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Abstract
Nutritional limitations imposed on populations may shape species life histories. However, populations consist of individuals belonging to different sexes and life stages, each with specific nutritional demands and limitations. Taking this into account, we used the ecological stoichiometry framework to study the budgets of twelve elements in both sexes of the solitary bee Osmia bicornis under natural conditions. We considered the stoichiometric niche and elemental transfer from larval food to the adult body and cocoon, studying the multielemental composition of food (pollen), eggs, pupae, adults, cocoons and excreta. The sexes differed fundamentally in their elemental phenotypes, stoichiometric niches, and assimilation and allocation of acquired atoms for all the elemental budget components, including elements beyond those most commonly studied (C, N and P). Sexual dimorphism in nutritional limitation occurring in different life cycle stages may influence bee population functioning and should be considered in bee conservation efforts. 

Introduction
To fully understand the enormous diversity of life, we should consider fitness-maximizing life history strategies. Consequently, there is a need for studies concerning selective challenges dictated by the capacity to acquire resources for the production of new tissue and maintenance of existing tissue. Addressing this need, earlier studies focused on the varying supply of and demand for energy across environments, populations and species and on the potential fitness consequences of energy allocation to vital organismal functions (Stearns 1996; Kozlowski 2006; Ejsmond et al. 2015). Here, we argue that this energy-oriented view of life is incomplete without considering other factors that affect physiological rates and survival. In reality, an organism searching for energetic supply also needs to acquire body-building resources, which can be challenging and necessitate a compromise regarding access to these two types of supply (Sterner & Elser 2002). The relative importance of each type of resource can shift throughout the life cycle, according to the ecological and physiological activities of different life stages; e.g., a growing juvenile can face restrictions imposed by the supply of molecules serving as material for building new tissue and organs. This stoichiometric view considers building up and maintaining a body to involve myriad biochemical reactions, which are subject to limitation unless they are chemically balanced because the atomic composition of reactants must be the same as the atomic composition of products (Sterner & Elser 2002). In an unbalanced state, a scarcity of atoms in reactants limits the reaction, which in living organisms leads to an inability to synthesize vital molecules and can occur even without limits imposed by energy sources. Organismal stoichiometry (the ratio of atoms building a body; (Sterner & Elser 2002)), also called the elemental phenotype (Jeyasingh et al. 2014), is to some extent homeostatic and species specific because it is a consequence of the particular structure, physiology and metabolism of a given taxon (Jeyasingh et al. 2017; González et al. 2018; Peñuelas et al. 2019). Consequently, the match between the molar ratios of an organism’s body and its food is expected to have far-reaching fitness consequences (Kay et al. 2005; Peñuelas et al. 2019). Accordingly, ecological interactions and ecosystem functioning are expected to be influenced by the relationship between the stoichiometry of food and the stoichiometry of consumers’ bodies (Sterner & Elser 2002; Kay et al. 2005).
Within this context, the concepts of biogeochemical niche and stoichiometric niche were proposed recently (González et al. 2017; Peñuelas et al. 2019). The two concepts are similar and focus on changes in the availability of particular atoms needed in specific proportions for the building and maintenance of cells, tissues and organisms as a factor driving the evolution of life and structuring the environment (hereafter, the term stoichiometric niche will be used). The stoichiometric niche is defined as the multivariate niche space occupied by a group of individuals with similar stoichiometries, with each species occupying a specific niche (González et al. 2017; Peñuelas et al. 2019). To obtain a stoichiometrically balanced diet, various organisms with specific elemental phenotypes prefer specific food sources.
The demand for resources used for growth and development, reflected in organismal stoichiometry, is usually studied by comparing species, but research has begun to focus on individual variation in the chemical composition of the body, and much of this variance is expected to be attributable to sexual differences (Morehouse et al. 2010; Filipiak 2019). This is because processes involved in life-history evolution and population dynamics are likely to differentially affect females and males, imposing sex-specific nutritional limitations (Kay et al. 2005; Morehouse et al. 2010). By considering such within-species variance, evaluations of resource limitations in a given species increase in ecological relevance.
Addressing the sex dependence of organismal stoichiometry, we studied the budgets of twelve elements in the two sexes of the solitary bee Osmia bicornis under natural conditions. We were able to ascertain how atoms of each element were transferred from larval food to the adults, cocoons and excreta produced during development. It was previously suggested that females have a higher demand for C and P than males since the former are more involved in the production of P-rich nucleic acids and have a greater need for lipids (Markow et al. 1999; Sterner & Elser 2002; Kay et al. 2005). In O. bicornis, it was shown that females demand more P, K, Zn, Mn and Cu but less Na than males, and the sexual difference in the demand for P, Cu and Zn was reflected in the nutritional composition of pollen gathered by females for their larvae (Filipiak 2019). Additionally, the scarcity of P, Zn, Mg, Na, K, Ca, and N may limit cocoon production, which generates a trade-off between the deposition of particular atoms in the body vs in the cocoon, with fitness consequences (Filipiak & Weiner 2017). Our study represents a unique attempt to investigate sexual differences in the stoichiometric niche with information on the allocation pattern of atoms acquired from food during larval development and then transferred to the adult body and cocoon. Our study system allowed us to consider five components of the elemental budget: the egg, pupa, adult, cocoon and excreta.
Material and methods
Study design
We measured the concentrations and masses of C, N, S, P, K, Na, Ca, Mg, Fe, Zn, Mn, and Cu in O. bicornis eggs, pupae, imagoes, cocoons, excreta, and pollen loads provided to larvae by mother bees for each sex.
A trap nest was established by mounting 460 empty Phragmites stems (25-30 cm in length, 0.6-1 cm in diameter) in one case (Kraków, Poland; 50° 01' 35" N; 19° 54' 05" E; elevation: 213 m.a.s.l., MAAT: 8.7°C, MAP: 679 mm). The trap offered a desirable habitat for mother bees to form larval cells, i.e., compartments inside a nest (stem) (Filipiak 2018). At the egg laying stage, each larval cell contained one egg with a pollen load for the developing larva. At the pupal/imaginal stage, each cell contained a pupa/adult inside a cocoon, and excreta accumulated through larval development. The nests were provisioned by mothers with pollen naturally available from plants. To ensure that uniform pollen loads were delivered to bees, only nests established over eighteen days in May were studied. Among 143 nests completely filled with larval cells, we randomly sampled 90 nests to collect eggs and pollen, and 53 nests were left to allow bees to advance in development. We sampled 30 pupae from these nests and used the remaining 23 nests to collect imagoes, cocoons and excreta. To sex the specimens, we considered the first three cells at the entrance of a nest to be occupied by male offspring and the first three cells at the other end of the nest to contain female offspring (Filipiak 2018). Only specimens from these cells were collected for our analyses. For the analysis of adults, pupae, cocoons, pollen and excreta, one specimen per analytical sample was used, and for eggs, we pooled 30 eggs of the same sex originating from 10 nests into single analytical samples. Consequently, our chemical information on adults, cocoons and excreta, but not on eggs and pollen, is derived from the same bee.
Chemical analyses
The C, N and S concentrations were determined using a Vario EL III automatic CHNS analyzer; the K, Ca, Mg, Fe, Zn, Mn, Cu and Na concentrations were determined using atomic absorption spectrometry (Perkin‐Elmer AAnalyst 200 and Perkin‐Elmer AAnalyst 800); and the P content was determined by colorimetry (MLE FIA). The samples were ground and homogenized using a mortar and coffee grinder and freeze dried to a dry mass. From each ground and homogenized sample, two analytical subsamples were obtained: (a) a liquid solution subsample suitable for analyzing the concentrations of K, Ca, Mg, Fe, Zn, Mn, Cu, Na and P and (b) a subsample with which to directly analyze the C, N and S concentrations.
Stoichiometric niche
We used a series of analyses to explore the stoichiometry of pollen loads, eggs, bodies, cocoons and excreta originating from male and female larval cells. In the first step, we analyzed the entire dataset with permutational analysis of variance (PERMANOVA) in PAST 3.26 (Hammer et al. 2001), exploring differences between the elemental budget components and sexes. This analysis was complemented by a principal component analysis (PCA) of the entire set of data performed in Canoco 5 (Smilauer & Lepš 2014), which helped us identify the elements that were the main drivers of patterns revealed by the PERMANOVA. In the next step, we focused specifically on stoichiometric differences between the sexes, separately analyzing data for every component of the elemental budget with PCA. We used a series of t-tests (Statistica 13; p < 0.05) to compare the PCA scores for each component of the elemental budget between the sexes. Additionally, we used a series of Mann-Whitney U tests (Statistica 13; p < 0.05) to compare raw data on the concentration of each element separately (12 elements) for males and females and for each component of the elemental budget.
For comparative purposes, we also calculated the C:N, C:P, N:P and C:other elements atomic ratios separately for each sex and component of the elemental budget (see the supplement).
Transfer and allocation of atoms from food to a bee and its cocoon
The adult body and its cocoon represent the total production of a developing bee, sustained from the pool of atoms available in the pollen supply (Filipiak 2018, 2019). Therefore, we regarded the elemental composition of this production as the “demand”. Similarly, the elemental composition of pollen loads, which constitute the only food source for developing bees, was regarded as the “supply”. We characterized the level of elemental transfer from food to total production by calculating the proportion of atoms available in food that were used to build a bee and its cocoon separately for each element. Note that a high level of elemental transfer of a specific element(s) (approaching 100%) combined with a much lower level of elemental transfer of other elements would indicate that the supply is deficient in the high-transfer element(s) (a potential limiting factor for larval development). Comparable levels of elemental transfer for all elements would indicate well-balanced food and thus perfect matching between the supply and demand stoichiometries.
Typically, whole pollen loads in larval cells are utilized by a developing bee, so in our calculations, we considered the amounts of elements in pollen loads to be equal to the amounts of elements ingested by a developing bee. We did not have access to the pollen loads that were already consumed by the studied imago. Therefore, when calculating elemental transfer from pollen loads to imagoes/cocoons, we assumed the chemical composition and mass of the consumed pollen loads to be similar to those of the pollen loads collected from larval cells with eggs. This assumption is justified since we narrowed the time window of our study to limit potential environmentally based variation in the floral species composition of pollen between larval cells in nests.
Our calculations of elemental transfer involved a randomization procedure. In the first step, considering each bee sex, we measured dry masses and elemental concentrations in seven samples of bee bodies/cocoons and in seven samples of pollen (see the supplement). From these data, we calculated the masses of the studied elements in each sample. In the next step, we randomly paired bee/cocoon samples with pollen samples. The maximum number of possible recombinations of pairs was 7 × 7 = 49 for each sex and element combination. Therefore, for each sex and element combination, we obtained 49 estimates of the level of elemental transfer. This approach ensured that the distribution of the calculated values reflected the real distribution that occurred in the experimental population. One limitation of this approach is that it results in unrealistically minimal (lower than possible) and maximal (higher than possible) estimates of elemental transfer. However, the median value and differences in values between elements and sexes are realistically reflected. Therefore, this procedure is informative. Using these 49 estimates of elemental transfer, we assessed the statistical significance (p<0.05) of differences in elemental transfer (i) between sexes for each element separately (Mann-Whitney U tests) and (ii) among elements for each sex separately (Kruskal-Wallis tests).
For simplicity, our calculations of elemental transfer ignored the transfer of elements via deposition by mother bees into eggs. Certainly, eggs together with pollen loads are the source of atoms for imagoes and their cocoons, but as the egg dry mass was very low (approx. 0.5 mg) compared to the pollen dry mass (150-300 mg depending on sex), the amount of nutrients available in an egg was negligible. Nevertheless, we confirmed that considering egg-provided nutrients in our calculations did not qualitatively change our conclusions.
Ultimately, we explored how elements assimilated by larvae from pollen were further allocated to an imago vs its cocoon; i.e., we calculated what percentage of each element in the total production was deposited in a body/cocoon. This percentage was compared between sexes with a Mann-Whitney U test (N=7 for each sex).
Results
Multielemental stoichiometry differed according to elemental budget component and sex (Tab. 1). A statistically significant interaction between the two factors indicated that different patterns of stoichiometric sexual dimorphism occurred for different components. The general pattern of elemental partitioning between components is shown in the PCA plot (Fig. 1). Although the two sexes fed on stoichiometrically different pollen loads and produced stoichiometrically different adult bodies and cocoons (Tab. 1, Figs. 1 and 2), the general pattern of allocation of supplied atoms to different budget components was similar between the sexes (Fig. 1): pollen and eggs had the largest proportion of C in relation to other elements; the cocoon was the component richest in P, Ca, Mg, Mn, Zn and K; the excreta was the component richest in Fe, Cu and S; adult and pupal bodies were relatively rich in N and C in relation to other elements.
Sexual dimorphism in the demand for nutrients used in bee total production (body and cocoon) was reflected in the pollen supply provisioned by mothers to daughters and sons (Figs. 2 and 3). Specifically, P, Cu, Zn and S had higher concentrations in pollen provisioned to females than in that provisioned to males. Concurrently, female bodies showed a higher demand for P, Cu and Zn than male bodies, and female cocoons showed a higher demand for S than male cocoons. Additional sexual differences in demand not reflected in the pollen supply were related to K (a higher concentration in the female body than in the male body but a higher concentration in the male cocoon than in the female cocoon), Na (a higher concentration in both the male body and cocoon than in the female body and cocoon) and Ca (a higher concentration in the male body than in the female body and no sexual difference for the cocoon).
Demand: pupae, imagoes and cocoons
The proportional contribution of each element to the multielemental stoichiometric relationships among the elements composing bee demand was revealed by PCA with a t-test, revealing sexual differences in multielemental composition (Fig. 2).
For pupae (Fig. 2), the first two principal components of the PCA explained 57.78% of the observed variation in elemental concentration. The pupae formed two groups according to sex along the 1st axis, explaininh 39.43% of the variation. The elements contributing mostly to this shift were K (1st-axis loading: 0.86), Cu (0.85), Mn (0.75), P (0.73), Fe (0.71), and Zn (0.69), with higher concentrations in females, and Na (0.70), with higher concentrations in males. A similar shift was observed for imagoes, with the 1st component explaining 32.57% of the variation and primarily loaded by Ca (1st-axis loading: 0.85), K (0.79), Zn (0.79), Cu (0.79), P (0.62) and Na (0.50).
For cocoons (Fig. 2), the first two principal components of the PCA explained 56.23% of the variation. The cocoons formed two groups according to sex along the 1st axis, explaining 32.57% of the variation. The elements contributing mostly to this shift were Zn (1st-axis loading: 0.95), Mn (0.86), Cu (0.82), and S (0.71), with higher concentrations in female cocoons, and Na (0.65), which was richer in male cocoons.
The relative C and N contents in dry mass did not differ between the sexes for pupae, imagoes or cocoons (Fig. 3). The median contents and molar ratios pooled between the two sexes were: pupal C – 54.00%, N – 10.43%, C:N – 6.0; imaginal C – 48.43%, N – 14.11%, C:N – 4.0; cocoon C – 38.80%, N – 10.74%, C:N – 4.2. The percentage of P in dry mass was sex dependent for pupae and imagoes but not for cocoons. The median contents and molar ratios were: pupal female P – 0.42%, C:P – 324.5, N:P – 56.2; pupal male P – 0.38%, C:P – 367.6, N:P – 59.2; imaginal female P – 0.60%, C:P – 203.8, N:P – 53.5; imaginal male P – 0.55%, C:P – 254.1, N:P – 19.8; male + female cocoon P – 3.82, C:P – 27.6, N:P – 6.7 (Fig. 3). Statistically significant differences in elemental concentrations between the sexes were also observed for S in cocoons (median: females – 0.21%, males – 0.18%), Ca in imagoes (females – 0.09%, males – 0.10%), K in pupae (females – 1.58%, males – 1.28%), K in imagoes (females – 2.18%, males – 1.61%), Na in imagoes (females – 210.74 ppm, males – 239.81 ppm), Na in cocoons (females – 451.02 ppm, males – 500.60 ppm), Fe in pupae (females – 71.08 ppm, males – 62.02 ppm), Zn in pupae (females – 83.14 ppm, males – 64.18 ppm), Zn in cocoons (females – 538.53 ppm, males – 386.21 ppm), Mn in cocoons (females – 1090.20 ppm, males – 828.80 ppm), Cu in pupae (females – 16.58 ppm, males – 10.96 ppm), Cu in imagoes (females – 21.42 ppm, males – 14.56 ppm) and Cu in cocoons (females – 16.84 ppm, males – 15.44 ppm) (Fig. 3).
Supply (pollen)
The first two principal components of the PCA explained 50.98% of the variation (Fig. 2). The pollen formed two groups according to sex. These groups were shifted along the 1st axis, explaining 28.01% of the variation. The elements contributing mostly to this shift were P (1st-axis loading: 0.81), S (0.76), Cu (0.68) and Zn (0.68), with higher concentrations in the pollen eaten by females (Fig. 2).
The relative C and N contents in dry mass did not differ between sexes for the pollen eaten during larval development (Fig. 3). The median contents and molar ratios pooled between the two sexes were C – 46.67%, N – 3.92%, and atomic C:N – 13.6. The percentage of P in dry mass was sex dependent. The median contents and molar ratios were as follows: female P – 0.60%, C:P – 199.3, N:P – 13.3; male P – 0.47%, C:P – 254.1, N:P – 19.8 (Fig. 3). Statistically significant differences between sexes were also found for the S (median: females – 0.15%, males – 0.13%) and Cu (median: females – 10.78 ppm, males – 20.43 ppm) concentrations in eggs (Fig. 3).
Eggs
The first two principal components of the PCA explained 52.21% of the variation (Fig. 2). Eggs formed two groups according to sex along the 1st axis, explaining 29.53% of the variation. The elements contributing mostly to this shift were S (1st-axis loading: 0.86), N (0.80), and K (0.70), with higher concentrations in females, and P (0.73), Cu (0.54), and Mg (0.33), with higher concentrations in males (Fig. 2).
The concentrations of C and N in dry mass did not differ between the sexes for eggs (Fig. 3). The median concentrations and molar ratios pooled between the two sexes were: C – 47.69%, N – 7.44%, C:N – 7.32. The percentage of P in dry mass was sex dependent. The median concentrations and molar ratios were: female P – 0.64%, C:P – 195.3, N:P – 26.9; male P – 0.89%, C:P – 141.9, N:P – 17.7. Statistically significant differences between the sexes were also observed for the S concentration (median: females – 0.33%, males – 0.25%) and for the Cu concentration (median: females – 10.78 ppm, males – 20.43 ppm; Fig. 3).
Excreta
The first two principal components of the PCA (Fig. 2) explained 53.23% of the observed variation. The excreta formed two groups according to sex along the 1st axis, explaining 32.57% of the variation. The elements contributing mostly to this shift were S (1st-axis loading: 0.94), Na (0.84), P (0.82), Mn (0.77) and K (0.68), with higher concentrations for females than for males (Fig. 2).
The relative C content in excreta did not differ between the sexes, with a total of 51.00% C (median of values pooled between the sexes; Fig. 3). The percentages of N and P were sex dependent. The median contents and molar ratios were : female N – 4.92%, P – 1.33%, C:N – 12.4, C:P – 98.7, N:P – 8.4; male N – 3.72%, P – 0.73%, C:N – 13.6, C:P – 181.7, N:P – 12.0. Statistically significant differences between the sexes were also found for S (median: females – 0.48%, males – 0.36%), Na (females – 243.69 ppm, males – 179.92 ppm), Fe (females – 1349.95 ppm, males – 1087.50 ppm) and Mn (females – 65.74 ppm, males – 41.66 ppm).
Elemental transfer from pollen loads to imagoes/cocoons
The level of elemental transfer depended on element and sex and differed between the body and cocoon (Fig. 4). Considering total production, the elements assimilated to the highest degree were Ca (median – females (F): 78.5%, males (M): 97.8%), Mg (median – both sexes (BS): 83.1%), Mn (BS: 76.3%), K (F: 79.1%, M: 59.0%), Na (F: 49.9%, M: 76.5%), N (BS: 70.4), P (F: 54.3%, M: 70.0%) and Zn (BS: 69.3%), and for most of these elements as well as for Cu, sexual differences in the level of elemental transfer were observed (Fig. 4). The elements assimilated to the highest degree in the body were K (F: 59.3%, M: 39.3%), N (BS: 57.1%), and Na (F: 30.0%, M: 45.2%), and the elements assimilated to the highest degree in the cocoon were Ca (F: 63.8%, M: 85.6%), Mn (BS: 76.0%), Mg (BS: 74.4%), P (F: 37.0%, M: 51.4) and Zn (BS: 42.0%).
The allocation of assimilated elements to the body and cocoon was sex dependent for P, K and Cu, with males allocating larger percentages of acquired atoms to cocoons and lower percentages to bodies (Fig. 5). For both sexes, the elements allocated mostly to the body (approx. 70-80%) were C, N, S and Cu, and the elements allocated mostly to the cocoon (70-100%) were Ca, Mg and Mn. Furthermore, almost 100% of the Mn acquired from food was allocated to the cocoon (Fig. 5).
Discussion
Fundamental differences in elemental phenotype between male and female O. bicornis bees were observed. Importantly, these differences occurred in multiple elements beyond those commonly studied (C, N and P) and were reflected in the whole elemental budget, including in the egg, adult body, pupal body, cocoon, food and excreta. These sexual differences were driven by differential acquisition, assimilation, allocation, and excretion. (1) In terms of acquisition, the pollen supply provided to the bee larvae by their mothers differed stoichiometrically between female and male offspring, reflecting differences in the demand for P, Cu, Zn and S (higher for female offspring). We therefore hypothesize that mother bees gather pollen from various plant species in proportions that help meet the sex-specific nutritional demands of their offspring. (2) In terms of assimilation, similarly to (1), the sexual dimorphism in nutritional demand also occurred for K (needed in a larger proportion by females than by males) and Na (needed more by males). Accordingly, females assimilated more K from food into their bodies than did males, and males assimilated more Na, P, and Ca into total production (body + cocoon) than did females. Considering Ca, cocoon calcification may be an adaptive modification allowing for the building of a strong cocoon while using a smaller amount of amino acids, and it was previously suggested that the origin of such mechanisms might be caused by a trade-off between the deposition of N in the bee body and in the cocoon (Filipiak & Weiner 2017). (3) In terms of allocation, the pool of P, K and Cu assimilated from food was differentially allocated to the adult body and cocoon, with females investing larger percentages of these elements into adult bodies and males investing larger percentages into cocoons. (4) In terms of excretion the multielemental stoichiometry of excreta was different between the sexes, mainly because of the higher deposition of S, Na, P, Mn and K in female excreta. Since the stoichiometric niche reflects strategies of resource uptake and optimization of nutrient use (Peñuelas et al. 2008; González et al. 2017; Urbina et al. 2017), we conclude that each sex of O. bicornis has its own specific stoichiometric niche.
We showed that elements in pollen were transferred to the total production at different levels, indicating potential differences among elements in the limitation posed on bee development. Given that a high level of elemental transfer (here, median transfer > 70%; see Fig. 4) indicates potential limitation by the food supply, our results suggest that limited access to the following elements might hinder bee development in a sex-dependent manner (susceptibility of females (F) vs males (M) to limitations indicated in brackets): Ca (F>M), Mg (F=M), K (only F), Na (only M), Mn (F=M), N (F=M) and P (only M). These results suggest that the commonly considered limitation by N and P (Sterner & Elser 2002) does not play an important role in O. bicornis. For example, the risk of this limitation in females seems to be reduced by the P-rich pollen provided by mothers.
Only approximately 25-45% of assimilated P was allocated to the adult body, and 55-75% of P was built into the cocoon, which should be discussed in the context of the expected positive correlations between organismal growth rate and the amounts of P and RNA in tissue (growth rate hypothesis; (Elser et al. 1996; Sterner & Elser 2002)). During larval development, P supports the growth of the bee; therefore P level in the body reflects growth adjustments made to optimize the size of the adult body. As a result, larvae assimilate large amounts of P to be used for growth. The adult body does not grow; therefore, adults do not need such a large amount of P. Surplus P is not defecated but allocated into cocoon, suggesting a second important function of P – the protection of developing organisms (however, the role of P in cocoon production has yet to be studied). Note that in the case of holometabolous insects, studying solely the chemical composition of an adult body within the context of nutritional ecology does not provide a complete picture. Therefore, the chemical composition of the total production should be taken into consideration when relating the elemental phenotype, life history and fitness of adult holometabolous insects to the nutritional constraints experienced during larval development. The high allocation of Ca, Mg, Zn and Mn to the cocoon suggests that the scarcity of these elements in larval food might result primarily in the weakening of the protective functions of cocoons, while the scarcity of N, S, K, Na, Fe and Cu, invested highly in the adult body, might result mainly in the underdevelopment of imagoes. Overall, our findings indicate that underdeveloped cocoons, which are sometimes observed in O. bicornis, may result from the scarcity of specific nutrients in food and from a trade-off caused by the allocation of elements to the adult body and cocoon.
The organismal stoichiometry, stoichiometric niche and nutritional limitation of individuals shape populations and communities of organisms via resource competition (Sterner & Elser 2002). Unfortunately, intraspecific variability in elemental stoichiometry is not well documented, and most stoichiometrically explicit models treat populations as pools of elements. This approach ignores population structure, in turn underestimating the variability among individuals, which can influence the outcome of resource limitation. At the same time, the conflict between the sexes in reaching sex-specific nutritional optima or stoichiometric constraints imposed on a single life-history trait of a certain life stage/sex may drive trade-offs influencing fitness and thereby negatively influence population growth (Moe et al. 2005; Morehouse et al. 2010; Goos et al. 2017). Therefore, sexual dimorphism in nutritional demand and resource limitation may shape bee population structure via the nutritional quality of available food.
Having access to balanced food resources is crucial for the development, health and fitness of bees (Filipiak & Weiner 2017; Filipiak 2018). Pollen quality varies widely across space and time and among plant species, which imposes a need for bees to select pollen that meets their nutritional demands (Filipiak 2018; Ruedenauer et al. 2020; Trinkl et al. 2020). There are large differences in floral preference between the sexes in bees (Roswell et al. 2019). This factor is not yet considered in wild bee conservation efforts, and a better understanding of the nutritional ecology of wild bees is crucial for ensuring the effectiveness of conservation efforts. We still do not understand the basic mechanisms underlying the nutritional ecology of wild bees and the functioning of their populations. Bee conservation efforts are often based on simplistic assumptions regarding the nutritional ecology of one life stage (usually the adult) or sex (usually females) (Filipiak 2018). In reality, bee populations consist of individuals in various life stages and belonging to different sexes. We believe that the new evidence presented here might be important for developing more effective management strategies for maintaining populations of wild bees. This cannot be done without considering the complexity of relationships between the nutritional supply of pollen produced by different plants and nutritional demands of whole bee populations as well as sexual differences in the nutritional needs of bees in their different life stages. An understanding of these links may be achieved via a synergistic approach linking physiological ecology and ecosystem ecology with the behavioral ecology and population ecology of bees. This approach will allow us to connect the basic physiological mechanisms underlying bee nutritional needs with the behavior (females collecting nutritionally specific pollen for daughters and sons) and functioning of bee populations (conflict in reaching sex- and life stage-specific nutritional optima) within the context of the ecosystem (the flora offering nutritionally balanced/unbalanced food). We propose ecological stoichiometry as an additional tool for achieving such synergy (see also (Filipiak & Weiner 2017; Filipiak 2018)), one that is complementary to promising studies focusing on protein:lipid ratios (Vaudo et al. 2020).
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Tables
Table 1. The stoichiometry of 12 elements differs significantly between the components of the elemental budget and between the sexes, with a sex/component interaction. Two-way PERMANOVA.
	
	df
	F
	p

	Component of elemental budget
	5
	288.7
	0.0001

	Sex
	1
	13.356
	0,0001

	Interaction
	5
	7.83
	0.0001

	Residual
	72
	
	


Figure legends
Fig. 1. General pattern of elemental partitioning between different components of the elemental budget. PCA plot – the whole elemental budget of O. bicornis and stoichiometric relations between its components. Note that the body and cocoon add up to the total production that is built based on the food eaten during larval growth. The first two axes are presented. The percentage of variation explained is given for both axes. Detailed results are shown in the supplement.
For both sexes, N is allocated from food to total production to the highest degree, and the cocoon is the component richest in P, Mg, Mn, Ca and Zn. Fe, S and Cu are concentrated in waste. A detailed analysis of sexual differences is shown in Fig. 2.
Fig. 2. The sexes differ in the demand for, supply of and stoichiometry of every component of their elemental budget. PCA plots – multivariate analysis of the stoichiometric relations of the O. bicornis elemental budget (eggs, pupal bodies, adult bodies, cocoons, feces excreted during larval development and pollen eaten during larval development; calculated according to the relative elemental contents in dry mass). The first two axes are presented. The percentage of variation explained is given for both axes. The patterns shown in the graphical representation of PCAs were confirmed by t-tests computed independently for the 1st- and 2nd-axis scores (p<0.05). Detailed results are shown in the supplement.
For all plot samples, sexual differences are reflected by the formation of clusters separated along the 1st axis, which explains 28 – 40% of the variation. The variation in the stoichiometry of the individual samples is represented mainly by the spacing along the 2nd axis. The lengths of vectors represent the contribution of every element to the pattern shown (longer vector = greater contribution). The direction of the vector shows the axis to which it contributes.
Male eggs are mainly richer in P and Cu and poorer in S, N and K than female eggs. For the bodies of pupae and imagoes, the sexual differences are greatest for K, Cu, Zn and P (higher concentrations for females) and Na (higher concentration for males). Male cocoons are richer in Na and poorer in Cu, Zn, Mn and S than female cocoons. Female feces is richer in S, P, Mn and Na than male feces. The stoichiometry of the pollen supply collected by a mother for its progeny differs according to progeny sex, reflecting sexual differences in demand (daughters receive pollen that is mainly richer in P, Cu, S and Zn than that received by sons). For both sexes of pupae and imagoes, individuals show relatively high variation in their C:N ratio compared with that in the ratios of other elements, which is reflected by the approx. 180° angle between the C and N vectors. The opposite tendency is observed for pollen and cocoons.
Fig. 3. For both sexes, various components of elemental budgets are composed of different concentrations of elements. Multielemental composition (relative contents in dry mass) of O. bicornis eggs, pupal bodies, adult bodies, cocoons, feces excreted during larval development and pollen eaten during larval development. For each sample type (egg, pupa, imago, cocoon, feces, pollen), sexual differences were tested separately for the concentration of every element (Mann-Whitney U, p<0.05, N=7). Statistically significant differences are denoted with an asterisk. Detailed results and statistics are provided in the Supplement.
Sex differences are observed in the concentrations of P, S, Ca, K, Na, Fe, Zn, Mn and Cu but not in the concentrations of C, N and Mg.
Fig. 4. The assimilation rate of atoms obtained from food in the body and cocoon differs between the sexes and elements. The Kruskal-Wallis test was used to assess the significance (p<0.05) of differences between the values calculated for each element for a single sex, and the Mann-Whitney U test was used to assess the significance (p<0.05) of differences between the values calculated for different sexes for each element. Sexual dimorphism is observed for P, S, Ca, K, Na and Cu.
Fig. 5. The allocation of elements assimilated from food differs between the sexes. Pattern of allocation of assimilated elements calculated for the total amount of elements composing the total production (body + cocoon): 100% = Mxbody + Mxcocoon. Mx = mass of element x. For every sex, N=7. Statistical significance was calculated for each element separately (Mann-Whitney U, p < 0.05) and is indicated by asterisks. Median values are shown as lines dividing the body and cocoon, and whiskers show the minima and maxima. Median values for the percentage of an element allocated to the body/cocoon are given below the figure. Sexual dimorphism in the allocation of assimilated elements in the adult body and cocoon (fitness-enhancing excretion) is observed for K, P and Cu.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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