Sperm production and allocation in response to risksrisk of sperm competition in the black soldier fly Hermetia illucens
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Abstract
In polyandrous species, sperm competition between males for the offspring paternity goes on after copulation through via the competition of their ejaculates for the fertilisation of female’s oocytes. Given that mMales allocating more spermatozoa are favored, . dDifferent models of sperm competition predict adaptative adaptive plasticity of in male sperms in the production and allocation of their spermatozoa. These predictions were tested experimentally in the black soldier fly (BSF) Hermetia illucens. In this new farmed insect, the adult biology ’s biology is little known despite the economic interest of larvae for bioconversion and as an animal feedstuff. Two sets of experiments were carried out to modify the risksrisk of sperm competition perceived by the males. The first consisted of placing adult males in different social contexts (alone or in groups of 10 – i.e. modifying mean risksrisk of sperm competition –) and then measuring their sperm production. The second took place at the beginning of the copulation; pairs with males from the two mean risksrisk of sperm competition treatments were transferred to different contexts of immediate risksrisk of sperm competition (empty cages, cages containing 10 males, or cages containing 10 females) and the number of spermatozoa stored by the females was counted., then the spermathecae of the females were collected in order to count the number of spermatozoa allocated by the males. Males reared in groups of 10 showed more spermatozoa in their seminal vesicles than males reared alone. Virgin males reared in groups of 10 showed more spermatozoa in their seminal vesicles than males alone. Regarding sperm allocation, females that mated in the presence of conspecifics – either 10 males or 10 females – stored more spermatozoa than those that mated alone.Regarding sperm allocation, spermathecae of females in groups of 10 males, as well as those in groups of 10 females, had more spermatozoa than those maintained alone. This study shows that  Copulation duration was not affected by these treatments. Males respond to the treatments by a greater investment in sperm production and transfer. A control of sperm storage by the female is also not excluded. sperm production and allocation are dependent on sperm competition risk in BSF, revealing a plasticity of reproduction under socio-sexual situations.These manipulations of sperm competition risks showed that sperm production and allocation are dependent on social context in BSF. The existence of these mechanisms evidences a plasticity of reproduction under socio-sexual situations. It underlines the importance of studying finely the control of fertility in this farmed insect.
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Introduction
The struggle for reproduction is an important selective pressure leading to many evolutionary adaptations which is particularly typified by the competition between males of polyandrous species (Andersson, 1994). Fifty years ago, Parker (1970) theorized that intrasexual competition between males could be expressed both before and after copulation, as it could continue within female reproductive organs, in the form of sperm competition - i.e. ‘the competition within a single female between the sperm from two or more males over the fertilization of the ova’.
Many physiological (Pizzari & Parker, 2009; Godwin et al., 2017), morphological (Córdoba-Aguilar et al., 2003) and behavioral (Alcock, 1994; Cueva del Castillo, 2003; Barbosa, 2012) traits have been interpreted in light of this paradigm shift (Parker et al., 1998; Wigby and Chapman, 2004). For example, longer spermatozoa swimming faster, bigger testes producing more spermatozoa or mate-guarding strategies are selected by sperm competition as they maximize male’s fertilization success in the competition (Alcock, 1994; LaMunyon & Samuel, 1999; Godwin et al., 2017; Lüpold et al., 2020). Among these traits, plasticity in sperm production (i.e. spermatogenesis), as well as theand sperm allocated to each copulation have been the subject of many predictions (Parker, 1970; Parker et al., 1997; Parker & Pizzari, 2010). Based on the costs to males of spermatozoa and seminal fluid contents (Dewsbury, 1982; Olsson et al., 1997), theoretical models predict fitness benefits when males strategically adjust ejaculate expenditure depending on the mating context (Parker & Pizzari, 2010). These models are basically divided into two categories : those based on the “risksrisk” of sperm competition (Parker, 1990; Parker et al., 1997) and those based on the “intensity” of sperm competition (Ball & Parker, 1996, 1997). The risksrisk of sperm competition are is defined as the probability that the sperm of a male will compete with the sperm of other males for fertilization of a defined set of ova (Parker, 1990; Parker et al., 1997) whereas the intensity of sperm competition, usually applied to external fertiliser, is the actual number of ejaculates competing for a given set of eggs (Ball & Parker, 1996, 1997). 
The predictions of “risksrisk” models have been successfully tested in many organisms, including rodents, fish, and many insects (delBarco-Trillo, 2011). For example, in Drosophila melanogaster, sperm production increases when males are housed with other males for a long period of time (Moatt et al., 2014) – increasing what has been named “mean risksrisk of sperm competition” (Engqvist & Reinhold, 2005). Moreover, the arrival of rival males during copulation – increasing the “immediate risksrisk of sperm competition” (Engqvist & Reinhold, 2005) - induces focal males to transfer more spermatozoa to the female (Garbaczewska et al., 2013). On the contrary, “intensity” models predictions are more challenging to test and little evidence is available as to the veracity of their predictions (Kelly & Jennions, 2011 but see Sloan et al., 2018).
The quantity of sperm produced or allocated is not the only component of copulation modified according to the context of sperm competition. For instance, the duration of copulation is particularly studied as it can be considered as a proxy for the amount of sperm allocated (Bretman et al., 2009; Barbosa, 2011), although it is not always true (see Weggelaar et al., 2019). Regardless of the sperm allocation, copulation duration is also predicted to vary with sperm competition risksrisk (Alcock, 1994). By copulating longer, males undertake mate guarding, thus preventing the female from remating (Alcock, 1994), which is a widespread behavior in insects (Lorch et al., 1993; Cueva del Castillo, 2003; Barbosa, 2011). 
In this study, we aimed to test the predictions of risksrisk of sperm competition models in the black soldier fly Hermetia illucens (BSF), a species of great interest for mass-rearing and organic waste bioconversion (Tomberlin & van Huis, 2020). More precisely, we tested wether males adjust their spermatozoa production and allocation in response to the mean and immediate risksrisk of sperm competition.  Despite its economic interest, studies on adults BSF and their reproductive biology are scarce. Giunti et al., (2018) reported a high prevalence of same-sex sexual behaviors in adults BSF, which can be associated to a high degree of polygyny in other species (MacFarlane et al., 2010). Multiple matings have been reported (Permana et al., 2020; Hoffmann et al., 2021) and morphological traits including complex spermathecae, long and numerous spermatozoa, large testes (Munsch-Masset et al., 2023) strongly suggest post-copulatory sexual selection pressures in this species. Here, we experimentally manipulated the risksrisk of sperm competition to examine the phenotypic plasticity in ejaculate expenditure. First, we tested whether long-term exposure to other males could affect sperm production (mean risksrisk of sperm competition) in  males’ seminal vesicles. Secondly, we assessed if the sudden appearance or disappearance of rivals (immediate risksrisk of sperm competition) coupled with different mean sperm competition treatments could affect the duration of copulation and the amount of sperm stored in the spermathecae of females.
Materials and methods
Rearing conditions
Males and females tested in this study came from a mass rearing maintained in lab conditions since 2018. The strain used is a mix from 2 french commercial lines (Innovafeed and Biomimetic) and one lab line from Wageningen. Black soldier flies were reared under controlled conditions. Adults – ca 200 to 300 - were hosted in 50x50x50 cm cages at 24°C and were provided with a cotton ball saturated with water to maintain moisture. They were exposed to a 12 hours day/night regimen with Philips TLD 36W-84 fluorescent tubes positioned at 10 cm from the cages and providing 2000 to 6000 lux. After collection from the rearing cage, eggs and larvae were maintained at 27°C, the developing substrate was the Gainesville diet (Tomberlin & Sheppard, 2002), no additional moisture was added during development. Pupae were collected and maintained in groups at 24°C with sawdust until emergence. Emerging flies were collected and sexed daily for experiments. Females were isolated in 15x15x15cm cages in groups of 20 females per cage. As for males, they were isolated differently depending on the treatment (see below). Both sexes had access to a cotton ball saturated with water before the experiment. When flies were not used for experiments, they were transferred to the rearing cage.
Production of spermatozoa
Males of same age (n = 19) were maintained under low riskrisk of sperm competition situation. These individuals were singled, placed in individual 120 mL plastic containers preventing any visual or physical contact with other males and limiting olfactory cues. The second treatment consisted in placing ten males of the same age in a 960 mL plastic container allowing physical, visual, and chemosensory contacts, to simulate a high risksrisk of sperm competition (n = 24 individuals dissected). Males from both treatments were kept in these conditions from 5 to 8 days with access to a cotton ball saturated with water.
Allocation of spermatozoa
As BSF will not initiate copulations when only one male and one female are placed in a cage (pPersonal observations), the first step for of the experiment on the immediate risksrisk of sperm competition involved transferring 20 virgin males from both treatments (10 singled males and 10 grouped males) to one 15x15x15 cm cage containing 20 virgin females. Males from the singled treatments and from the grouped treatment were differentiated distinguished by marking the application of a different distinct coloured colored spots on their thorax.
Individuals remained in contact for 5 hours and fourteen observations sessions were performed. The cage was constantly watched during the contact time to ensure that only first matings for each individual were recorded.
Once copulations began, each mating pair was gently placed on the lid of a petri dish and transferred in a cage of similar size containing either no individuals to simulate low immediate risksrisk of sperm competition (n = 38 individuals composed by n = 23 grouped males and n = 15 singled males), 10 males to simulate high immediate risksrisk of sperm competition (n = 38 individuals composed by n = 24 grouped males and n = 14 singled males), or 10 females to test the ability of males to recognise genuine competitors (n = 43 individuals composed by n = 27 grouped males and n = 16 singled males). Time was recordted once copulations were completed to record duration, and ‘high risksrisk’ pairs – i.e. pairs that mated in the presence of conspecifics - were removed from the cage immediately after separation to ensure that female did not re-mate. Pairs were kept together in petri dishes within whichwhere there is not enough space for extra copulations to occur (see Munsch-Masset et al., 2023), until dissection of the female reproductive tract. 
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Figure 1 - Procedure for the mating experiment to measure the allocation of spermatozoa. Males from two mean risksrisk of sperm competition treatments were transferred to a mating cage. After the begining of mating, the pair was transferred to a different cage according to the immediate risksrisk of sperm competition treatment.
Dissections and collection of data
Since age can affect the number of spermatozoa in seminal vesicles (Munsch-Masset et al., 2023), we dissected males of similar ages (n = 5 males of 5 days, n = 28 males of 6 days and n = 10 males of 8 days after emergence, and we controlled the age in the statistic models, see below). Dissections were performed under a Nikon SMZ745T stereomicroscope (x3.35 magnification) (Nikon, Japan) in pPhosphate-buffered saline (PBS) saline buffer using fine forceps. For all males, the abdomen was opened after decapitation to collect seminal vesicles which were then placed on a slide in PBS and gently uncoiled with fine forceps. Males were photographed under a Nikon SMZ745T stereomicroscope (x3.35 magnification) (Nikon, Japan) with a Leica IC 80 HD camera (Leica, Germany) to measure their head width using ImageJ. This measure can be considered as a reliable proxy of the size of the individuals (Jones & Tomberlin, 2021). In the same way, the seminal vesicles were photographed and their whole length was measured with ImageJ. A drop of DAPI was then applied to the preparation to label the nuclei of the spermatozoa for blind-counting in a section of one of the two seminal vesicles using a fluorescence microscope (Olympus CX40, Japan) with a x20 objective as in Munsch-Masset et al., (2023). The length of this section was also measured to obtain the ratio between the sperm-counted-section and the whole seminal vesicles. Then, this ratio was multiplied to the number of sperm counted within the portion to obtain the total number of spermatozoa in the seminal vesicles. Finally, this was doubled for the total number of sperm of one male.
[bookmark: _Hlk155775843][bookmark: _Hlk155776035]The dissection of females took place the day after copulation, knowing that females lay eggs two/three days after mating (Munsch-Masset et al., 2023). The two individuals of a pair were photographed under a Nikon SMZ745T stereomicroscope (x3.35 magnification) (Nikon, Japan) with a Leica IC 80 HD camera (Leica, Germany) to measure their head width using ImageJ like the males frome the mean risksrisk experiment. Tthese measures and were taken into account in the models for both the sperm production and allocation as covariates. For all individuals, the abdomen was opened to collect the three spermathecae which were then placed on a microscope slide. Before crushing them with a microscope coverslip to release the spermatozoa, a drop of DAPI was applied to the spermatheca to mark the nucleus of the spermatozoa which were blind-counted under a fluorescence microscope (Olympus CX40, Japan) under a x20 objective.
Statistical analyses
[bookmark: _Hlk146188999]To test our hypotheses, linear mixed models (LMM) were used with the “lmer” function in the “lme4” package in R (Bates et al., 2015). We included the head size, the size length of the seminal vesicles and the age of the male as covariates and the mean risksrisk of sperm competition treatment as a fixed effect to explain the number of spermatozoa in the seminal vesicles. For the mating experiment, we included the head size of the female, the head size of the male, the age of the pair, copulation duration as covariates and the two risksrisk of sperm competition treatments – mean risksrisk and immediate risksrisk – as well as their interaction as fixed effects to explain the number of spermatozoa in the spermathecae. For the latter, we also added the number of individuals in the cage prior to the begining of mating as it could influence sperm allocation. We applied a logarithmic transformation on the response variables as they were counting data (spermatozoa counts in the seminal vesicles and in the spermathecae). To study the copulation duration, we used cox proportional hazard model with the “coxph” function in the “survival package” in R (Therneau, 2019). In the same way, age, sizes of the male and the female and both sperm competition risksrisk treatments were included as fixed effects in the model.
The day of sampling was included as a random effect to account for variability inherent to each series in the sperm count in the models. The fixed effects in our models were tested using the “lmerTest” package (Kuznetsova et al., 2017), with type III ANOVA F statistics using Satterthwaite approximations for the linear mix models and with type III ANOVA Chi statistics for the survival model. The assumptions of the linear mixed model, including normality of residuals, constant variance, and absence of multicollinearity among the independent variables were checked graphically. As heteroscedasticity in the models was deteted, a logarithmic transformation was applied on the response variables. We also assessed the proportional hazards assumption of the cox model using Schoenfeld residuals and found no significant violations of this assumption.
All statistical analyses were performed using R version 4.0.2 (R Core Team, 2020). The significance level was set at alpha = 0.05 for all tests. Quantitative data are presented as means ± standard errors (SE) and hazard ratios (HR) are reported for cox models.
Results
On average, 5 hours of contact at this population density – 20 females and 20 males - allowed 7 ± 0.72 mating to occur, meaning that 35 % actually mated. Through the different observations, grouped males copulated significantly more than singled males (Fisher’s exact test: P = 0.03). In total n = 45 copulations from singled males and n = 74 copulations from grouped males and were observed.
Production of spermatozoa
[bookmark: _Hlk155777861]The number of spermatozoa found in the seminal vesicles of the males was neither related to their size (F1,38 = 0.61 ; P = 0.44, β ± SE = -0.21 ± 0.28) nor with their age (F1,38 = 0.62 ; P = 0.44, β ± SE = 0.06 ± 0.08) nor with the length of their seminal vesicles (F1,38 = 1.81 ; P = 0.19, β ± SE = 0.07 ± 0.05). However, the treatment of mean risksrisk of sperm competition showed a significant effect on the number of spermatozoa in the seminal vesicles of males (F1,38 = 7.96 ; P < 0.01 ; full model R² = 0.20) (Fig.1). Males kept in groups had a mean of 43 % increase in the number of spermatozoa (mean ± SE : 15578 ± 1105, n = 24) in their seminal vesicles compared to singled males (mean ± SE : 10920 ± 1200, n = 19).
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Figure 2 - The number of spermatozoa in the seminal vesicles of males according to the mean risk of sperm competition treatment (either the male singled or the male within a group of 10 males) Box plots show median (horizontal bars), upper, and lower quartiles (borders of the box). Whiskers extend from the 10th to the 90th percentiles. Different letters indicate a significant difference at α = 0.05.
Allocation of spermatozoa
The number of spermatozoa found in the female’s spermathecae was neither related to the size of the male (F1,107.7 = 0.61 ; P = 0.44, β ± SE = 0.15 ± 0.19), nor with their age (F3, 14.1 = 0.07; P = 0.78; β ± SE = -0.02 ± 0.09), nor to the copulation duration (F1,104.02 = 0.01 ; P = 0.96; β ± SE = 0.01 ± 0.01) (Fig.3). The number of spermatozoa in the female’s spermathecae was marginally and positively correlated with the number of individuals in the cage before the beginning of mating (F1,104.07 = 3.81 ; P = 0.05; β ± SE = 0.01 ± 0.01). Timing of mating was not different between singled and grouped males (W = 1465, P = 0.27, singled males mean ± SE = 33.6 ± 0.79, grouped males ± SE = 32.32 ± 0.66).
Females that mated with males from the two mean sperm competition risksrisk treatments stored the same amount of spermatozoa (F1,105.30= 0.23 ; P = 0.63, Low treatment males : 4614± 273, High treatment males : 4709 ± 270) and the interaction bewteen the mean and the immediate risksrisk treatments was not significant (F2,103.11 = 0.08; P = 0.92).
However, the number of spermatozoa found in the female’s spermathecae was related to immediate sperm competition risksrisk treatment (F2,99.56 = 6.8; P < 0.01; full model R² = 0.43) (Fig.4). Females that mated in empty cages stored less spermatozoa than the ones that mated in the presence of males (β ± SE = -0.38 ± 0.13; t = -2.84; P < 0.01) and the ones that mated in the presence of females (β ± SE = -0.43 ± 0.13; t = -3.29; P < 0.01).There was no significative difference (t = -0.37, P = 0.71) between the content of spermathecae of females mated with males in the 10 males treatment (mean ± SE : 4943 ± 376, n = 38) and those in the 10 females treatment (mean ± SE : 5554 ± 284, n = 43). Females mated with males in the presence of conspecifics – either males or females - had a mean 60 % increase in the number of spermatozoa (mean ± SE : 5268 ± 233, n = 81 with n = 38 with pairs 10 males and n = 43 pairs with 10 females) compared to the pairs mating alone (mean ± SE : 3406 ± 268, n = 38).
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Figure 3 - The number of spermatozoa in the spermathecae of females according to the copulation duration. Each point is an individual female, n = 119. The dashed line represents a non significant relationship between these two variables, linear regression: R² < 0.01).
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Figure 4 - The number of spermatozoa in the spermathecae of females according to the immediate risk of sperm competition (either the pair mating alone, with 10 males or with 10 females). The colors represent the mean sperm competition risksrisk treatment (singled males in green and grouped-males in orange).Box plots show median (horizontal bars), upper, and lower quartiles (borders of the box). Whiskers extend from the 10th to the 90th percentiles. Different letters indicate a significant difference at α = 0.05.
Copulation duration
The mean time of copulation for all pairs was mean ± SE = 35.16 ± 1.19. Immediate sperm competition risksrisk (χ² = 0.88 ; P = 0.64), mean sperm competition risksrisk treatments (χ² = 0.09 ; P = 0.76) and their interaction (χ² = 3.43 ; P = 0.18) showed no effects on copulation duration. In the same way, the size of the female (χ² = 0.31 ; P = 0.58), the size of the male (χ² = 0.60 ; P = 0.44) and age of the pair (χ² = 1.32 ; P = 0.25) were not related to copulation duration.
Discussion
BSF mMales had more spermatozoa in their seminal vesicles when they were grouped, and females of pairs that mated in the presence of conspecifics stored more spermatozoa in their spermathecae. In line with the predictions of the sperm competition theory, the males of the BSF respond, on one hand, to mean risksrisk of sperm competition (long-term exposure to rivals) by producing more spermatozoa in their seminal vesicles and on the other hand, to the immediate risksrisk of sperm competition (sudden exposure to rivals) by allocating more spermatozoa in a copulation. In contrast, copulation duration was neither related to sperm competition risksrisk treatments, nor to the number of transferred spermatozoa.
[bookmark: _Hlk155778392]Regardless of sperm competition risksrisk, it has been shown that ejaculate expenditure could be condition dependent (Perry & Rowe, 2010; Kaldun & Otti, 2016; Wylde et al., 2020), or sometimes associated with secondary sexual signals (Mautz et al., 2013; Polak et al., 2021). It seems not to be the case in the BSF, where in which it has already been shown demonstrated that male size does not affect sperm production (Jones & Tomberlin, 2021; Munsch-Masset et al., 2023). In the same way, we show here that it does not affect sperm allocation. Interestingly, it appears that males producing more spermatozoa (reared under high riskrisk of sperm competition) do not transfer more spermatozoa to females. Although it is not the case, one would expect that the amount of spermatozoa available to males might be partly determinant of the amount allocated to a copulation (Engqvist & Reinhold, 2005) and finally stored by females. For the latter, it is impossible to disentangle the role of the male from the role of the female on the storage of spermatozoa.
[bookmark: _Hlk155778445][bookmark: _Hlk146273228]We cannot exclude the male mating rate hypothesis (Vahed & Parker, 2012) - i.e. the possibility that the increase in sperm production in group-reared males is due to a higher estimate of the number of mating opportunities based on density. Such an increase in sperm production could be explained by the riskrisk of sperm competition or by the number of opportunities for successive mating, although these two explanations are not mutually exclusive. Furthermore, while allocating the same quantity of spermatozoa to a unique mating (see results), we observed that grouped males had higher success in mating than singled males, suggesting that density induce a greater number of copulation attempts. To investigate this hypothesis further, a different experimental set-upexperiment would have to be set up to allow the possibility of multiple copulations per treatment.
In contrast to some other species like the yellow dung fly Scatophaga stercoraria (Simmons et al., 1999) or the scorpionfly Panorpa cognata (Engqvist & Sauer, 2003), copulation duration is not related to the amount of sperm transferred by the male in BSF. Sperm transfer dynamics that do not follow a linear relationship with time are not rare (Weggelaar et al., 2019) and it seems to be the case in the black soldier fly. Here, durations of copulations were not different between the three treatments. Apart from sperm transfer dynamics, plasticity in copulation duration when males are exposed to rivals can be associated with active mate- guarding (Lorch et al., 1993; Alcock, 1994; Cueva del Castillo, 2003), a behavior that BSF males do not appear to exhibit (Giunti et al., 2018), as confirmed here. Also, it would appear that once copulation has begun, surrounding males lose interest in the pair, unlike during courtship when challenger males may pounce on the pair attempting copulation (Julita et al., 2020).
[bookmark: _Hlk155778551]Numerous cues can be used by males to assess the riskrisk of sperm competition. For example, another Diptera, Drosophila melanogaster uses combinations of cues as diverse as visual, contacts, chemosensory, and sounds to detect rivals (Bretman et al., 2011). It has been suggested that BSF uses acoustic signals to identify conspecifics without differentiating females from potential rivals (Giunti et al., 2018), leading frequent same-sex sexual behaviors. These behaviors are observed with males displaying aedeaaegus eversion during courtship (Personal observations, Giunti et al., 2018), which may indicate that males of the BSF attempt to copulate indifferently with males and females. Same-sex sexual behaviors are common in species with high density of individuals where females are hard to distinguish (Scharf & Martin, 2013) as in BSF rearings, but wether these are current in the wild is not known. Interestingly, we found that BSF males appeared to adjust the number of spermatozoa allocated in a copulation when they were with conspecifics, regardless of whether these were males or females. Although this effect may be due to an effect of population density, this sperm adjustment is in line with a potential absence of sex recognition in BSF males. 
Like many aspects of BSF biology, pre-copulatory sexual selection processes in this species are not precisely known. Sexual dimorphism is reduced and preliminary results indicate that male size does not play a role in female’s mates selection (our uUnpublished data). BSF was described as using leks to mate (Tomberlin & Sheppard, 2001). Those structures are defined as aggregated males display sites that females attend primarily for the purpose of fertilization (Höglund & Alatalo, 1995). Supposedly aggressive intrasexual interactions were also observed but females were said to be 'similarly greeted' than males in the supposed lek sites, except that these interactions ended in a matings (Tomberlin & Sheppard, 2001). We did not notice any aggregating area akin to a lek in our rearing conditions (Benelli et al., 2014), furthermore the possible lack of sex recognition may question the hypothesis of the BSF actually being a lekking species.
Previous studies have demonstrated the occurrence of multiple mating in BSF (Permana et al., 2020; Hoffmann et al., 2021). Consistently with sperm competition theory, our findings suggest that males invest more in sperm production and allocation as a strategy to overcome rivals in this competitive reproductive environment. However, a bet hedging strategy is not evidenced here because males copulating in the presence of virgin females do not spare their sperm reserves in the perspective of the insemination of a maximum number of mates. Besides sperm competition, the complexity of female spermathecae in this species (Munsch-Masset et al., 2023) strongly suggests that post-copulatory intersexual selection mechanisms are at work, such as cryptic female choice or sperm precedence (Pascini & Martins, 2017).
BSF is a species of great economic interest in animal production for its potential as a feed source (Tomberlin & van Huis, 2020). Rearing conditions are certainly very different from natural conditions which are still little known. Not all individuals in a breeding mate, and only a proportion of them mate several times (our uUnpublished data). When it comes to controlling reproduction, for example to make genetic selection, the understanding of sexual selection processes is a key factor that needs to be integrated in the rearing methodss – e.g., by determining if whether different contexts of competition are good for productivity.
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