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Abstract 

I aimed to elucidate nutrient cycling through the flower visitation pathway. Thus, I investigated 

factors affecting the proportions of essential nutrients (C, N, P, S, K, Na, Ca, Mg, Fe, Zn, Mn, 

and Cu) that comprise the biogeochemical niche of the wild solitary bee, Osmia bicornis. The 

main factor was pollen taxonomy, with a central role of key species, including wind-pollinated 

trees and grasses. These plants contribute to nutrient cycling in a hitherto unexplored way. 

Calculating the nutrient amount translocated and partitioned in the food web involving O. 

bicornis, I proposed a conceptual representation of nutrient cycling through the flower visitation 

pathway. By linking wild bee with its environment through nutrient cycling, this study provides 

new insight into the ecosystem services provided by bees. It also demonstrates the role of wind-

pollinated plants in pollinator nutrition and highlights the importance of complex landscape 

conservation beyond the traditionally used seed mixes for bee conservation.  
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INTRODUCTION 

The development of life on Earth is strongly influenced by the way organisms exploit, consume, 

assimilate and allocate nutrients (Slansky & Rodriguez 1987). This is seen as one of the main 

driving factors in evolution and biodiversity (Williams & da Silva 2006; Williams & Rickaby 

2012). Within this context, organismal traits associated with foraging and nutrient processing are 

under selection pressure and significantly impact the elemental composition of an organism 

(Filipiak & Filipiak 2022; Jeyasingh & Weider 2007). Consequently, the ionome, which means a 

whole set of ~25 elements involving organismal bodies (Jeyasingh et al. 2014; Salt et al. 2008; 

Williams & da Silva 2006), is subject to selection (Jeyasingh et al. 2014, 2023; Kay & Vrede 

2008). With reference to these fundamental laws of nature, the concept of the biogeochemical 

niche has been developed (Peñuelas et al. 2008, 2019). 

The biogeochemical niche is a concept that addresses the specific requirements and 

exploitation of bioelements by different organisms (Peñuelas et al. 2008, 2019). Bioelements are 

a group of approximately 25 chemical elements, all present in varying proportions in every 

organism living on Earth (da Silva & Williams 2001; Kaspari 2021). This species-specific 

proportion of organismal ionomes is determined by the organism's structure and function in a 

particular environment where it has evolved and reflects the nutritional needs of the organism for 

a specific proportion of elements needed to build its fully functional body (Elser et al. 2000; 

Filipiak & Filipiak 2022; Sterner & Elser 2002). Therefore, the biogeochemical niche is defined 

by a unique combination of bioelements based on the species' individual needs and use for 

optimal functioning and structure. 

By having specific requirements for the proportions of elements that make up their food, 

consumers play a role in regulating the flow of nutrients (Atkinson et al. 2017; Elser & Urabe 
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1999; Vanni et al. 2002). Consequently, the concept of the biogeochemical niche links 

consumers to ecosystem nutrient cycling. This means also that nutrient cycling is consumer-

driven, with organisms acting as nutrient carriers within nutrient cycles (Filipiak & Filipiak 

2022; Kitchell et al. 1979). The concept of the biogeochemical niche is also referred to as the 

stoichiometric niche (González et al. 2017; Zhang et al. 2022). In this study, I used the concept 

of the biogeochemical niche/stoichiometric niche to understand how pollinator-host interactions 

contribute to nutrient cycling through the flower visitation pathway. 

Although significant progress has been made in comprehending the significance of 

pollinators, there is still a considerable amount of unknown information regarding their 

ecological importance (Ollerton 2021). In particular, the flow of nutrients through flower 

pollination remains largely unstudied and undervalued despite its crucial role in comprehending 

the preservation of terrestrial biodiversity (Ollerton 2021). This circumstance was most likely 

due to the lack of the necessary theoretical foundations, which have now become available 

(Filipiak & Filipiak 2022; Kaspari 2021; Zhang et al. 2022). 

To study how pollinator-plant interactions shape the pollinator's biogeochemical niche 

and nutrient flow through the flower visitation pathway, I used a representative model species 

with well-known biology, a wild solitary Osmia bee (Danforth et al. 2019; Michener 2007; Raw 

1972). From more than 20,000 living bee species, over 75% are solitary (Danforth et al. 2019), 

and depending on the geography, different Osmia species are used as model organisms in 

ecological and conservation biology studies (Eckerter et al. 2022; Nagamitsu et al. 2018; 

Slominski & Burkle 2021; Yourstone et al. 2021). Osmia bicornis L. (syn. Osmia rufa L., 

Hymenoptera: Megachilidae; red mason bee) used in this study is a generalist wild bee found in 

almost all of Europe, in the northern part of Africa and in western Asia (Splitt et al. 2022). 
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Bee nutrition is primarily determined by the availability and nutritional quality of nectar 

and pollen sources (Danforth et al. 2019; Willmer 2011). The dietary requirements of bees can 

be seen as an interplay between the needs of both their immature (larval) and adult (imago) 

stages. While the food of the larvae (mainly pollen) is high in nutrients necessary for growth and 

development, it is chemically distinct from the energy-rich food of the adult bees (primarily 

nectar) (Willmer 2011). From a food web perspective, the most important bee food that plays a 

role in nutrient cycling is pollen because it is a concentrated, highly nutritious food that contains 

high proportions of essential nutrients. Pollen has a species-specific chemical profile, which 

includes proportions of vital elements that may be nutritionally balanced or imbalanced for 

specific bee species (Parreño et al. 2022). Key plant species may provide bees with a balanced 

proportion of specific nutrients (Filipiak et al. 2022). Therefore, to consider the taxonomical 

diversity of pollen chemistry, I have studied the botanical origin of pollen gathered by O. 

bicornis adult females to be consumed by their larvae, the proportions of the elements it contains 

and how these relate to each other. The nutritional requirements of O. bicornis may differ 

between sexes (Filipiak et al. 2021); therefore, I have considered potential sexual dimorphism in 

the biogeochemical niche of O. bicornis. 

My aim is to elucidate the biological mechanism responsible for nutrient flow through the 

flower visitation pathway. My hypotheses are (1) that the proportion of studied nutrients (C, N, 

P, S, K, Na, Ca, Mg, Fe, Zn, Mn, and Cu) found in the larval food of O. bicornis remains 

constant in various landscapes within the range of variation in the O. bicornis biogeochemical 

niche, (2) that this proportion is maintained using key plant species that provide a balanced 

supply of specific nutrients, and (3) that the biogeochemical niche of O. bicornis is sex specific. I 

discuss the results in the context of nutrient cycling through the flower visitation pathway. 
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Therefore, to contextualize the study within nutrient cycling, I calculate the amount of nutrients 

translocated and partitioned in the food web involving O. bicornis. On this basis, I provide a 

conceptual representation of nutrient cycling through the flower visitation pathway. 

 

METHODS 

 

Study sites and pollen sampling 

The study took place in five different ecosystems that were suitable for O. bicornis and 

floristically distinct ((1) a ruderal ecosystem in the city, (2) wet meadow, (3) grassland, (4) 

allotments, and (5) forest edge) (see Appendix S1 for details). A trap nest containing 150 empty 

Phragmites reed tubes (20-30 cm long, 0.5-1 cm in diameter, open on one side) was placed in 

each of these ecosystems. At each trap nest, 1000 cocoons containing O. bicornis specimens 

were placed in late April 2022 (supplier: BioDar; https://www.shop.biodar.com.pl/). The space 

inside the tubes offered a desirable habitat for mother bees to form larval cells. A larval cell is a 

chamber inside a tube in which the female deposits the collected pollen, lays an egg and then 

closes the chamber with a clay septum (Splitt et al. 2022). The female determines the sex of the 

egg by fertilizing it or not. Distinguishing between the sexes is easy because the daughter eggs 

are laid first and son eggs are laid closer to the opening of the tube; additionally, the eggs of the 

daughters are supplied with more pollen than those of the sons (Splitt et al. 2022). Larval cells 

are provisioned by solitary bee mothers with pollen available from plants in the area. The species 

composition of available flowering plants depends on the available flora and changes throughout 

the season. The study was therefore designed to cover the widest possible range of pollen 

collected by this generalist bee. 
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Trap nests were inspected twice, approximately 3 weeks after the beginning of the study 

and approximately 6 weeks after the beginning. After 3 weeks, all tubes were removed from each 

trap nest, and 150 new tubes - completely empty - and 1000 new cocoons, were placed in the 

nests. From the removed tubes, three tubes were randomly selected from each trap nest. These 

tubes were filled with larval cells (the complete filling of a tube is easily observed because the 

filled tube is closed by the bee with a clay plug at the end). After another 3 weeks (6 weeks after 

the start of the study), all the tubes were again removed from each trap nest, and three filled 

tubes were selected at random for further analysis. The number of larval cells was checked in 

each tube and selected for further analysis. If the number was less than 10, the tube was 

discarded, and another tube was taken. There were between 12 and 18 larval cells in the tubes 

selected for further analysis. From each tube, 4 posterior (female) and 4 anterior (male) larval 

cells were selected. From these cells, all the deposited pollen was collected. Pollen from each of 

these four larval cells was then pooled (i.e., two pollen pools per tube, one female and one male) 

and homogenized to obtain a suitably sized sample for further analysis. In total, 60 analytical 

samples were used. 

 

Chemical analyses 

Each homogenized analytical sample was vacuum dried to a dry mass (dm), and three 

subsamples were obtained: (1) approximately 250-300 mg dm was used to prepare a liquid 

solution subsample, digested in 4:1 solution of nitric acid (70%) and perchloric acid (65%) using 

a hotplate, suitable for analysis of the concentrations of K, Ca, Mg, Fe, Zn, Mn, Cu, Na and P. 

Once the digestion was complete, all the acid was evaporated and the samples were filled with 

30 ml of deionized water – this particular step is important to obtain accurate results when 
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measuring elemental concentrations, especially for Na and K, (2) approximately 6-8 mg dm was 

used for direct analysis of the C, N and S concentrations and (3) the remainder was used for 

analysis of the botanical origin of the pollen. Carbon, N and S concentrations were determined 

using a Vario EL III automatic CHNS analyzer; K, Ca, Mg, Fe, Zn, Mn, Cu and Na were 

determined by atomic absorption spectrometry (Perkin-Elmer AAnalyst 200 and Perkin-Elmer 

AAnalyst 800); and P was determined by colorimetry (MLE FIA). The following reference 

materials were used: NIST SRM 1575a, NIST SRM 1577c, NRC DOLT-5, and NRC BOVM-1. 

The botanical analysis involved identifying the species present in each pollen pool by counting 

the percentage of pollen grains of each taxon that was observed under the microscope as 

described by Splitt et al. (2021). This method has been confirmed to be accurate in previous 

research (Filipiak et al. 2022). 

 

Statistical analyses 

The data were analyzed first using a permutation analysis of variance (PERMANOVA) in Past 

4.12 (Hammer et al. 2001) to test whether pollen (1) botanical origin and (2) elemental 

composition differed between ecosystems and sexes. This analysis was complemented with a 

redundancy analysis (RDA) performed in Canoco 5 (Šmilauer & Lepš 2014). This allowed to 

investigate the relationship between three factors, i.e., (1) pollen botanical origin, (2) specific 

habitat where pollen was collected, (3) the sex of the larvae for which the pollen was collected, 

and pollen elemental composition. 

 

RESULTS 
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The botanical composition of the pollen loads varied with both habitat and bee sex, and the sex 

difference varied with habitat (indicated by a significant interaction between sex and habitat; 

Table 1). The proportion of elements composing pollen loads varied with both habitat and bee 

sex (Table 1). The RDA showed that these differences were driven mainly by Quercus preferred 

for females and associated with P, Cu and S concentrations, and Ranunculus and Poaceae 

(associated with Na), which together with Acer (associated with Zn) were preferred for males. 

Brassicaceae, associated with C and found in high proportions in habitat 3 (grassland), 

especially in female pollen loads, and with high N concentrations, were found in pollen loads 

collected in habitat 5 (forest edge). Importantly, the position of N on the plot between vectors 

associated with Quercus and Acer reflects the high N concentrations observed in both Quercus-

rich and Acer-rich pollen loads. The relationships between the botanical composition of pollen 

loads, habitat and progeny sex on the elemental proportions together explained 34.80% of the 

variation (Fig. 1). Regarding the botanical composition of pollen loads, the interaction between 

sex and habitat (Table 1) was related mainly to the uniqueness of habitat 3 (grassland), for which 

much Brassicaceae pollen in the female larvae provisions occurred, and habitat 2 (wet meadow), 

for which the largest proportion of Ranunculus pollen in the male larvae provisions occurred. In 

all the habitats studied, there was a consistent effect of Quercus preference for female larvae 

associated with Cu, P, S and N concentrations and Ranunculus and Poaceae preference for male 

larvae associated with Na concentration (Fig. 1). 

In the next step, I explored to what degree individual biological factors, i.e., (1) pollen 

botanical origin connected with taxonomy-specific nutritional composition, (2) habitat connected 

with environmental factors influencing plant chemistry, and (3) larval sex, which may be an 

indirect factor connected with sexual dimorphism in nutritional needs, explain the observed 



10 

variation in proportions of elements composing larval pollen loads (Fig. 1). Most of this variance 

(32.84%) was explained by the botanical origin of the pollen, followed by the habitat (16.34%), 

and sex contributed the least (8.43%) to the observed variance (Fig. 1). Magnesium, Ca and K 

concentrations showed the strongest relationship with the environment from all the elements 

studied, linked to their high concentrations in pollen loads collected in habitat 1 (ruderal) (Fig. 

1). Sexual differences were mainly associated with relatively high concentrations of C, P, S and 

N in female pollen loads and relatively high concentrations of Na and K in male pollen loads 

(Fig. 1). 

Since the elemental composition of pollen loads was mostly related to their botanical 

origin, I further explored this phenomenon to reveal central pollen taxa behind this effect. To that 

end, in the next analysis, I considered only pollen taxa whose number of grains exceeded 10% of 

the total pollen load. By employing this approach, the impact of rare species on the overall 

outcome was eliminated. In this case, the RDA of the influence of the botanical origin of pollen 

on its elemental composition explained 30.76% of the variance (Fig. 2). This analysis revealed 

that 17 pollen taxa, including wind-pollinated trees and grasses, as shown in Fig. 2, play a central 

role in shaping the biogeochemical niche of O. bicornis. 

Overall, the proportion of 17 pollen taxa (Acer, Aesculus, Brassicaceae, Carpinus, 

Frangula, Iris, Juglans, Lonicera, Malus, Papaver, Poaceae, Prunus, Quercus, Ranunculus, 

Rubus, Salix, and Viola) and the habitat were the main determinants of the multielement 

stoichiometry of pollen loads consumed by O. bicornis in this study. An additional factor that 

shaped the pollen load stoichiometry was larval sex; however, this effect was indirect and related 

to high concentrations of Quercus and Brassicaceae in female pollen loads and high 

concentrations of Ranunculus and Poaceae in male pollen loads. 
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The concentrations of different elements in the pollen load showed specific variability 

(Table 2). The most conservative were the concentrations of C, N, P, S, Na, and Cu, with 

coefficients of variation below 0.3 for both females and males, whereas Mg and Fe 

concentrations were the most variable, with coefficients of variation above 0.5 for both females 

and males (Table 2). 

 

DISCUSSION 

Vital nutrients are concentrated in pollen, making it an exceptionally rich source of sustenance 

for herbivores (Roulston & Cane 2000; Willmer 2011). For example, comparing concentrations 

of elements composing pollen with another important pathway of nutrient cycling, i.e., forest 

litter, it was shown that vital nutrients are concentrated in pollen approximately from 2 (for Cu) 

to 12 (for P) times more than in litter (with N and S 5-fold more concentrated in pollen) (Filipiak 

2016). Therefore, to fully understand the results of this study, the context of the amounts of 

nutrients transported through the flower visitation pathway is needed. Accordingly, in Box 1 and 

Fig. 3, I present a conceptual representation of a bee’s role in nutrient cycling, using O. bicornis 

as an example. The presented calculations (Box 1 and Fig. 3) suggest that the plant-pollen-

consumer pathway plays a significant role in ecosystem nutrient cycling and demonstrate that 

animal-collected pollen can be an essential factor for nutrient inputs into the trophic network. Its 

significance is evident when compared to other pathways of nutrient cycling. For example, for 

just one bee species, i.e., O. bicornis studied here, masses of nutrients translocated from flowers 

to bee nests and ramifying further in the food web are similar to the nutrient consumptions by 

forest and grassland birds and surpass the annual production of ungulates (Box 1). These 

nutrients, mobilized by plants from the environment, allocated to pollen and consumed by bee 
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larvae, continue to propagate in the food web, shaping ecological processes and interactions 

(Filipiak & Filipiak 2022; Kaspari 2021). Therefore, the example of O. bicornis shows that even 

a single species of pollen-eating insect can, through pollen translocation and consumption, be a 

vector moving much nutrients in a food web. The discussion of the biogeochemical niche of O. 

bicornis, presented below, provides a first hint into understanding the flower visitation pathway 

of nutrient cycling. 

The biogeochemical niche of O. bicornis in this study was shaped by key plant species 

ensuring a stable proportion of vital nutrients composing pollen loads consumed by bee larvae 

across different habitats. Wind-pollinated (anemophilous) trees and grasses contributed highly to 

the biogeochemical niche. This contradicts common beliefs about how bees function, according 

to which bees mainly feed on insect-pollinated (zoophilous) perennial flowers, but is confirmed 

by previous research showing O. bicornis preferences toward tree and grass pollen (Casanelles-

Abella et al. 2022b; Eckerter et al. 2022; Splitt et al. 2022). Only recently have we begun to 

explore the hidden potential value of different wind-pollinated plants to wild assemblages of 

different bees, and recent works on the subject confirm this value regarding trees (Allen & 

Davies 2023; Cunningham-Minnick et al. 2023; Urban-Mead et al. 2023), grasses, sedges and 

various weeds (Rivernider et al. 2017; Saunders 2018; Wilson et al. 2021). Thus, wind-

pollinated plants may contribute to nutrient cycling in green food webs in a hitherto 

unrecognized way. Importantly, this finding shows that pollinators, such as bees, are not only 

involved in the plant-pollen-pollinator pathway of nutrient cycling but are also part of the more 

general plant-pollen-consumer pathway, involving pollen produced by both zoophilous and 

anemophilous plants. 
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My first hypothesis regarding the constant proportion of elements in the larval diet was 

partially confirmed. The proportion of most elements was constant, except for Mg, Ca and K, 

which showed higher concentrations in habitat 1, i.e., ruderal habitat in a city than in other 

studied habitats. As predicted in my second hypothesis, key plant species maintained this ratio, 

with oak (Quercus), maple (Acer), cabbage family (Brassicaceae), buttercup (Ranunculus), and 

grasses (Poaceae) contributing most, and chestnut (Aesculus), fruit trees (Prunus and Malus), 

black locust (Robinia), walnut (Juglans), poppy (Papaver), and Viola being additional important 

contributors. Pollen from all these plants not only strongly contributed to the observed variation 

in element proportions but was also found in pollen loads in proportions exceeding 10%. 

Importantly, the botanical origin of pollen loads was the factor contributing the most to the 

observed variance in elemental proportions in pollen loads, explaining 32.84% of the variance. 

The third hypothesis of sexual dimorphism in the biogeochemical niche of O. bicornis was 

confirmed. Female and male pollen loads were composed of similar pollen taxa but mixed in 

different proportions, resulting in sex-specific proportions of elements in pollen loads. However, 

sexual dimorphism contributed little to the biogeochemical niche realized by O. bicornis, 

explaining 8.43% of the observed variance in elemental proportions in pollen loads. 

Pollen can help maintain food webs by providing nutrients to a wide range of organisms 

(Filipiak 2016). However, to date, there is no data on the proportions and amounts of nutrients 

moved through the flower visitation pathway of nutrient cycling (Ollerton 2021). The current 

study shows a high contribution of wind-pollinated plants to the diet of an obligate pollen-feeder, 

with oak and maple contributing most to dietary proportions of major elements involved in 

growth and body development (N, P, and S). Oak and maple additionally contributed the most to 

the dietary proportions of two essential trace elements, i.e., Cu, and Zn. Wind-pollinated grasses 
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contributed highly to the Na proportion, which is crucial for bees because of the generally high 

K:Na in plant tissues, which is harmful for herbivores (Filipiak et al. 2023; Kaspari 2020). 

All living things depend heavily on N and P for their proper functioning, and the way 

these elements move and are recycled in the environment is largely controlled by biological 

mechanisms (Sterner & Elser 2002). These elements have therefore played (Williams & Rickaby 

2012), and continue to play (Jeyasingh et al. 2023), an important role in biochemical evolution, 

shaping the life histories of organisms and their ecological interactions (Isanta-Navarro et al. 

2022; Sterner & Elser 2002). Assuming that N and P have played an essential role in the 

evolution of plant-pollinator interactions due to their biological significance, it is reasonable to 

anticipate that animal-pollinated plants would exhibit higher concentrations of these elements in 

their pollen than wind-pollinated plants. The present study suggests that this may not always be 

the case. Wind-pollinated oak provided bees, especially females, with a high proportion of N and 

P and was often the dominant species in pollen loads collected by O. bicornis. Similarly, wind-

pollinated maple provided bees with a high proportion of N. This highlights the previously 

unrecognized role of oak and maple in mobilizing N and P from the environment and introducing 

them into the terrestrial green food web. 

Interestingly, a high concentration of C in the pollen loads rich in Brassicaceae pollen 

was observed; however, this phenomenon is unlikely to be directly related to the chemical 

composition of the pollen. Brassica napus monocultures flower in the nest sites at the time of 

pollen load collection, and thus, B. napus is most likely the main contributor to the pollen loads 

with Brassicaceae. Most likely, bees use B. napus as a source of energy-rich nectar, which they 

include in larval provisions (Jauker et al. 2012; Yourstone et al. 2021). This could lead to an 
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increased amount of C in the pollen loads, as nectar consists mostly of water and C-rich 

carbohydrates. 

Another particularly interesting element is Na, since herbivores cope with a generally 

high K:Na ratio in their food, potentially causing health problems, underdevelopment and 

reduced fitness (Filipiak et al. 2023; Kaspari 2020, 2021). Given current knowledge, it is not 

clear why grasses contribute to the Na concentration in the bee's diet: grasses are anemophilous, 

it is therefore not expected that grasses interact with pollinators regulating the nutritional 

composition of pollen. However, the contribution of Ranunculus to dietary Na may be 

interpreted considering plant-pollinator interaction. Plants in the genus Ranunculus are insect-

pollinated, and perhaps the high Na content of their pollen is the result of a strategy to increase 

the likelihood of pollination, as suggested by (Finkelstein et al. 2022) and described by Filipiak 

et al. (2023). This hypothesis requires further research. 

In all studied habitats, O. bicornis realized a consistent biogeochemical niche regarding 

the proportion of N, P, S, Na, Fe, Zn, Mn, and Cu. Of these elements, N, P, S, Na, and Cu 

concentrations had the lowest variance, suggesting their conservative selection. This is 

particularly noteworthy given the great variability in concentrations of these elements in the 

environment, from the soil to the pollen collected by bees (Filipiak et al. 2022; Kaspari 2021; 

Peñuelas et al. 2019). It is therefore possible that O. bicornis optimizes its pollen collection to 

acquire a balanced proportion of key nutrients, which are necessary for optimal larval growth 

and development and ultimately for maximizing fitness. The biological mechanism underlying 

this optimization has already been proposed by Filipiak et al. (2022), who showed that the 

proportion of different vital elements composing pollen loads consumed by O. bicornis larvae is 

determined by the species composition of the pollen loads and affects bee fitness. In fact, in the 



16 

present study, the proportion of elements that make up the biogeochemical niche of O. bicornis 

was primarily shaped by the botanical origin of the collected pollen loads. This suggests that 

nutrient cycling through the flower visitation pathways is driven by the nutritional needs of the 

pollen consumer, in this case, O. bicornis, which preferentially collects pollen species to obtain 

nutritionally balanced larval food. 

Animals can have a major impact on nutrient availability in ecosystems (Herzog et al. 

2023; Atkinson & Forshay 2022; Clay et al. 2013; McInturf et al. 2019). All living things are 

part of the biogeochemical cycle of the Earth and can be thought of as small cogs in the great 

wheel of atoms flowing from one sink to another in an endless circle (Kaspari 2021; Schlesinger 

& Bernhardt 2020; Vernadsky 1924). However, we know little about the function of different 

organisms as vectors composed of a set of energy-driven chemical elements that are alive, need 

to optimize their own fitness, and additionally move and shape the environment, contributing to 

nutrient cycling through realized ecological interactions (Filipiak & Filipiak 2022). More 

recently, Ollerton (2021) pointed out that the role of bees and other pollinators in nutrient cycling 

in food webs and ecosystems has not yet been studied, and we have no knowledge of it. The 

current study suggests that the role of bees in nutrient cycling may be high and undervalued, 

making it one of the most important problems to be solved in ecology. 

In recent years, the decline in pollinators has been attributed to poor nutrition resulting 

from landscape changes caused by human activities (LeBuhn & Vargas Luna 2021; Leroy et al., 

2023; López-Uribe et al. 2020; Parreño et al. 2022). Although this is a widely accepted view, the 

underlying mechanisms by which pollinators depend on their nutritional landscapes are not yet 

fully understood (Lau et al. 2023; Pioltelli et al. 2023; Stevenson et al. 2022). Thus, it is crucial 

to explore the dependence of pollinators on their nutritional landscapes in greater depth 
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(Gillespie et al. 2022; Leroy et al., 2023; Stevenson et al. 2022), including the biology of the 

chemical elements (Lau et al. 2022; Ausma et al. 2021; van der Kooi et al. 2021). Pollinator 

studies have frequently emphasized the importance of floral diversity as a critical factor 

impacting pollinator diversity. However, the functioning of organismal populations and 

communities is complex, and larger-scale phenomena such as floral diversity may not be the 

primary driver of the observed patterns. Instead, basic chemical, physical, biological, and 

biogeochemical processes and phenomena often better explain these patterns (Bianchi 2021; 

Huang & Salt 2016; Kaspari 2021). In this regard, the current study has demonstrated that plant 

taxa such as oak, maple, willow, blackberry, fruit tree, and grass, which are not typically 

considered in conservation efforts aimed at enhancing the nutritional base of wild bees, play a 

critical role in balancing the diet of the generalist bee O. bicornis. Therefore, focusing solely on 

animal-pollinated or perennial flowering plants as sources of nutrients for pollinators may not be 

advantageous for all pollinators and may even contribute to nutritional imbalances in the diets of 

generalist bees. These considerations should be accounted for when designing landscapes and 

planning urban areas. 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

The biology and ecology of Osmia bicornis, a model organism in bee and pollinator research, is 

well studied. Therefore, the present study could build on a solid foundation when discussing the 

results, leading to uniquely interesting conclusions regarding the potential role of a wild bee in 

nutrient cycling. However, it is difficult to generalize at this stage. Even closely related 

generalist solitary bee species differ in their preference for pollen species and their proportions 

(Casanelles-Abella et al. 2022a; Eckerter et al. 2022), which can translate into the proportion of 



18 

elements that make up their biogeochemical niches. As a result, varying amounts of different 

elements can be introduced into the food web with the participation of different bee species. It is 

not possible to apply the data and calculations presented here to all (more than 20,000 species) 

bees. They are mono-, oligo-, and poly-lectic, have different biology, and interact specifically 

with the environment and other organisms. As such, the following questions arise: How many 

different nutrients do various bee species in their various ecosystems translocate between flowers 

and other environmental compartments? How much of the acquired nutrients from the 

environment do plants allocate to pollen, and what are the life history trade-offs involved in 

doing so? How does the flower visitation pathway of nutrient cycling contribute to the 

functioning of the entire food web? What fraction of all matter in the ecosystem is cycling with 

the contribution of this pathway? Answering these questions will greatly enhance our 

understanding of bees’ roles in ecosystem functions. The current focus is on bees’ roles as 

pollinators, but this study showed that bees’ roles go beyond pollination, and even a single 

species can importantly contribute to local-scale nutrient cycling. 

This study also showed that wind-pollinated plants contribute to nutrient cycling in a 

previously unexplored way. Wind-pollinated plants introduce large amounts of vital elements 

directly into the terrestrial green food web through their pollen, which is consumed by bees. 

From a conservation perspective, by highlighting the important role of wind-pollinated plants, 

including trees and grasses, in the diet of a generalist wild bee, this study contributes to our 

understanding of how landscape change can affect pollinator decline. 
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BOXES 

 

Box 1. A conceptual representation of the role of wild solitary bee in nutrient cycling in 

terrestrial ecosystem. 

Splitt et al. (2022) reviewed current knowledge on O. bicornis biology, providing the 

following information. In nature, O. bicornis live in groups of 50-250 individuals per site. An 

average population density of 15 females per 1 km2 was estimated. On average, a single female 

will produce 30 larval cells, i.e., 30 offspring. The average dry mass of the collected pollen load 

is 155 mg for male larvae and 280 mg for females (Filipiak et al. 2021). Although O. bicornis 

invests available resources conditionally into its offspring sex, depending on environmental 

factors, level of parasitism, nutritional resources, and mother size and age (Seidelmann et al. 

2010; Splitt et al. 2022), at the population level, this investment is balanced (Seidelmann et al. 

2010); therefore, one can assume a 0.5-0.5 sex ratio of the model population as well as 0.5-0.5 

production of female and male progeny. Consequently, combining the above information with 

the average concentrations of elements in the pollen loads examined in this study, it can be 

calculated that, under fully natural conditions, an average population of O. bicornis from a single 

site would translocate the following amounts of elements from plants to bee nests annually 

((detailed explanation of how these values were calculated is given in Appendix S1; from 50 to 

250 individuals = from 25 to 125 females * (15 female larval cells and 15 male cells)): C 79.1–

395.5 g; N 7.2–35.8 g; K 2.3–11.3 g; P 0.8–3.9 g; Ca 0.5–2.5 g; S 0.5–2.3 g; Mg 0.4–2.0 g; Na 

42.1–210.5 mg; Fe 37.4–187.1 mg; Mn 6.9–34.3 mg; Zn 8.2–41.1 mg, and Cu 2.1–10.7 mg. 

Similarly, the amounts of elements translocated by the bees per square kilometer annually are C 

47.5 g/km2; N 4.3 g/km2; K 1.4 g/km2; P 0.5 g/km2; Ca 0.3 g/km2; S 0.3 g/km2; Mg 0.2 g/km2; 
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Na 25.3 mg/km2; Fe 22.4 mg/km2; Mn 4.1 mg/km2; Zn 4.9 mg/km2; Cu 1.3 mg/km2. These 

amounts are considerable and significant for ecosystem functions. They are, e.g., in a similar 

range of values as the yearly consumption of elements by forest and meadow birds, 100-1000 

times higher than the amounts of elements in the annual production of forest rodents, small birds, 

carnivores, and rhizophagous insects, and 10-100 times higher than the annual production of 

ungulate and saproxylophage communities measured in the European forest (Grodzinski et al. 

1984). Finally, these amounts, involving a single bee species, are 10-100 times lower than the 

annual input of elements through litterfall in forests, involving all litterfall-producing species 

(Grodzinski et al. 1984; Ukonmaanaho et al. 2008). Therefore, the flower visitation pathway of 

nutrient cycling is an important pathway for element cycling in ecosystems and is responsible for 

distributing much of the biomass. 

Elements translocated by bees into their nests are further assimilated by larvae, ramifying 

through the green food web in newly built bee bodies or entering the brown food web as depleted 

cocoons and excreta. Filipiak et al. (2021) provided data on the assimilation rates of elements 

from consumed pollen loads to O. bicornis bodies, as well as on the dry masses and elemental 

concentrations of bee bodies, cocoons, and excreta. Using these data, it is possible to estimate the 

amounts of elements that, after ingestion by bee larvae from pollen loads, enter different 

compartments of the nutrient cycle. Based on these data and the elemental quantities presented 

above and assuming 33% mortality during development, as given by (Ostap-Chec et al. 2021), I 

provide a conceptual representation of the plant-pollen-pollinator pathway’s contribution to 

nutrient cycling in an ecosystem in Fig. 3. A detailed explanation of the calculations is given in 

Appendix S1. 
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O. bicornis is used commercially as a crop pollinator (Bilinski & Teper 2004; Splitt et al. 

2022; Teper & Bilinski 2009; Wilkaniec & Radajewska 1997), in hobby gardening or bred by 

private individuals (Gaston et al. 2005; Goulson 2021; Lemelin 2012). These activities can 

increase the natural population size by a factor of 2.8 (Gruber et al. 2011; Steffan-Dewenter & 

Schiele 2008), thus increasing the bee’s contribution to nutrient cycling.
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TABLES 

 

Table 1. Both the botanical and elemental composition of pollen loads collected by O. bicornis 

mothers differed between habitats and depended on the progeny sex. Regarding botanical 

composition, the sex difference varied with habitat (significant interaction between habitat and 

sex). The results of two-way PERMANOVA 

Variables df F p 
Botanical composition    

Habitat 4 2.90 0.0001 
Sex 1 6.55 0.0001 
Habitat × sex interaction 4 1.59 0.0488 
Residual 50   

Elemental composition    
Habitat 4 3.19 0.0055 
Sex 1 7.73 0.0015 
Habitat × sex interaction 4 0.83 0.5607 
Residual 50   

Statistical significance is indicated in bold. 
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Table 2. Elemental composition and its variation in pollen loads collected by O. bicornis 

Variables % ppm 
 C N P S K Ca Mg Na Fe Zn Cu Mn 
Females             

Mean 49.57 4.54 0.50 0.30 1.33 0.32 0.24 226.3 244.38 48.22 13.5 42.63 
Median 48.26 4.78 0.47 0.30 1.34 0.35 0.19 219.02 208.22 46.31 14.62 36.26 
Min 44.85 2.98 0.31 0.18 0.49 0.03 0.07 64.91 42.19 29.92 5.04 13.38 
Max 58.27 5.32 0.69 0.41 2.98 0.54 0.56 371.38 524.94 71.55 18.63 155.7 
max/min 1.3 1.79 2.23 2.28 6.08 18.00 8.00 5.72 12.44 2.39 3.70 11.64 
CV 0.08 0.14 0.17 0.18 0.33 0.42 0.56 0.26 0.56 0.22 0.26 0.63 

Males             
Mean 46.53 4.11 0.44 0.25 1.5 0.27 0.25 315.44 202.16 54.26 12.33 41.13 
Median 46.45 4.00 0.42 0.27 1.49 0.29 0.15 310.97 181.5 50.4 12.57 34.21 
Min 40.81 2.74 0.35 0.11 0.55 0.04 0.07 179.63 64.32 25.37 5.3 16.27 
Max 51.63 5.21 0.59 0.38 2.44 0.58 0.57 501.93 539.35 89.66 18.37 82.92 
max/min 1.27 1.90 1.69 3.45 4.44 14.5 8.14 2.79 8.39 3.53 3.47 5.10 
CV 0.05 0.15 0.13 0.25 0.29 0.52 0.69 0.25 0.55 0.30 0.25 0.40 

Abbreviations: CV: coefficient of variation; max/min: maximal concentration divided by the minimal concentration. 
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FIGURES 

 



26 

Fig. 1. The effects of the botanical composition of pollen loads, habitat, and progeny sex on the 

variation in elemental proportions. RDA plot. The first two axes are presented. The percentage of 

variation explained is given for both axes. The vector lengths represent the contribution to the 

pattern shown (longer vector = greater contribution). The direction of the vector shows the axis 

to which it contributes. A – RDA plot summarizing the effects of habitat, larval sex, and 

botanical origin of pollen loads on the elemental composition of pollen loads; B – RDA plot 

showing the locations of all measured pollen loads with indication of habitat and larval sex; C, 

D, and E – RDA plot showing the separate effects of (C) botanical origin, (D) habitat, and (E) 

larval sex on the elemental proportion variation in pollen loads
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Fig. 2. The effect of botanical origin, considering only pollen major species (more than 10% of 

the total pollen load), on the elemental proportion variation in pollen loads. RDA plot. The first 

two axes are presented. The percentage of variation explained is given for both axes. The vector 

lengths represent the contribution to the pattern shown (longer vector = greater contribution). 

The direction of the vector shows the axis to which it contributes. 
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Fig. 3. A conceptual representation of nutrient cycling through the flower visitation pathway and 

further ramification of nutrients in the food web. Plants acquire the necessary amount of 

nutrients from the environment. They allocate some of them in pollen in a certain proportion. At 

present, the trade-offs involved are unknown and, therefore, the mechanisms that determine the 

proportion of nutrients allocated in pollen are also unknown. However, to obtain an idea of bees’ 

roles in nutrient cycling, it is possible to roughly calculate the amount of nutrient cycling in the 

ecosystem with the help of the model wild bee Osmia bicornis. A population of these bees 

collects pollen containing the amounts of nutrients given in point (1). Some of these nutrients, 

amounts given in point (2), are assimilated into the bodies of the newly formed generation and 

ramify in the food web (point 3; values cannot be calculated). The remaining nutrients are left in 

the bees’ nests in the form of the offspring that did not survive, excreta, cocoons, and the remains 

of uneaten pollen (point 4). These nutrients are used by detritivores. In addition, some carbon is 

released into the atmosphere as a result of respiration (point 5). The values calculated here, 

although approximate, provide insight into the contribution of a wild bee species, O. bicornis, to 

local nutrient cycling. These values are significant in the context of the flow of elements through 

other pathways in the ecosystem, as discussed in Box 1. A detailed explanation of how these 

values were calculated is given in Box 1 and Appendix S1. 
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