period (Saito 2000). The fact 

that we saw such a large increase in female activity after mating is likely also due to 

females searching for egg-laying sites, and the behaviors switch could even be induced 

by males. Isaac et al. (2010) found in Drosophila melanogaster that females enhanced 

wakefulness in day time and improved level of activity to search for oviposition sites 

after receiving ejaculate from males and being provoked by sex peptide inside the 

seminal fluid. In the same species Hollis et al. (2019) discovered that polygamous males 

evolving under high sexual selection were significantly better in triggering the activity 

and driving the shift to reproductive investment of females in post-mating behavior than 

monogamous males, indicating that females would expected to improve level of 

locomotor activity more in polygamy than in monogamy. This interesting prospect was, 

however, not supported by our data, where the behavioral mating response of females 

was not significantly greater in lines with sexual selection (Figure 4). This can be 



because the variation shown in one sex does not align with that in the other sex as other 

innate elements can be involved. It is curious to see that how the sex difference in 

behavior diminishes after mating, as it parallels earlier findings in this species that show 

how sex differences in gene expression similarly decrease in mated individuals. 

Immonen et al. (2017) discovered a decrease in the feminization of female gene 

expression but also to some extent a reduction of masculinization in males in response 

to mating. This research is consistent with the finding shown in the Figure 4 showing 

that virgin females significantly increased their activity after copulation in three 

selection regimes, while males showed little response, and the difference between the 

locomotor activity of the two sexes was decreased.  

 

Apart from behavioral expression, behavioral consistency is an important but often 

neglected point in phenotypic study of sexual selection (Schuett et al. 2010). Though 

both sexes expect their partners to have consistent personality traits and individuals that 

are predictable will be favored by selection, males in general exhibit higher 

repeatability in behaviors than females (Schuett et al. 2010, Bell et al. 2009). In addition, 

innate capacity also matters that genetic plasticity differed in sexes and mating has less 

impact on altering gene expression in males (Immonen et al. 2017), which suggests that 

males tend to exhibit inheritably high behavioral consistency. In this experiment male 

beetles did not significantly change their activity (Figure 4), and this finding may 

indicate the degree of mating affect the shift of sex-biased genes to the opposite sex in 

males using locomotor activity as external expression. 

 

In addition, it is interesting to note that the beetles we used in this experiment were 

isolated during the whole experiment, except for pair mating, and therefore the social 

interactions would not influence our results, so the behavioral responses should be due 

to innate sex differences and the molecular changes in response to mating and not direct 

responses to socio-sexual environment (Immonen et al. 2017).  

 

Conclusion 

Our results showed the correlation of four behaviors and they were integrated as a 

whole for data analysis. In our finding that behavioral syndromes in C. maculatus as 

external expression of personality traits differ in sex and mating status, and they can be 

affected by sex-specific phenotypes, possibly as a result of shift in the expression of 

sex-biased genes in postmating. This experiment serves as a supplement for the study 

of the effect of copulation on the behavior variation in females and males, and 

behavioral consistency before and after mating. 
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