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Parental Care System and Brood Size Drive Sex Difference in Reproductive Allocation: An Experimental Study on Burying Beetles
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Life-history theory predicts that increased resource allocation in current reproduction comes at the cost of survival and future reproductive fitness. In taxa with biparental care, each parent can adjust investment on current reproduction according to changes in their partner’s effort, but these adjustments may be different for males and females as they may have different reproductive strategies. Numerous theoretical and empirical studies have proposed the mechanism underlying such adjustments. In addition, the value of the brood or litter (brood size) has also been suggested to affect the amount of care through manipulation of brood size. While the two conditions have been studied independently, the impact of their interplay on potential sex-dependent future reproductive performance remains largely unknown. In this study, we simultaneously manipulated both care system (removal of either parent vs. no removal) and brood size in a burying beetle (Nicrophorus vespilloides) to understand their joint effect on reproductive allocation and trade-off between current and future reproduction. Our results show that males compensated for mate loss by significantly increasing the level of care regardless of brood size, while females exhibited such compensation only for small brood size. Additionally, with an increase in allocation to current reproduction, males showed decreased parental investment during the subsequent breeding event as a pair. These findings imply a dual influence of parental care system and brood size on allocation in current reproduction. Moreover, the impact of such adjustments on sex-dependent differences in future reproduction (parental care, larvae number, and average larval mass at dispersal) is also demonstrated. Our findings enhance the understanding of sex roles in parental investment and highlight their importance as drivers of reproductive allocation.
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INTRODUCTION

Life-history theory predicts that individuals trade off the reproductive investment between current and future reproduction, because an increased allocation to the current breeding attempts means fewer resources available to future breeding attempts (Williams, 1966; Reznick, 1985; Stearns, 1989; Clutton-Brock, 1991; Wolf et al., 2007). Under the constraints of time and energy, an increase in current parental effort can incur future fitness costs, such as reduced survival or reproductive performance. To maximize lifetime reproductive success, each parent should therefore adjust its investment allocation between current and future reproduction (Rivalan et al., 2005; Creighton et al., 2009; Bleu et al., 2013). In species with biparental care, the net result of this reproductive trade-off is sexual conflict over parental effort between parents as the fitness benefits depend on the combined effort of both parents, whereas the fitness costs are determined by individual effort (Parker, 2006; Szentirmai et al., 2007; Harrison et al., 2009; Royle et al., 2010; Lessells, 2012; Bebbington and Hatchwell, 2016). Each parent is expected to minimize its own current investment by shifting as much of the workload as possible over to its partner (Trivers, 1972; Lessells, 1999; Houston et al., 2005; Szentirmai et al., 2007; Harrison et al., 2009; Royle et al., 2010). The amount of contribution a parent provides to current reproduction is influenced by their partner’s effort (Markman et al., 1996; Sanz et al., 2000; Houston et al., 2005; Johnstone and Hinde, 2006; Harris and Uller, 2009; David et al., 2015). These adjustments may be different for males and females as they may have different reproductive strategies which include different resource allocation, mate selection, and parenting patterns due to sex-dependent pay-offs of certain reproductive behaviors (Gross, 1996; Sanz et al., 2000; Kotiaho and Simmons, 2003; Hoffman et al., 2008). Theoretically, how parents respond to changes in their partner’s effort depends on different evolutionarily stable strategies which include sealed-bid, negotiation (partial and full compensation) and matching strategy (Houston and Davies, 1985; McNamara et al., 1999; Johnstone and Hinde, 2006). Sealed-bid strategy assumes that parents do not respond to their partner’s investment changes, as they make an initial fixed decision about how much investment to provide (Houston and Davies, 1985). In contrast, negotiation and matching strategies propose that parents adjust their investment to their partners’ contribution (Johnstone and Hinde, 2006). Negotiation occurs when parents partially or fully compensate for the reduced care provided by their partners by increasing their effort (McNamara et al., 1999), whereas matching predicts that parents adjust their care to their partners’ contributions by matching any increase or reduction in the same direction (Johnstone and Hinde, 2006). Several studies have tested how parents adjust their contribution based on changes of their partner’s effort by handicapping or removing one parent and then assessing the response of the other parent. These studies showed mixed results: sealed-bid [house sparrow (Passer domesticus), Schwagmeyer et al., 2002; Nakagawa et al., 2007], negotiation [partial compensation: burying beetle (Nicrophorus vespilloides), Smiseth et al., 2005; burying beetle (N. orbicollis), Rauter and Moore, 2004; full compensation: great tit (Parus major), Sanz et al., 2000; magnificent frigatebird (Fregata magnificens), Osorno and Székely, 2004], and matching strategy [great tit, Hinde, 2006; zebra finch (Taeniopygia guttata), Mariette and Griffith, 2012, 2015; blue tits (Cyanistes caeruleus), Iserbyt et al., 2019] have all been found. Different strategies have also been found within the same species (great tit (P. major), full compensation and matching strategy) (Sanz et al., 2000; Hinde, 2006). Meanwhile, males and females respond differently to variation in their partner’s effort because of sex differences in reproductive strategies. Some studies show that males increase their investment in offspring provisioning after female removal, whereas females show no response to partner removal (Rauter and Moore, 2004; Suzuki and Nagano, 2009; Creighton et al., 2015; Cantarero et al., 2019). It is because females typically provide more care than males, and they may work to their physical limitations and there is no room to intensify the provisioning rates [e.g., burying beetle (Nicrophorus spp.), Rauter and Moore, 2004; Suzuki and Nagano, 2009; Creighton et al., 2015; rock sparrow (Petronia petronia), Cantarero et al., 2019]. However, other studies suggest that females compensate for their partner’s decrease in feeding rate, while males tend to do less because males focus more on the territory defense and lack confidence in paternity (great tit, Sanz et al., 2000).

In addition, brood or litter size may also affect the amount of care, as has been shown through manipulations of brood size. Parents adjust their effort by increasing their investment with increased brood sizes and decreasing it with decreased brood sizes (Wright and Cuthill, 1990; Sanz, 2001; Parejo and Danchin, 2006; Komdeur et al., 2007; Kokko and Jennions, 2008; Low et al., 2012; David et al., 2015; Griffioen et al., 2019). Although some parents can fully compensate for the effect of enlarged brood size by providing food at higher rates (Neuenschwander et al., 2003; García-Navas and Sanz, 2010), they may do so at a cost. It has been suggested that brood size manipulation affects future reproduction as enlarged broods decrease the survival of parents and the probability to produce subsequent broods (Tinbergen and Boerlijst, 1990; Parejo and Danchin, 2006). Several theoretical studies have been developed to explain the causes of parent-offspring conflict for parental care (Trivers, 1974; Godfray, 1995; Kilner and Hinde, 2012). These studies show that brood size has the potential to affect the allocation of resources between current and future reproduction, and the relative contribution of each sex to parental effort. Previous work has reported that there can be a sex difference in response to brood manipulation. In some studies, males increase their parental investment when brood size increases, whereas females do not seem as responsive as males to increases in brood size (MacGregor and Cockburn, 2002; Mock et al., 2005; Nakagawa et al., 2007; Low et al., 2012). However, others suggest that males show less increase in feeding when raising enlarged broods or more decrease in feeding when raising reduced broods than females (Ardia, 2007). That is, the allocation to current reproduction may be influenced both by partner’s effort and by brood size, and these adjustments in parental effort may be different for males and females as they have different reproductive strategies. Additionally, the evidence for the trade-off between current and future reproduction is mixed. Previous work on reproductive trade-offs have manipulated traits that affect levels of parental effort to current reproduction (such as brood size or clutch size) and then assessing the induced changes in future survival, life span, or reproductive performance. Some studies have found that increased allocation to current reproduction leads to a future cost, such as lower body condition (Ratz and Smiseth, 2018), lower fecundity (Billman et al., 2014), shorter life span (Daan et al., 1996), or reduced competitive ability over food resources (Richardson et al., 2020), whereas other studies failed to demonstrate the predicted trade-off relationships in future breeding attempts (Roff and Fairbairn, 2007; Santos and Nakagawa, 2012; Ratz et al., 2020). Several explanations have been proposed for whether the trade-off between current and future reproduction are predictable or not. One such explanation is that this results from sex differences in allocation strategies. Considering that males and females of most species have different reproductive strategies and differ significantly in their cost of reproduction (Trivers, 1972; Santos and Nakagawa, 2012), because, for example, females provide more care than males while males invest further in obtaining additional mating opportunities (Queller, 1997), males and females may thus evolve distinct parental allocation strategies.

Although we have a good understanding of the impacts of partner’s effort and brood size manipulations on the parental effort of each sex separately, little is known about their joint effects. In addition, males and females respond to partner’s effort and brood size differently and thus may exhibit different allocation strategies. In order to test the combined effects of partner’s effort and brood size on reproductive allocation between current and future reproduction, we use the burying beetle (N. vespilloides) in which we experimentally manipulated brood size and parental care system (experimental removal of a parent of either sex or no removal). To our knowledge, this is the first study to provide experimental evidence for the combined effects of parental care system and brood size on parental investment and reproductive trade-off between current and future reproduction.

Burying beetles (Nicrophorus spp.) are excellent model for studying the combined effects of flexible parental care system and parental investment due to brood size on reproductive trade-offs, because both uniparental and biparental care occurs and brood size is highly variable (Eggert et al., 1998; Scott, 1998; Ratz and Smiseth, 2018; Woelber et al., 2018). In these species, extended parental care is provided, consisting of the carcass maintenance stage and the larvae provisioning stage (Fetherston et al., 1990; Scott, 1990, 1998; Müller et al., 1998). Both parents prepare the carcass by burying it, removing any hair or feather from it, rounding it into a ball, and preserving it with anti-microbial secretions (Rozen et al., 2008; Trumbo, 2017). Typically, females spend more time provisioning larvae and care for longer than males, whereas males are more involved in carcass maintenance and defense, and desert the brood earlier than females because they have greater residual reproductive value than females (Bartlett, 1988; Smiseth and Moore, 2004; Ward et al., 2009; Ratz and Smiseth, 2018). The carcass serves as the sole source of food for both parents and larvae during breeding (Scott, 1998; Trumbo and Xhihani, 2015; Pilakouta et al., 2016), thus female burying beetles benefit from male desertion by feeding more from the carcass (Boncoraglio and Kilner, 2012). Both parents gain weight during the entire breeding, and the weight gained can serve as a proxy for investment in future reproduction (Creighton et al., 2009; Billman et al., 2014; Pilakouta et al., 2016; Richardson et al., 2020). Likewise, the weight loss during the larvae provisioning is an indicator of the reproductive investment to current reproduction (Trumbo and Xhihani, 2015). Prior work shows that both male and female beetles respond to brood size manipulations by increasing their parental care toward enlarged broods (Rauter and Moore, 2004). However, male but not female provisioning increased with brood size when caring for very large broods (Rauter and Moore, 2004; Smiseth and Moore, 2004). The difference in how males and females respond to brood size manipulation is in line with the difference in how males and females respond to the partner removal. Studies on several species of burying beetles have also found that males and females respond differently to partner removal. Males adjust their efforts to partner removal, while females generally show no response because they typically provide more care than males and their degree of compensation behavior is limited (Rauter and Moore, 2004; Smiseth and Moore, 2004; Smiseth et al., 2005; Suzuki and Nagano, 2009; Creighton et al., 2015). These findings suggest that there might be interaction between the effects of partner’s presence and brood size on the amount of parental investment provided by each sex, yet previous studies did not allow us to tease apart these effects.

In this study, we aim to examine (i) how each sex adjusts its parental investment based on its partner’s presence, brood size and their combined effects, (ii) whether the adjustments incur a sex difference in reproductive trade-offs. For the first question, we predicted that uniparental parents provide more care to the brood than biparental parents and that parents provide more care to larger broods than to smaller ones. We also expected an effect of the interaction between partner’s presence and brood size on the amount of parental care provided by each sex. We predicted that males may compensate for mate removal regardless of brood size, whereas females show no response to mate loss when raising a large brood compared to raising smaller broods, because females typically provide more care than males and their ability of compensation may be restricted by physical limitations than males. In addition, we predicted that uniparental parents may gain the same weight from the carcass as biparental parents, and that parents gain more weight when caring for small broods than larger broods. Because uniparental parents have chance to feed more from the carcass but provide more care than biparental parents, whereas parents caring for large broods share resource with more offspring and provide more care than parents caring for small broods. We predicted that males may gain more weight than females as they typically provide less care than females. For the second question, we predicted that parents that allocated more resources in current reproduction reduce their parental effort and reproductive outcome in future reproduction. We expected that uniparental parents and parents that had cared for large broods may suffer a future cost in subsequent parental care and reproductive outcome (i.e., larvae number and average larval mass). We also predicted that the carry-over effects of increased allocation to current reproduction may diminish with time as parents gain benefits from the carcass. The carry-over effects of parental care system and brood size may be more obvious during the carcass maintenance stage than during the larvae provisioning stage.



MATERIALS AND METHODS


Study Animals

All burying beetles (N. vespilloides) used for this study were first-generation laboratory-reared offspring of adults collected at the field station of the University of Groningen in estate “de Vosbergen,” Eelde, The Netherlands. Up to six same-sex adult beetles that descended from the same broods were kept in plastic boxes (length: 15 cm; width: 10 cm; height: 8.5 cm) filled with 2 cm of moist soil under a 16:8 h light: dark cycle and a temperature of 21°C. All adult beetles were fed with mealworms (Tenebrio molitor) twice a week with 2–3 mealworms per beetle each time.



Experimental Design

In order to test the combined impact of partner’s presence and brood size on reproductive allocation of each sex and sex-dependent reproductive trade-offs, we performed an experiment which consisted of two parts (Supplementary Figure 1).



Experiment 1: Effects of Parental Care System and Brood Size and Their Interaction on the Amount of Parental Care and Weight Change of Parents

In the first experiment, we investigated how each sex adjusts its investment based on (1) partner’s presence by manipulating the parental care system through experimental removal of a parent of either sex (uniparental male, uniparental female) or no removal (biparental parents) after all the eggs were laid, and (2) brood size (5 vs. 15 larvae), and (3) their interaction during the larvae provisioning stage. We allowed a pair of beetles to establish and breed on a carcass. Unrelated (i.e., non-sibling), virgin adult beetles, aged approx. 2 weeks old at posteclosion, were randomly selected for use in our experiments. Each pair was placed in a breeding box (length: 19 cm; width: 23 cm; height: 12.5 cm) filled with 2 cm of soil and provided with a previously frozen mouse (15 g).

In N. vespilloides, females start egg-laying about 21 h and the eggs hatch about 81 ∼ 111 h at 20 ± 1°C after parents are given access to a carcass (Smiseth et al., 2006). After 3–4 days, shortly before the hatching of the larvae, we moved the parents and the carcass to a new breeding box with fresh soil, and at this point, randomly removed one parent to generate three treatment groups: uniparental (male care, N = 40; female care, N = 40), or biparental beetles (male and female care, N = 40). To make sure that the parents did not have eggs in the new breeding boxes, we checked each box three times daily (06:30–08:00 am, 14:00–15:30 pm, 21:30–23:00 pm, 6-h intervals) from the bottom of the boxes and renewed the soil when new eggs were found (biparental parents: 3 pairs). Because the larvae would crawl to the carcass after hatching, we kept the eggs in the soil of the old boxes to avoid the hatched larvae entering the carcass before we manipulated brood size. After egg laying, we started checking each old box three times daily for larvae hatching. When the eggs started to hatch (ca 3 days after egg-laying), we transferred 5 or 15 newly hatched larvae to the new boxes with parents to generate experimental broods (20 repetitions of both 5 and 15 larvae groups). We chose brood size of 5 and 15 larvae as treatment levels because they are within the natural range for this species when providing a 15 g mouse carcass under laboratory conditions (range larvae produced: 1–32, mean ± SE = 16.1 ± 6.3, N = 271; range larvae surviving to adult stage: 1–28, mean ± SE = 13.9 ± 5.2, N = 245, W. Wang, unpublished data). We manipulated brood size to 15 larvae which is very close to the average as a large treatment level to avoid filial cannibalism (Bartlett, 1987), and 5 larvae as a small treatment level to ensure that not all offspring died during breeding. As parents cannot directly recognize their offspring as long as the larvae are at the same developmental stage (Müller and Eggert, 1990; Oldekop et al., 2007), we added larvae that were produced by other females when needed. When the larvae dispersed (ca 6 days after larvae-hatching), we moved larvae from the same nest together into new boxes for pupation. We transferred all surviving parents into new boxes for 1 week, which were used for the second experiment.

Once larvae were added to the carcass, we recorded parental care activity of female and male parents three times daily (instant scanning) until larvae dispersal (the larvae provisioning stage) by visual inspection. In burying beetles, presence on the carcass is a strong indicator of parental care (Smiseth and Moore, 2004; Smiseth et al., 2005; Walling et al., 2008; Head et al., 2014). We checked presence or absence of parents by carefully removing the surface soil of the carcass. We recorded no parental care as when a parent was invisible (when in the soil), and parental care as when it was present on or inside the carcass. We estimated the amount of parental care as the proportion of times that parents spent on the carcass during the entire observation period, and then we calculated the parental care per larvae by dividing this proportion by brood size. In addition, we recorded combined biparental care as either or both of the parents being present on or inside the carcass. We defined the day of terminating care when the parents were absent from the carcass for three consecutive observations (Benowitz et al., 2013; Head et al., 2014). We then calculated the caring days as the duration from the day of larvae hatching until the time of terminating care (Parker et al., 2015). At the start of the experiment, the body size of each parent was recorded by measuring the pronotum width (accuracy: 0.01 mm), because body size may influence the amount of parental care (Pilakouta et al., 2015). Each beetle was weighed (accuracy: 0.0001 g) three times during breeding: at the start of the experiment (w0), at the time of egg hatching (wi) and at the time of larval dispersal (wii). For each parent, we recorded the weight change during the carcass maintenance stage (wi-w0, Table 1) to examine any effects on the amount of parental care during the larvae provisioning stage, because the resource acquisition at the onset of breeding and the nutritional status of parents affects their reproductive performances (Trumbo and Robinson, 2004; Richardson and Smiseth, 2019). We recorded the weight change during the larvae provisioning stage (wii-wi, Table 1), because it is a good indicator of the reproductive investment to current reproduction (Trumbo and Xhihani, 2015). We recorded the weight change during the entire reproductive period (wii-w0, Table 1). This is important because parents can increase in weight by feeding from the carcass during breeding and the weight gain can benefit future reproduction (Creighton et al., 2009; Billman et al., 2014; Pilakouta et al., 2016; Richardson et al., 2020). We excluded trials from our analyses in which females failed to produce eggs (N = 2; biparental female, brood 5: N = 1, brood 15: N = 1), or either of the parents died before larvae dispersal, which yielded the following final sample sizes of our first experiment: uniparental female care (brood 5: N = 19, brood 15: N = 18), uniparental male care (brood 5: N = 18, brood 15: N = 16), biparental care (brood 5: N = 15, brood 15: N = 16).


TABLE 1. Measurements of weight and the calculation of weight change of parents during the first brood.
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Experiment 2: Sex-Dependent Reproductive Trade-Offs Between Current and Future Reproduction: Effects of Parental Care System and Brood Size

In the second experiment we experimentally investigated the sex-dependent reproductive trade-offs between current and future reproduction. We paired the surviving parents with the same partners as during the first experiment to exclude any potential effects due to changes in partner’s body size on parental care, because burying beetle parents adjust their contribution toward care based on both their own and their partner’s size (Pilakouta et al., 2015). All parents that were removed from the boxes in the first experiment for the uniparental care treatment, were kept in isolation and fed with mealworms twice a week until they were used in this experiment. We provided each pair of beetles with a new carcass to initiate their second breeding event. We recorded their parental care from the onset of breeding until larvae dispersal (the carcass maintenance stage and the larvae provisioning stage) three times daily as described above. The observations were performed blindly from the experimental conditions in the first breeding attempt. We also recorded their reproductive outcome (the number of larvae and the total mass of larvae at dispersal) in the second brood. We calculated the average larval mass by dividing the brood mass by the number of larvae. We excluded all trials in which females failed to produce eggs (N = 5; uniparental female, brood 5: N = 1; uniparental male, brood 5: N = 2; biparental female, brood 15 = 2), or either or both of the parents died from our further analyses, which yielded the following final sample sizes of our second experiment: uniparental female care (brood 5: N = 17, brood 15: N = 17), uniparental male care (brood 5: N = 14, brood 15: N = 15), biparental care (brood 5: N = 13, brood 15: N = 12). There was no difference in body size (pronotum width) of parents among the different parental groups both during the initial and subsequent breeding (Supplementary Table 1). We thus excluded any potential effects due to variation in body size of parents on the amount of parental care given that body size influences the amount of care (Pilakouta et al., 2015). There was no difference in weight change of parents during the carcass maintenance stage and thus its potential effect on differences in the amount of larvae provisioning were excluded (Supplementary Table 1).



Statistical Analyses

All statistical tests were performed using R version 4.0.3 (R Core Team, 2020) loaded with packages car (Fox and Weisberg, 2019), lme4 (Bates et al., 2015), multcomp (Hothorn et al., 2008), emmeans (Lenth, 2021), DHARMa (Hartig, 2021), and pwr (Champely, 2020). Body size (pronotum width) of parents did not differ among treatments and was therefore excluded from our analysis. We excluded the effect of mixing or non-mixing offspring because parents cannot recognize their offspring when the larvae are at the same stage (Müller and Eggert, 1990; Oldekop et al., 2007). Larvae number was significantly correlated with average larval mass and brood mass (larvae number vs. average larval mass: Pearson’s correlation, t = −6.178, r = −0.554, P < 0.001; larvae number vs. brood mass: Pearson’s correlation, t = 9.544, r = 0.717, P < 0.001; average larval mass vs. brood mass: Pearson’s correlation, t = 1.544, r = 0.164, P = 0.126). Therefore, larvae number and mean larval mass at the larval dispersal time were used to assess the reproductive benefits of parents. We used linear (mixed) models for traits that had a normal error structure (LMs: average larval mass at dispersal; LMMs: weight change of parents), and generalized (mixed) linear models for traits that had a binomial error distribution (GLMMs: the amount of parental care) and Poisson error structure (GLMs: larvae number; GLMMs: number of caring days, lme4 package). All models included the fixed factors parental care system (uniparental males, uniparental females, and biparental males, biparental females for parents’ traits or combined biparental care for larvae traits) and brood size (small vs. large) and the interaction between them. Group identity was included as a random factor in (G)LMMs. Biparental males and females of the same pair share the same group identity, whereas uniparental males and females all have different identity. We used post hoc Tukey contrasts to test for differences whenever parental care system or the interaction had a significant effect on the variable of interest (multcomp and emmeans package). The over/under-dispersion of the models was estimated using the ‘testDispersion’ function and the good fit of the models was verified by plotting the residuals using the ‘simulateResiduals’ function (DHARMa package). Some models were over- or underdispersed or did not have good fits (i.e., weight change during the larvae provisioning stage, larvae number, caring days, the amount of parental care during the carcass maintenance stage). For weight change analyses during the larvae provisioning stage, we compared models that included or excluded four outliers (four biparental males gained weight during the larvae provisioning stage, weight change > 0). Additional analyses of larvae number, caring days and the amount of parental care during the carcass maintenance stage were conducted by running L(M)Ms. Although excluding the four individuals and fitting alternative models solved problems with dispersion and improved the model fits, the results of the models were qualitatively similar to those obtained when using all data or GL(M)Ms, except for the interaction between parental care system and brood size on the amount of parental care during the carcass maintenance stage (see below). Therefore, we present the results from the analysis including all data, and using GLMMs because these allowed us to account for number of observations in parental care measures. Finally, we calculated the statistical power by using ‘pwr.chisq.test’ in pwr package. We used a desired power of 0.8, a significance level of 0.05 and chi-square test with four groups to determine the effect size (w). The w values of 0.3 are commonly considered to represent a medium effect size (Cohen, 1977). The complete dataset and R code used for the analyses are provided in Supplementary Material.

We performed two sets of analyses. In the first set of analysis, we used data from the first experiment (initial breeding) to examine the combined effects of parental care system and brood size on reproductive investment: the amount of parental care, weight change of parents during the larvae provisioning stage and during the entire reproductive period. We also examined the effect of the amount of parental care on weight change of parents during the larvae provisioning stage and during the entire reproductive period. To this end, we included the amount of parental care as an additional fixed factor in the model for weight change of parents. We then compared this model to a model that excluded the amount of parental care. We also compared the amount of parental care provided per larva and the number of caring days among different treatments.

In the second set of analysis, we used the data of the second experiment (subsequent breeding) to examine whether the increased allocation to current reproduction carried-over into reduced investment in the subsequent breeding: the amount of parental care, larvae number and average larval mass at dispersal. In the model for parental care, we included partner’s effort as a covariate, because whether partner had experienced larvae provisioning or not in the first breeding may affect their effort in subsequent breeding (Supplementary Table 1), and parents may adjust their investment based on their partner’s contribution. These covariates were included in the final models when they significantly improved the fit and the variance inflation factor (VIF, anova’ and ‘vif’ function in car package) was smaller than 2, indicating no problems with collinearity (Zuur et al., 2010). We then examined the impact of prior care and weight change of parents during the entire reproductive period in the first breeding on the amount of parental care in the second breeding. We did this by comparing models in which the amount of prior care and weight change of parents during the entire reproductive period in the first breeding were included or excluded as additional effects.



RESULTS


Experiment 1: Effects of Parental Care System and Brood Size and Their Interaction on the Amount of Parental Care and Weight Change of Parents

We found that parents adjusted their care based on their partner’s presence. Both males and females spent significantly more time providing care when their partner was removed. The parental care system had a significant effect on the amount of parental care (Table 2). Uniparental parents compensated for mate removal by providing significantly more care than when they shared care with a partner (Figure 1 and Table 3). Within sexes, uniparental males spent a higher amount of care than biparental males, but less than biparental parents combined (Figure 1A and Table 3). Likewise, uniparental females provided more care than biparental females, but less than biparental parents combined (Figure 1B and Table 3). Across sexes, females spent significantly more time than males provisioning larvae in both uni- and biparental care groups (Table 3), and terminated caring for offspring later than males in both uni- (females vs. males: Estimate ± SE = 0.315 ± 0.117, z = 2.686, P = 0.026) and biparental care groups (females vs. males: Estimate ± SE = 0.366 ± 0.128, z = 2.870, P = 0.015).


TABLE 2. Effects of parental care system (uniparental male, uniparental female, biparental male, biparental female) and brood size (5 vs. 15), and their interaction on the amount of parental care and weight change of burying beetle parents during the larvae provisioning stage and the entire reproductive period in the first breeding.
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FIGURE 1. The effect of parental care system (uniparental male, uniparental female, biparental male, and biparental female) and brood size (5 vs. 15 larvae) on the amount of parental care provided by (A) male and (B) female burying beetles in the first breeding. Boxplots show median, interquartile range, and minimum/maximum range. Numbers above error bars are sample sizes. For statistical analyses see Tables 2–4. Asterisks, significant (P < 0.05); n.s., not significant; UM, uniparental male; UF, uniparental female; BM, biparental male; BF, biparental female; BP, the total amount of parental care for biparental male and biparental female combined.



TABLE 3. Pairwise comparison (Tukey post hoc test) for the effect of parental care system (uniparental male, uniparental female, biparental male, and biparental female) on the amount of parental care and weight change of burying beetle parents during the larvae provisioning stage and the entire reproductive period in the first breeding.
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In addition, we found that brood size had a significant positive effect on the amount of time spent providing care (Figure 1 and Table 2). Parents that cared for large broods provided more care than parents that cared for small broods (Figure 1, Table 4, and Supplementary Table 2). However, the amount of parental care provided per larva was less in large broods than in small broods (brood 5, mean ± SE = 0.108 ± 0.029; brood 15, mean ± SE = 0.046 ± 0.009; Estimate ± SE = 4.423 ± 0.185, t = 23.974, P < 0.001). Furthermore, there was a significant effect of the interaction between parental care system and brood size on the amount of parental care (Table 2). The post hoc pairwise comparisons showed that males and females differed significantly in response to mate removal when brood size increased from 5 to l5 larvae. Specifically, uniparental males partially compensate for mate removal by spending more time providing care than biparental males regardless of brood size (Figure 1A and Table 4). However, uniparental females fully compensated for mate removal by providing more care than biparental females when caring for small broods, but provided the same amount of care as biparental females when caring for large broods (Figure 1B and Table 4).


TABLE 4. Pairwise comparisons (Tukey post hoc test) for the interaction of parental care system (A: uniparental male, uniparental female, biparental male, biparental female; B: uniparental male, uniparental female, biparental male and female combined) and brood size (5 vs. 15) on the amount of parental care during the larvae provisioning stage in the first breeding.
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We found that parental care system had a significant effect on weight change of parents during the larvae provisioning stage and the entire reproductive period (Table 2). Males lost less weight during the larvae provisioning stage (Figures 2A,B) and gained more weight during the entire reproductive period (Figures 2C,D) than females in both uniparental and biparental care groups (Table 3). However, there were no significant differences between uni-and biparental parents (Figure 2 and Table 3). In addition, brood size had a significant effect on weight change of parents during the larvae provisioning stage and the entire reproductive period (Table 2). Parents that cared for large broods lost more weight during the larvae provisioning stage and gained less weight during the entire reproductive period than parents that cared for small broods (Figure 2 and Supplementary Table 2). Finally, we found that the amount of parental care had a significant effect on weight change of parents during the larvae provisioning stage (χ2 = 8.812, P = 0.003), and the entire reproductive period (χ2 = 13.194, P < 0.001). Parents that provided more care for their offspring lost more weight during the larvae provisioning stage (Figures 3A,B) and gained less weight during the entire reproductive period than parents that provided less care (Figures 3C,D). No significant effects of interactions were observed on the weight change of parents during the larvae provisioning stage and the entire reproductive period (Table 2).


[image: image]

FIGURE 2. The effect of parental care system (uniparental male, uniparental female, biparental male, and biparental female) and brood size (5 vs. 15 larvae) on weight change of burying beetle during the larvae provisioning stage [values below 0 indicate weight loss; (A) male, (B) female] and the entire reproductive period [values above 0 indicate weight gain; (C) male (D) female] in the first breeding. Boxplots show median, interquartile range, and minimum/maximum range. Numbers above error bars are sample sizes. For statistical analyses see Tables 2, 3. Asterisks, significant (P < 0.05); n.s., not significant; UM, uniparental male; UF, uniparental female; BM, biparental male; BF, biparental female.
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FIGURE 3. Effects of the amount of parental care on weight change of burying beetle parents during the larvae provisioning stage and the entire reproductive period in the first breeding. The colored regression lines represent the relationship for each treatment (±95% confidence intervals). The larvae provisioning stage (values below 0 indicate weight loss) for (A) brood size manipulations (Brood 5, y = –0.024x – 0.010, R2 = 0.173, N = 67, P = 0.001; Brood 15, y = –0.031x – 0.012, R2 = 0.200, N = 66, P < 0.001) and (B) parental care system treatments (UM, uniparental male, y = –0.033x – 0.004, R2 = 0.329, N = 34, P < 0.001; UF, uniparental female, y = –0.035x – 0.006, R2 = 0.112, N = 37, P = 0.0243; BM, biparental male, y = –0.050x – 0.001, R2 = 0.201, N = 31, P = 0.007; BF, biparental female, y = –0.033x – 0.011, R2 = 0.425, N = 31, P < 0.001). The entire reproductive period (values above 0 indicate weight gain) for (C) brood size manipulations (Brood 5, y = –0.025x + 0.047, R2 = 0.061, N = 67, P = 0.025; Brood 15, y = –0.046x + 0.054, R2 = 0.254, N = 66, P < 0.001) and (D) parental care system treatments (UM, uniparental male, y = –0.034x + 0.056, R2 = 0.070, N = 34, P = 0.071; UF, uniparental female, y = –0.049x + 0.058, R2 = 0.159, N = 37, P = 0.008; BM, biparental male, y = –0.069x + 0.063, R2 = 0.319, N = 31, P = 0.001; BF, biparental female, y = –0.043x + 0.049, R2 = 0.300, N = 31; P = 0.001) in the first breeding.




Experiment 2: Sex-Dependent Reproductive Trade-Offs Between Current and Future Reproduction: Effects of Parental Care System and Brood Size

We found that increased allocation to current reproduction carried-over into reduced future investment for males but not for females. Brood size manipulations in the first breeding had a significant effect on the amount of parental care during the carcass maintenance stage in the second breeding (Table 5). Parents that had cared for small broods in their first breeding provided more care during the carcass maintenance stage in subsequent breeding than parents that had cared for large broods (Figure 4A). Brood size had no effect on the amount of parental care during the larvae provisioning stage (Table 5). In addition, parental care system treatments in the first breeding had a significant effect on the amount of parental care during the carcass maintenance stage and the larvae provisioning stage in the second breeding (Table 5). Males provided less care than females during the carcass maintenance stage in the second breeding for both beetles that had uniparental and biparental care in the first breeding (Figure 4B and Table 6). However, there was no significant difference between males and females during the larvae provisioning stage (Figure 4C and Table 6). There were no significant differences in the amount of parental care between uni- and biparental parents during the carcass maintenance stage and the larvae provisioning stage (Figures 4B,C and Table 6). No significant effect of the interaction was observed, although for parental care during the carcass maintenance stage it approached significance (Table 5). The interaction was significant (χ2 = 40.443, P < 0.001) when we ran a LMM on parental care during carcass maintenance stage. However, pairwise comparisons on the interaction were qualitatively similar and suggested that only males exhibit a significant difference between small and large broods in the second breeding (uniparental male, 5 vs. 15: Estimate ± SE = 0.859 ± 0.276, z = 3.106, P = 0.023; biparental male, 5 vs. 15: Estimate ± SE = 1.025 ± 0.330, z = 3.101, P = 0.023). In contrast, there was no significant difference in subsequent parental care between females that had cared for small and large broods (uniparental female, 5 vs. 15: Estimate ± SE = 0.098 ± 0.307, z = 0.320, P = 0.99; biparental female, Estimate ± SE = 0.055 ± 0.351, z = 0.156, P = 0.99). Finally, we found that weight gain of parents during the entire reproductive period in the first breeding period had a significant positive effect on the amount of parental care during the carcass maintenance stage (χ2 = 5.886, P = 0.015) but not during the larvae provisioning stage (χ2 = 1.818, P = 0.18) in the subsequent breeding. However, prior care in the first breeding did not affect the amount of parental care during the carcass maintenance stage (χ2 = 1.148, P = 0.28) and the larvae provisioning stage (χ2 = 0.081, P = 0.78) in the subsequent reproduction.


TABLE 5. Effects of parental care system (parent traits: uniparental male, uniparental female, biparental male, biparental female; larvae traits: uniparental male, uniparental female, and biparental care) and brood size (5 vs. 15), and their interaction on the amount of parental care during the carcass maintenance stage and the larvae provisioning stage, and larvae number, average larval mass at dispersal in the second breeding.
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FIGURE 4. The carry over effects of parental care system (uniparental male, uniparental female, biparental male, biparental female) and brood size (5 vs. 15 larvae) in the first breeding on the amount of parental care during the carcass maintenance stage [(A) brood size (B) parental care system] and the larvae provisioning stage [(C) parental care system] in the second breeding. Boxplots show median, interquartile range, and minimum/maximum range. Numbers above error bars are sample sizes. For statistical analyses see Tables 5, 6. Asterisks, significant (P < 0.05); n.s., not significant; UM, uniparental male; UF, uniparental female; BM, biparental male; BF, biparental female.



TABLE 6. Pairwise comparison for the effect of parental care system (uniparental male, uniparental female, biparental male, and biparental female) in the first breeding on the amount of parental care during the carcass maintenance stage and the larvae provisioning stage in the second breeding.
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We also found that brood size and parental care system and their interaction had no effects on subsequent larvae number and average larval mass at dispersal (Table 5 and Supplementary Table 3). Increased allocation to current reproduction did not affect the performance of offspring produced during subsequent reproduction event as there was no significant difference in larvae number and average larval mass at dispersal between different parental care system treatments or brood size categories (Figures 5A,B). Our power analysis indicated that both the first (N = 133, w = 0.286) and second set of analysis (N = 113, w = 0.311) was adequate to detect a medium effect size.
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FIGURE 5. The carry over effects of parental care system (uniparental male, uniparental female, biparental care) and brood size (5 vs. 15 larvae) in the first breeding on (A) larvae number and (B) average larval mass at dispersal in the second breeding. Boxplots show median, interquartile range, and minimum/maximum range. Numbers above error bars are sample sizes. For statistical analyses see Table 5. n.s., not significant; UM, uniparental male; UF, uniparental female; BM, biparental male; BF, biparental female.




DISCUSSION

Here, we report empirical and experimental evidence from a burying beetle that can have uni- or biparental care showing that parents adjust their contribution based on both partner’s presence and brood size, and that this adjustment differs between the sexes. Specifically, males exhibited partial compensation behavior for mate loss regardless of brood size, whereas females fully compensated for mate loss in small broods but showed no response when caring for large broods. We found that sexes differ in their reproductive trade-off between current and future reproduction. Increased allocation to current reproduction due to brood size incurred a cost of reproduction in terms of reduced future parental care for males, but not for females. However, there was no evidence that increased allocation to current reproduction resulted in observed fitness costs during the subsequent breeding event in terms of larvae number and average larval mass at dispersal.


Effects of Parental Care System and Brood Size and Their Interaction on the Amount of Care and Weight Change

We found that parental care system had a significant effect on the amount of parental care provided. Both uniparental males and uniparental females provided more care than biparental males and females, yet they spent less time on care than two parents together, indicating incomplete compensation. Parents respond to mate removal by compensating the amount of care, but also the kind of care if parental roles are sex-dependent. Although both male and female burying beetles are able to perform all parental duties, they focus on different tasks (Smiseth and Moore, 2004; Ratz and Smiseth, 2018). Therefore, one likely explanation may be that the incomplete compensation behavior for provisioning was caused by the sex-dependent roles in parental care and the ability of each sex to carry out the role normally performed by its partner. This is supported by the fact that males focus more on carcass maintenance and defense, whereas females spend more time provisioning larvae (Smiseth and Moore, 2004; Ratz and Smiseth, 2018). We also showed that females spent significantly more time on caring than males and terminated caring later than males. Other studies on this and other species of burying beetles showed that males normally desert the broods earlier and provide less care than females (Bartlett, 1988; Scott and Traniello, 1990; Trumbo, 1991). In our study, males had higher residual reproductive value than females after their first breeding because they provided less care and gained more weight at the entire reproductive period than females. It has been suggested that residual reproductive value predicts brood desertion in burying beetles (Ward et al., 2009). We therefore suggest that the total amount of care provided by males is expected to be lower than females, and thus males provide less care and terminate caring earlier than females. In addition, we found that both males and females respond to brood size manipulations by increasing their provisioning toward larger broods, whereas the amount of parental care per larva was less in large broods than in small broods, indicating incomplete compensation for increased brood size. This is consistent with previous studies on this and other species (Sargent, 1988; Rauter and Moore, 2004; Karino and Arai, 2006; Ratz and Smiseth, 2018; Richardson et al., 2020), suggesting that parents usually provide more care toward larger broods because of higher benefits from providing care. However, our manipulation included both small and large broods which allowed us to test the effect of brood size on the compensation behavior of parents. We found that the amount of parental care was also significantly affected by the interaction between parental care system and brood size manipulation. Uniparental males exhibited partial compensation behavior for mate removal by increasing their food provisioning in both small and large broods compared to biparental males, whereas uniparental females fully compensated for mate removal in small broods but did not show compensation behavior when caring for large broods as they provided the same amount of care as biparental females. A previous mate removal study on the same species has also demonstrated that only males compensate for mate loss (Smiseth et al., 2005). However, this study did not investigate the combined effects of brood size and parental care system, nor did they manipulate brood size experimentally. Additionally, we found that the sex difference in response to mate removal corresponded with the previously found sex difference in parental care in response to larval begging. Males provided more care in response to higher larval begging, whereas females, in contrast, did not change their care (Smiseth and Moore, 2004). Considering that females normally stay longer and provide more care than males (Bartlett, 1988; Fetherston et al., 1990, 1994; Scott, 1998), we suggest that the sex difference in response to mate loss and larval begging may be due to the difference in reaching their maximum capacity of providing care. Females may not show compensation behavior when caring for large broods because they have already worked near their maximum capacity and thus their ability to increase their contribution after male removal is limited. This suggestion is supported by the results showing that females caring for small broods fully compensated for mate removal, whereas females caring for large broods did not. Meanwhile, parents lost more weight when providing higher amount of care during the larvae provisioning stage. This is in agreement with biparental birds in which incomplete compensation is often the result of physical limitations (Drent and Daan, 1980; Jones et al., 2002; Matysioková and Remeš, 2014; Cones and Crowley, 2020; Williams and DeLeon, 2020). In contrast, males exhibited compensation behavior regardless of brood size, and this may be because they provided less care and worked at a lower level than females and gained more weight than females.

We also found that in the first breeding females lost more weight during the larvae provisioning stage and gained less weight during the entire reproductive period than males, and this is consistent with the fact that females provided more care than males, suggesting that males expend less energy than females during breeding or they feed more from the carcass than females. Meanwhile, we found that parents lost more weight during the larvae provisioning stage and thus gained less weight during the entire reproductive period when caring for larger broods, reflecting that larger broods require more care and resource from parents.



Sex-Dependent Reproductive Trade-Offs Between Current and Future Reproduction: Effects of Parental Care System and Brood Size

We found a trade-off between current and future reproductive investment for males but not for females. In males, higher amount of care due to larger brood size resulted in less weight gain and in turn lower future reproductive investment. In females, increased allocation due to larger brood size resulted in less weight gain but did not incur future costs in terms of reduced parental care in the second breeding. The sex-dependent reproductive trade-offs may be explained by the sex difference in the functions of parental care. In burying beetles, males are more involved in the carcass maintenance stage, while females often spend more time on the larvae provisioning stage than males (Müller et al., 1998; Scott, 1998; Smiseth and Moore, 2004; Ratz and Smiseth, 2018). Therefore, the carcass maintenance stage should be the most stressful for males. The benefits gained by feeding from the carcass during the subsequent breeding might be not enough to cancel out the costs of prior reproduction for males, and thus they exhibited reproductive trade-offs. However, females focused on the larvae provisioning stage thus they might have a higher probability to recover energy and have more chance to offset the costs of prior reproduction by feeding from the carcass during the carcass maintenance stage. Additionally, we demonstrated the predicted reproductive trade-off during the carcass maintenance stage, but not during the larvae provisioning stage. It has been suggested that the weight gained during the initial breeding attempt can serve as a proxy for investment in future reproduction (Creighton et al., 2009; Billman et al., 2014; Pilakouta et al., 2016; Richardson et al., 2020). In our experiment, all parents gained weight during breeding, which improved their own body condition. Therefore, a likely explanation is that the costs of reproduction were offset to some degree by the benefits of feeding from the carcass during the carcass maintenance stage, then resulting in undetectable costs in subsequent stages. That is, the carry-over effects of reproductive costs may diminish with time as parents gained benefits from the carcass. Another explanation is that the costs of reproduction were reduced under laboratory conditions compared with natural conditions, because burying beetles did not have to search and compete for food, carcasses and mates between two breeding attempts. The breeding opportunities for N. vespilloides are typically limited by the availability of resources in the field and it is costly to compete for and protect the carcasses (Scott, 1998). By providing them with food, carcasses and mates before the subsequent breeding attempt, the potential cost for not storing enough energy during their initial breeding was canceled out to some degree and thus leading to the non-significant results during the larvae provisioning stage. We found no evidence that increased allocation to current reproduction resulted in future costs for reproductive performances in subsequent reproduction as there were no differences in larvae number and average larval mass at dispersal among different treatments. The weight change during the entire reproductive period in the first breeding had no effect on larvae number and average larval mass at dispersal in the second breeding. It has been reported that pre-hatching care (i.e., the carcass maintenance stage) did not affect offspring number and brood mass in burying beetles (Capodeanu-Nägler et al., 2016). In the subsequent breeding, although males caring for small and large broods provided different amount of care during the carcass maintenance stage, there were no differences in post-hatching care (i.e., the larvae provisioning stage) among the different treatments. Considering the fact that males are more involved in carcass preparation and brood guarding, and females spend more time provisioning food for larvae (Smiseth and Moore, 2004), we suggest that offspring performances were more likely to be influenced by post-hatching care and female care in burying beetles. Finally, we showed that weight gain during the entire reproductive period, but not the amount of prior care of parents, had a significant effect on parental allocation in subsequent breeding. This may be the reason for our findings that the observed increased allocation due to the variation in parental care system did not incur future costs, as parental care system (uniparental vs. biparental) was of no effect on weight change for both male and female parents. However, brood size may affect the reproductive trade-off through the weight change of parents during the entire reproductive period, because parents that had cared for large broods provided more care and gained less weight in the initial breeding, and provided less parental care in the subsequent breeding. Prior work on the same species demonstrated that increased allocation to current reproduction resulted in reduced weight gain during the initial breeding and incurred a future cost of reproduction in terms of reduced competitive ability (Richardson et al., 2020). Our results are in line with these findings and provide further evidence for reproductive trade-offs by demonstrating that an increase in current parental effort can incur costs in future reproduction. Furthermore, our experimental design included a novel manipulation that allowed us to tease apart effects of parental care system and brood size.



CONCLUSION

In this study, we experimentally demonstrated the effects of parental care system and brood size and the interaction between these two factors on parental investment and reproductive trade-off between current and future reproduction. Males and females differ in compensation behavior: males compensated for mate loss by significantly increasing the level of care regardless of brood size, while females exhibited such compensation only for small brood size. The effects of brood size manipulation but not of parental care system carried-over into sex-dependent reproductive allocation. With an increase in allocation to current reproduction due to larger brood size, males but not females showed decreased parental investment during subsequent breeding. However, increased investment due to parental care system did not incur future costs in terms of reduced parental care. This is, to our knowledge, the first study on the combined effects of parental care system and brood size on reproductive allocation and future fitness, and the results enhanced our understanding of sex roles in parental investment and furthered our knowledge of sex-dependent reproductive trade-offs in burying beetles. However, we tested the trade-off under laboratory conditions where the potential future costs for searching and competing for food, carcasses, and mates was not paid. It is unclear what the consequence will be when breeding in natural situations where the inter- and intra-specific competition for limited food and mates is higher. In addition, considering that the benefits gained by feeding from the resource may mask the costs of reproduction and thus have important consequence for subsequent reproduction, we suggest that future work on reproductive trade-offs in such species should consider the potential impact of resource variability and how much benefits they could gain when reproductive resource changes.
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Est, estimate; SE, standard error; UM, uniparental male, N = 29; UF, uniparental female, N = 34;
P-values are indicated in bold.

BM, biparental male, N = 25; BF, biparental female, N = 25, Significant
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UM- BM 0.538 0.118 4.580 <0.001 —0.002 0.002 —-0.825 0.81 0.005 0.003 1.604 0.32
UF-BF 0.299 0.118 2.540 0.040 0.001 0.002 0.190 0.99 0.001 0.003 0.170 0.99
UM-UF —0.579 0115  —5.025 <0.001 0.007 0.002 3.946 <0.001 0.013 0.003 4.816 <0.001
BM- BF -0.818 0.120 -6.815 <0.001 0.009 0.002 4.681 <0.001 0.010 0.003 3.099 0.007
BP- UM 1.063 0.134 7.944 <0.001

BP- UF 0.484 0.131 3.682 0.001

Est, estimate; SE, standard error; UM, uniparental male, N = 34; UF, uniparental female, N = 37; BM, biparental male, N = 31; BF, bijparental female, N = 31, BF, the total
amount of parental care for biparental male and biparental female combined, N = 31; Significant P-values are indicated in bold.






OPS/images/fevo-09-739396-t002.jpg
Factor

Brood size
Parental care system
Interaction

Amount of parental care (The larvae

Weight change (The larvae

Weight change (The entire
provisioning stage) provisioning stage) reproductive period)
x 2 df P x 2 df P x 2 df P
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133 8.806 3 0.032 0.536 3 0.91 0.888 3 0.83

df, degree of freedom; N, sample sizes; Significant P-values are indicated in bold.
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