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Abstract
1.	 Pollen protein content has been demonstrated to be an essential nutritional com-

ponent for bees and thus important in mediating plant–pollinator interactions. 
However, little is known on the drivers and consequences of among-species 
variation in pollen protein content and how this can impact male and female re-
productive success across plant species. Among-species variation in resources al-
located to pollen nutrition could further be constrained by life-history strategies 
(e.g. survival-reproduction trade-offs) or evolutionary history.

2.	 Here, we surveyed pollen protein content for 29 species within a diverse co-
flowering community and evaluated the effect of pollen protein on male and fe-
male reproductive success. We also tested the role of life history (annuals vs. 
perennials) and phylogeny in mediating differences in resource allocation to pol-
len nutrition.

3.	 We found that pollen protein content influences components of male (bee visitor 
abundance and pollen dispersal) but not female (conspecific pollen deposition 
and pollen tube growth) reproductive success, suggesting this trait affects plants 
only via male function. This sex-specific effect further suggests the potential for 
sexual conflicts driven by differential investment on this trait. We found no phy-
logenetic signal on pollen protein content. However, pollen protein content was 
higher in annual compared to perennial species suggesting survival versus repro-
duction trade-offs also contribute to variation in pollen protein at the community 
level.

4.	 Our study underscores the importance of understanding the ecological and evo-
lutionary drivers of pollen protein content across plant species. Our results fur-
ther suggest the existence of sexual conflicts and ecological trade-offs mediated 
by differential investment in pollen nutritional quality, with important implica-
tions for community assembly and the structure of plant–pollinator interactions.
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1  |  INTRODUC TION

Plants vary widely in the macronutrients (e.g. lipids and proteins) 
contained in their pollen (Vaudo et al., 2024), with over a three-
fold difference across surveyed plant species (Vaudo et al., 2020, 
2024; Yeamans et al., 2014). However, the ecological drivers and 
consequences of such variation within co-flowering communities 
remain largely unknown (but see Vaudo et  al.,  2024). Moreover, 
while the benefits of pollen macronutrients for pollinator fitness, 
particularly that of pollinivorous pollinators (e.g. bees), have been 
well studied (Cardoza et al., 2012; Chau & Rehan, 2024; Crone & 
Grozinger, 2021; Di Pasquale et al., 2013; Radev, 2019; Roulston 
& Cane, 2002; Stephen et al., 2024), the relationship between pol-
len macronutrients and plant reproductive success is much less 
understood. Given that pollen nutritional quality is essential for 
pollinivorous pollinators (Crone & Grozinger,  2021; Roulston & 
Cane, 2002), plant investment in this trait may be shaped by selec-
tion to maximize plant fitness via its role in pollinator foraging be-
haviour. For instance, pollen protein content has been shown to be 
positively associated with bee body size (Roulston & Cane, 2002), 
stress tolerance (Crone & Grozinger, 2021; Di Pasquale et al., 2013) 
and reproductive output (Cardoza et  al.,  2012; Radev,  2019; 
Ruedenauer et  al.,  2019). It has also been shown that bees can 
discriminate between pollen sources with different pollen pro-
tein levels across and within plant species (Cardoza et al., 2012; 
Leonhardt & Blüthgen,  2012; Russo et  al.,  2019, 2023; Vaudo 
et  al.,  2016; Yeamans et  al.,  2014). It is thus possible to expect 
that among-species differences in pollen protein levels may dif-
ferentially impact plant reproductive success by influencing bee 
visitation and foraging behaviour. However, how investment in 
pollen protein content relates to plant reproductive success across 
multiple species within a co-flowering community is not known. 
Such knowledge would aid in our understanding of the role of 
pollen protein content in mediating plant–pollinator interactions, 
pollinator-mediated competition and coexistence within plant 
communities.

An increase in overall plant fitness can be achieved via an 
increase in male and/or female reproductive success (Bergamo 
et  al.,  2024; Charnov,  1979; Muchhala & Thomson,  2012; 
Sutherland & Delph, 1984; Willson, 1979), both of which could be 
influenced by pollen protein content. Male reproductive success 
could increase if higher pollen protein levels increase the probabil-
ity of pollen dispersal to conspecific flowers (Muchhala et al., 2010; 
Muchhala & Thomson,  2012; Ruedenauer et  al.,  2019; Stanton 
et al., 1991). This may be achieved by increasing the total number 
of visits to flowers, the diversity of visitors or the total number of 
pollen grains dispersed by individual bees, all of which may con-
tribute to increases in siring success (Muchhala et al., 2010). It has 

also been proposed that male reproductive success would be high-
est when pollinators are specialized and visit frequently (Moreira-
Hernández & Muchhala,  2019; Muchhala et  al.,  2010). In this 
sense, an increase in pollen protein content may lead to higher bee 
visitation rates and to a higher degree of specialization (Muchhala 
et al., 2010), hence increasing pollen dispersal to conspecific flow-
ers. On the other hand, female reproductive success could be 
maximized if an increase in pollen protein content results in higher 
pollen tube production, ovule fertilization and seed set (Bergamo 
et al., 2024; Sutherland & Delph, 1984). Studies have shown that 
pollen protein content can be positively associated with pol-
len viability (Yeamans et al., 2014) and hence ovule fertilization. 
Interestingly, it has also been shown that ecological processes 
(e.g. competition) that take place within co-flowering communities 
can differentially affect components of male and female success 
(Bergamo et al., 2024; Ellis & Johnson, 2010), potentially leading to 
divergent ecological and evolutionary outcomes (Charnov, 1979; 
Moore & Pannell, 2011; Sutherland & Delph, 1984; Willson, 1979). 
However, whether pollen protein content differentially affects 
male and female reproductive success within diverse co-flowering 
communities has not been studied.

Pollen protein levels may also vary because of trade-offs (sur-
vival vs. reproduction) associated with different plant life-history 
strategies. It is well-known that annual plants preferentially invest 
in reproduction (e.g. early flowering, large flower number and 
high-quality rewards) over survival (e.g. defence), while perennials 
show the opposite pattern (Friedman, 2020). The differential allo-
cation of resources in survival versus reproduction between annu-
als and perennials has been shown to have important implications 
for the evolution of sexual and mating systems in plants (Barrett & 
Harder, 2017; Friedman, 2020; Stebbins, 1950). For instance, self-
pollination rates have been shown to be significantly higher in an-
nuals compared to perennial plants (reviewed in Friedman, 2020). 
Interestingly, annual plants have also been shown to produce larger 
pollen volumes (Hicks et al., 2016), and to be less pollen-limited 
than perennials (Knight et al., 2005), supporting their greater allo-
cation toward reproduction (Hicks et al., 2016). Higher pollen pro-
tein content, along with higher pollen volumes, may further aid in 
reducing pollen limitation in annuals via increases in pollinator vis-
itation, thus contributing to the low pollen limitation observed in 
annual plants at global scales (Knight et al., 2005). Differences in 
plant life-history strategies, and their associated trade-offs, may 
contribute to the pollen nutritional landscape observed within 
highly diverse co-flowering communities (Vaudo et al., 2024), but 
this remains largely unexplored.

Finally, variation in protein levels across species could also 
be the result of evolutionary history (Roulston et  al.,  2000; 
Ruedenauer et  al.,  2019). In this case, closely related species 

K E Y W O R D S
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    |  3RUSSO et al.

would be expected to have similar levels of pollen macronutri-
ents compared to distantly related plants (Roulston et al., 2000; 
Ruedenauer et  al.,  2019; Vaudo et  al.,  2024). Indeed, some re-
search has indicated the existence of consistent patterns within 
plant families in pollen macronutrient ratios (Vaudo et al., 2024). 
Yet, others have shown a high degree of plasticity in this trait 
(Yeamans et al., 2014), with higher levels of variation within plant 
genera compared to families (Vaudo et  al.,  2024). Overall, there 
are few studies that have simultaneously evaluated the impor-
tance of the ecological and evolutionary drivers underlying vari-
ation in pollen macronutrient levels within a single co-flowering 
community. Evaluating drivers of variation in pollen protein con-
tent across plant species within diverse co-flowering communities 
is central to uncover its ecological and evolutionary consequences 
(Vaudo et  al.,  2024). Selective pressures on pollen protein con-
tent, for instance as a result of pollinator competition, may only 
take place when insects can select among co-flowering plants with 
varying degrees of pollen protein. Such studies are thus critical 
to fully understand the potential role of pollen protein levels in 
mediating plant–pollinator interactions and plant community as-
sembly across spatial and temporal scales. In this study, we have 
the following objectives: (1) describe the pollen protein landscape 
in a diverse co-flowering community, (2) evaluate the effects of 
pollen protein content on components of male and female plant 
reproductive success, (3) evaluate whether annual and perennial 
species differ in pollen protein content and (4) assess the role 
of evolutionary history (phylogenetic signal) underlying among-
species variation in pollen protein content.

2  |  METHODS

2.1  |  Study system

The study was conducted in a diverse co-flowering commu-
nity at the serpentine seeps in the McLaughlin Natural Reserve 
(38.8582° N, 122.4093° W) in Northern California, USA, which is 
part of the University of California Natural Reserve System (Arceo-
Gómez et  al.,  2018; Arceo-Gómez et  al.,  2016; Arceo-Gómez & 
Ashman,  2014a, 2014b). Our study system was composed of two 
seeps (RHA and BS) located less than 1-km apart and with strong 
similarities in terms of species abundance, diversity and composition 
(also see Wei, Kaczorowski, et al., 2021). The plant species in this 
system are adapted to serpentine soils and are restricted spatially 
and temporally by water availability, limiting the total duration of the 
flowering season (Freestone & Inouye, 2006). Bees are the main flo-
ral visitors in this community including species within Andrenidae, 
Apidae, Halictidae and Megachilidae (Carneiro et  al.,  2024; Wei, 
Russell, et  al.,  2021). Previous studies have shown that patterns 
of pollinator visitation, pollen transport and deposition on stigmas 
as well as plant reproductive success can vary widely among spe-
cies at these serpentine seeps (Alonso et  al.,  2013; Arceo-Gómez 
et al., 2016, 2014a, 2014b).

2.2  |  Pollen protein content

Here, we used pollen protein to estimate pollen nutritional quality as 
it has been shown to play an important role for bee health and repro-
duction, as well as an important mediator of floral choice (Crone & 
Grozinger, 2021; Roulston & Cane, 2002; Russo et al., 2023; Vaudo 
et al., 2020). Pollen protein has also been shown to be one of the 
main macronutrients closely regulated by bees (Pirk et  al.,  2010; 
Ruedenauer et al., 2019). Thus, we assessed the pollen protein con-
tent for plant species in bloom at the study site between 15 and 30 
May 2023. For this, we collected pollen from at least 10 different 
flowering plants per species in the field. Using forceps, we collected 
pollen from dehisced anthers directly into Eppendorf tubes. As 
the flowers of eight species produced anthers that were too small, 
too sticky, or not obviously dehiscing, we collected whole anthers. 
These samples were stored in a freezer and later processed in the 
laboratory. The samples that consisted of whole anthers were dried 
in a drying oven (Quincy) at 36°C for 24 h and sifted through a pollen 
sieve to remove excess plant tissue. No differences in pollen protein 
content were observed between species for which whole anthers 
(181.72 ± 96.33 μg/mg) or just pollen was collected (174.81 ± 97.84; 
F = 0.02, p = 0.86). We were able to obtain sufficient material for a 
protein assay for 29 species (~60% of plant community) across 17 
plant families (Figures 1 and 2; Table S1).

To quantify protein levels in pollen we used the Bradford Protein 
assay following a modified protocol from Vaudo et  al.  (2016). 
Collected pollen was weighed and placed in a drying oven (Quincy) 
for 24 h at 36°C. After drying, 1.5 mL of 0.1 M NaOH (Fluka) was 
added to each pollen sample. To fracture the pollen grains, a 
Microson Ultrasonicator (Misonix Incorporated) probe was sub-
merged into the solution for 90 sec and samples were subsequently 
stored for 24 h at 5°C. Immediately prior to testing, the pollen solu-
tions were centrifuged at 2000× g for 30 s. The Bio-Rad Protein 
Assay Kit (Bio-Rad Laboratories) with a bovine γ-globulin protein 
standard was then prepared following the manufacturer's proto-
col. The processed samples and the standards were prepared in 
triplicate and pipetted into a sterile 95-well plate (VWR Avantor). 
Absorbance readings were taken at 595 nm on a SynergryHi micro-
plate reader using Gen 5.0 software (Biotek). A 5-point calibration 
curve (R2 > 0.97) was generated to calculate protein levels.

2.3  |  Male reproductive success: Pollen dispersal 
by flower-visiting bees

We used the abundance and richness of bee flower visitors and their 
pollen dispersal (number of pollen grains carried by individual bees) 
as components of male reproductive success. We focus on bees as 
they rely strongly on pollen consumption, particularly compared to 
other floral visitors such as butterflies and moths (Ollerton, 2017) 
and thus are expected to be more sensitive to differences in pollen 
protein. For this, we surveyed the flower-visiting bees for each plant 
species in the serpentine seep meta-community between 09:00 and 
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4  |    RUSSO et al.

15:00 h using entomological nets over 15 total days between May 
9th and June 1st, 2021. This sampling period comprised the flower-
ing season of ~80% of all plant species at the studied community 
(Wei, Kaczorowski, et al., 2021). Flower-visiting bees were collected 
by 2–3 people simultaneously walking at a steady pace while ob-
serving all plant species and collecting all bees that contacted flower 
reproductive structures (>120 h of total observation). After direct 
collection on flowers, the plant host species was recorded, and bee 
specimens were stored in individual tubes under freezing temper-
atures to prevent movement and potential pollen loss. In total we 
collected 621 individual bees, of which 123 were males and 498 fe-
males. All specimens were identified at the morphospecies level and 
are preserved in the pollinator collection at East Tennessee State 
University. Bee visitor abundance was estimated as the total number 
of bees collected on a specific plant species. The amount and diver-
sity of pollen dispersed was quantified by sampling the pollen load 
from bee bodies using a fuchsin jelly cube that was later mounted 
on a microscope slide (Beattie, 1971). All pollen grains found in bee 
pollen loads were counted under a microscope and identified based 
on pollen libraries previously established from each plant species 
at the study site (Carneiro et al., 2024). Mean pollen dispersal was 

calculated as the mean number of pollen grains belonging to a spe-
cific plant species found in individual bee pollen loads. Pollen dis-
perser richness was estimated as the number of bee morphospecies 
carrying pollen from a particular plant species.

2.4  |  Female reproductive success: Conspecific 
pollen deposition and pollen tube growth

We obtained data on conspecific pollen deposition on stigmas (i.e. 
pollen belonging to the recipient species) and number of pollen 
tubes produced (i.e. pollen tubes that reach the base of the style) for 
24 plant species. In total, we collected data from 1279 styles with a 
mean of 55.6 (±37.1) styles per species. Styles were collected in the 
field over the span of 3 weeks (each style from a different individual) 
between May 9th and June 1st, 2021. Only flowers that were at 
the end of their lifetime (wilted flowers) and thus were no longer 
available for pollination, were used for style collection. Styles were 
stored in 70% ethanol until processing and softened and stained 
with aniline blue using standard methods in the laboratory (Arceo-
Gómez et al., 2016; Dafni, 1992). Pollen loads on the stigma were 

F I G U R E  1  Phylogeny of the 29 studied plant species within the co-flowering community in the serpentine seeps, Northern California, 
USA. Pollen protein content (ug/mg) for each plant species is mapped across the phylogeny (bar graph). Coloured bars (non-grey) indicate 
species within the same genus. Dark and light grey squares to the right indicate if species are considered annual (An) or perennial (Pe) 
species. Updated taxonomic names are given in Table S1.
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    |  5RUSSO et al.

visualized using a compound microscope at 400× magnification. We 
recorded the total number of conspecific pollen grains and counted 
the number of pollen tubes that reached the base of the style under 
a fluorescent microscope (Arceo-Gómez & Ashman,  2011, 2014a, 
2014b). The number of pollen tubes has been typically shown to be a 
good proxy of pollination success (Alonso et al., 2013; Arceo-Gómez 
& Ashman, 2014a, 2014b). For each plant species, we estimated av-
erage conspecific pollen deposition and the average proportion of 

pollen tubes (total pollen tubes/total conspecific pollen grains on 
stigma) that reached the base of the style.

2.5  |  Flower abundance

The number of open flowers produced (flower abundance) can also 
affect the number and diversity of visitors as well as the number of 

F I G U R E  2  Representative examples 
of the plant species in this study. Photos 
of flowers and pollen grains (scale bars 
at 20 μm) for 14 species (approximately 
50% of the data set) are shown. All 
species grow at the serpentine seep 
communities at McLaughlin Natural 
Reserve, Northern California, USA. 
The species are: (a) Allium amplectens 
Torr. (Amaryllidaceae). (b) Anagallis 
arvensis L. (Primulaceae). (c) Antirrhinum 
cornutum Benth. (Plantaginaceae) 
visited by Osmia sp. (Megachilidae). (d) 
Castilleja rubicundula (Jepson) Chuang 
& Heckard (Orobanchaceae). (e) Clarkia 
concinna (Fisch. & C. A. Mey.) Greene 
(Onagraceae). (f) Delphinium uliginosum 
Curran (Ranunculaceae). (g) Eschscholzia 
californica Cham. (Papaveraceae) visited 
by Bombus vosnesenskii Radoszkowski, 
1862 (Apidae). (h) Mimulus guttatus 
(Phyrmaceae). (i) Diplacus layneae (Greene) 
G. L. Nesom visited by Calliopsis sp. 
(Andrenidae). (j) Triteleia laxa Benth. 
(Asparagaceae) visited by a male bee. 
(k) Scutellaria siphocampyloides Vatke 
(Lamiaceae). (l) Sidalcea diploscypha (Torr. 
& A. Gray) A. Gray (Malvaceae) visited by a 
male bee. (m) Streptanthus breweri A. Gray 
(Brassicaceae) visited by a Megachilidae 
species. (n) Zigadenus venenosus (S. 
Watson) Rydb. (Melanthiaceae) visited by 
Andrena astragali Viereck and Cockerell, 
1914 (Andrenidae).
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6  |    RUSSO et al.

pollen grains dispersed and deposited on stigmas. Thus, to evalu-
ate the potential influence of flower abundance on our estimates of 
male and female reproductive success, we estimated the total num-
ber of open flowers available for each plant species during the same 
period of bee and style collection. For this, we set 40 plots (1 × 2-
meter each) along the serpentine seeps and recorded the number 
of open flowers per species every 2 days within a three-week time 
period. We estimated flower abundance as the total number of open 
flowers in all plots during the three-week period for each species.

2.5.1  |  Replication statement

Scale of 
inference

Scale at which the 
factor of interest is 
applied

Number of replicates at the 
appropriate scale

Species Species 29 species

Species Annuals versus 
perennials

10 annual, 19 perennial 
species

2.6  |  Data analysis

We used generalized linear models (function glm, package ‘lme4’; 
Bates et  al.,  2015) to test for the relationship between pollen pro-
tein content and the following components of male reproductive 
success across plant species: (1) total bee abundance, estimated as 
the total number of visiting bees collected on a given species, (2) pol-
len disperser richness (bee richness), estimated as the number of bee 
morphospecies carrying pollen from a given plant species and (3) the 
average number of pollen grains from a plant species carried per indi-
vidual bee (mean pollen dispersal). All these variables are predicted to 
impact pollen dispersal and hence siring success. We also evaluated 
the relationship between pollen protein content and two components 
of female reproductive success: (1) the average number of conspecific 
pollen grains deposited on stigmas and (2) the mean proportion of 
pollen tubes (pollen tubes/pollen grains) that reached the base of the 
style. These variables have been shown to relate with seed produc-
tion (Alonso et  al.,  2013; Arceo-Gómez & Ashman,  2014a, 2014b). 
We ran a separate linear model for each component of male and 
female reproductive success with average plant species pollen pro-
tein content (μg/mg) as a predictor variable. For all models, we used 
a Shapiro–Wilk test (function shapiro.test) to determine whether the 
residuals were normally distributed. Where the residuals failed the 
Shapiro–Wilk test, we log-transformed the response variable. We also 
ran generalized linear models, using the same procedure as above, to 
directly test for the potential effect of flower abundance (predictor 
variable) on each of our components of male and female reproductive 
success. Flower abundance (count data) was log-transformed.

To evaluate whether pollen protein content differed between 
annual and perennial plant species we categorized each species 

according to information available in the literature and our own 
knowledge of the plants at the study sites. In total we had 10 an-
nual and 19 perennial plant species (Figure 1; Table S1). We used a 
GLM with Gaussian error-distribution, including pollen protein con-
tent as the response variable and life habit (annual vs. perennial) as 
a predictor.

Finally, to test for the role of evolutionary history in determin-
ing plant pollen protein content levels, we tested for phylogenetic 
signal on this variable. To do this, we built a phylogenetic tree of 
the plant species in our study using phylo.maker in the package 
“V.PhyloMaker” (Jin & Qian, 2019). We then tested for phylogenetic 
signal in pollen protein content across species using the function 
phylosignal (package ‘picante’; Kembel et al., 2010), which calculates 
a K statistic of phylogenetic signal as well as a p-value based on 999 
tip shuffling randomizations (Kembel et al., 2010). All statistical anal-
yses were conducted in R version 4.2.2 (2022).

3  |  RESULTS

3.1  |  Variation in pollen protein content

Pollen protein content varied widely across all 29 plant species in 
the serpentine seep community, ranging from 39 μg/mg (Mimulus 
nudatus) to 446 μg/mg (Eschscholzia californica), with a mean of 
176.7 ± 95.7 μg/mg (Figure  1). We found no evidence of a phylo-
genetic signal on the observed variation in pollen protein content 
(K = 0.10, p = 0.710, Figure 1). However, life-history strategy signifi-
cantly explained variation in pollen protein content (Figures 1 and 
2). Specifically, we observed a significant difference in pollen pro-
tein content between annual and perennial plant species (F = 4.90, 
df = 1, p = 0.03) (Figure 2). The average pollen protein content was 
higher in annual (203.5 ± 104.8 μg/mg) compared to perennial spe-
cies (125.9 ± 46.45 ug/mg; Figure 2).

3.2  |  Flower visitor abundance, richness and pollen 
dispersal

We collected a total of 621 bees (78 morphospecies) visiting the 
studied plants in the community. Bee abundance per plant spe-
cies ranged from one (Allium amplectens and Castilleja rubicundula) 
to 97 (Clarkia gracilis), with a mean of 29.6 (±30.9, median = 18) in-
dividual bees collected on a plant species. The average number of 
pollen grains of each plant species carried by bees (pollen dispersal 
per plant species) was 131.4 (±204.3) across all species in the com-
munity, ranging from one (Lotus humistratus) to 1041 (Plagiobothrys 
stipitatus) pollen grains carried per bee. The total number of bee 
morphospecies dispersing pollen for each plant species (pollen dis-
perser richness) ranged from one (Dichelostemma volubile and L. hu-
mistratus) to 49 (Antirrhinum cornutum), with a mean of 20.2 (±13.5, 
median = 20; Figures 3 and 4).
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3.3  |  Influence of pollen protein content on 
male and female plant fitness

Components of male reproductive success varied positively as a 
function of pollen protein content across plant species in the com-
munity (Table  1). Bee visitor abundance and the mean number of 
pollen grains dispersed by bees significantly increased with increas-
ing pollen protein content across plant species (Table 1; Figure 2a,b). 
However, we did not find a significant relationship between pollen 
protein content and pollen disperser richness (Table  1, Figure  S1), 
which was only influenced by plant species flower abundance 
(Table 2). Flower abundance also influenced bee visitor abundance 
but not the mean number of pollen grains dispersed (Table  2, 
Figure  S2). We observed, on average, 68.6 (±86.2, median = 36.5) 
conspecific pollen grains deposited on stigmas across species, rang-
ing from zero (Scutellaria siphocampyloides) to 413.7 (C. gracilis). On 
average, 18.3% of conspecific pollen grains deposited successfully 

grew pollen tubes that reached the base of the style across species, 
with a maximum of 74.6% (Collinsia sparsiflora). However, neither 
pollen protein content nor flower abundance affected any compo-
nent of female reproductive success, that is conspecific pollen depo-
sition and proportion of pollen tubes (pollen tube: conspecific pollen 
ratio; Tables 1 and 2, Figures S1 and S2).

4  |  DISCUSSION

Pollen nutritional quality can play a key role in mediating the in-
teractions between plants and bee pollinators, nonetheless its im-
portance, and how it varies across spatial and biological scales, 
is seldom considered when evaluating the drivers and conse-
quences of these interactions (but see Parreño et al., 2022; Vaudo 
et al., 2024). Here we show a wide range of pollen protein content 
across 29 co-flowering plant species in a serpentine seep commu-
nity. Surprisingly, little is known about the potential ecological and 
evolutionary implications of such wide variation across plant spe-
cies (but see Vaudo et al., 2024), although the role of pollen pro-
tein content on bee ecology and health has been well-studied (e.g. 
Chau & Rehan,  2024; Di Pasquale et  al.,  2013; Pirk et  al.,  2010; 
Stephen et al., 2024). Our results further highlight the ecological 
importance of pollen protein content in plants by demonstrating 
its indirect effects on plant reproductive success. Specifically, we 
found a positive relationship between pollen protein content and 
two components of male reproductive success in plants. Both 
the total number of visiting bees and the number of pollen grains 
dispersed on bees were positively affected by pollen protein 
content. Although bee visitor abundance was also influenced by 
flower abundance, the average number of pollen grains dispersed 
was influenced by pollen nutritional quality alone. Previous stud-
ies have shown that the intake of pollen protein can be regulated 
by bees (Pirk et  al.,  2010; Vaudo et  al.,  2016). It has also been 
shown that bees can differentiate between plants providing dif-
ferent pollen quality and show preferences for plants offering 
pollen with high protein content (Russo et al., 2019, 2023). Thus, 
higher pollen protein content likely leads to increases in bee visi-
tation rates and overall pollen dispersal (number of pollen grains 
carried per bee), which has been associated with increases in sir-
ing success in plants (Mitchell et al., 2009; Moreira-Hernández & 

F I G U R E  3  Difference in pollen protein content between annual 
(n = 10) and perennial (n = 19) plant species growing within a co-
flowering community in the serpentine seeps, Northern California, 
USA. Box plot shows the mean (diamond), median (black line), 
first and third quartiles (grey box). Asterisk denotes significant 
differences at p < 0.05.

F I G U R E  4  Relationship between pollen 
protein content and (a) visitor abundance 
(total number of insects collected on 
each plant species) and (b) the average 
number of pollen grains per plant species 
dispersed by insects. Response variables 
were log-transformed. Both relationships 
were statically significant (p < 0.05), the 
grey area around the lines indicates 95% 
confidence intervals.
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Muchhala, 2019). Preliminary evidence further suggests that the 
positive relationship between pollen protein content and mean 
pollen dispersal does not seem to be driven just by an increase in 
the size of bees visiting flowers with higher pollen protein levels. 
Our preliminary analyses showed no significant correlation be-
tween the average size of visiting bees and pollen protein content 
across plant species (p > 0.05; see Figure S3 for details). That is, 
plant species with higher pollen protein content were not visited 
by larger bees, suggesting pollen protein content increased the 
number of pollen grains dispersed irrespective of bee size. It is 
thus possible that resource investment in pollen nutritional quality 
(protein content) may primarily function to increase male repro-
ductive success in plants; however, to our knowledge this possibil-
ity has remained unexplored. Animal-pollinated plants have been 
shown to have higher levels (and high phylogenetic signal) of pol-
len protein content compared to plants that do not depend on ani-
mal pollination (Ruedenauer et al., 2019). Higher pollen nutritional 
quality may be expected to attract not only pollinators but also 
other pollen consumers (Filipiak, 2016; Hargreaves et al., 2009). It 
is therefore important to note that trade-offs with non-pollinating 
pollen consumers (e.g. ‘pollen thieves’) could constrain the degree 
of investment in pollen protein content. Thus, optimal pollen pro-
tein content may be determined by a balance between increases 
in male reproductive success and pollen loss to non-pollinating 
insects. However, animal-pollinated plants could also use a com-
bination of strategies (e.g. time of anthesis, poricidal anthers) and 
traits (e.g. floral chemistry, scent and other rewards) to minimize 
pollen loss and maximize reproductive gains via pollinivorous polli-
nators (e.g. Harder & Barclay, 1994; Hargreaves et al., 2009; Rivest 

& Forrest,  2020). Whether pollinators alone exert a sufficiently 
strong selective pressure on the nutritional profile of pollen, for 
instance compared to nectar (Parachnowitsch et al., 2019), to give 
rise to the large variation observed in this trait within plant com-
munities remains to be determined. Thus, we emphasize the need 
for more studies on the evolutionary ecology of pollen nutritional 
quality (e.g. Filipiak et al., 2023; Parreño et al., 2022), particularly 
as it relates to plant fitness, in order to fully understand its role in 
mediating plan-pollinator interactions.

Interestingly, we did not observe a relationship between pol-
len protein content and any component of female reproductive 
success, suggesting the potential for sexual selection/conflicts 
driven by differential investment on this trait (i.e. differential allo-
cation of resources to male and female functions; Chapman, 2006; 
Charnov,  1979; Parker,  1979; Willson,  1979). Conflict may arise 
if resource allocation to increase pollen protein content reduces 
the resources that can be allocated to ovule development (i.e. 
female fitness). Conflicts could also arise from sex-based fitness 
differences, if the amount of pollen protein required to attract 
pollinators versus the amount required for optimal pollen germi-
nation and pollen tube growth differ (Labarca & Loewus,  1973; 
Ruedenauer et al., 2020). In this sense, male and female functions 
may be subjected to different selection pressures with divergent 
evolutionary outcomes (Bergamo et  al.,  2024; Charnov,  1979; 
Ellis & Johnson,  2010; Moore & Pannell,  2011; Sutherland & 
Delph,  1984; Willson,  1979). For instance, pollen quantities and 
pollen/ovule ratios have been shown to be shaped by sexual se-
lection, with high pollen production being advantageous for male 
fitness (Willson, 1979). Investment in male function has also been 

Fitness component Effect size F-value p-value

Male fitness Bee abundance (Log) 0.006 4.85 0.040

Pollen dispersal on bees (Log) 0.007 7.66 0.012

Pollen disperser richness (bee 
richness)

0.045 2.61 0.120

Female fitness Mean conspecific pollen 
deposition (Log)

0.001 0.11 0.740

Pollen tube:Conspecific pollen 
ratio (Log)

0.001 0.16 0.690

Note: Significant contrasts are shown in bold.

TA B L E  1  Results from generalized 
linear models and likelihood-ratio tests 
to evaluate the effects of pollen protein 
content on pollination components 
associated with male (pollen dispersal) and 
female (ovule fertilization) fitness.

Fitness component Effect size F-value p-value

Male fitness Bee abundance (Log) 0.569 14.28 0.002

Pollen dispersal on bees (Log) 0.215 3.53 0.078

Pollen bee disperser richness 
(bee richness)

4.157 7.96 0.012

Female fitness Mean conspecific pollen 
deposition (Log)

0.137 0.87 0.365

Pollen tube: Conspecific 
pollen ratio (Log)

−0.131 1.36 0.261

Note: Significant contrasts are shown in bold.

TA B L E  2  Results from generalized 
linear models and likelihood-ratio tests to 
evaluate the effects of flower abundance 
(log-scaled) on male and female 
components of reproductive success.

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14703 by G

erardo A
rceo-G

om
ez - Etsu Sherrod Library , W

iley O
nline Library on [18/11/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



    |  9RUSSO et al.

proposed as a factor influencing the evolution of different mating 
strategies, such as dioecy (separate male and female individuals) 
and dichogamy (temporal separation of male and female func-
tions; Bawa, 1980; Charlesworth & Charlesworth, 1978; Thomson 
& Brunet,  1990; Willson,  1979). It is thus possible that invest-
ment in male function via increases in pollen nutritional quality 
may further contribute to the evolution of such mating strate-
gies. Differential investment in male versus female functions can 
also depend on the probability of success of either function in a 
given environment (Bergamo et al., 2024; Charnov & Bull, 1977; 
Willson,  1979). The probability of pollen donation, pollen re-
ceipt and ovule maturation may vary across a range of biotic or 
abiotic conditions, or across plant species (Bergamo et al., 2024; 
Willson, 1979). This context-dependency may in turn contribute to 
the high within- (Buchmann, 1986; Cardoza et al., 2012; Yeamans 
et al., 2014) and among-species variation in pollen protein content 
observed (Vaudo et al., 2024), thus helping shape the diverse pol-
len nutritional landscape across local and global scales.

It is important to note that we did not observe a relationship 
between the number of bee morphospecies dispersing pollen of a 
given plant species and the pollen protein content of that same spe-
cies. That is, pollen protein content did not affect floral visitor rich-
ness for a given plant species and this was only affected by flower 
abundance. Other studies have found similar results wherein pollen 
nutritional values were not related to overall estimates of plant–pol-
linator generalization (Vaudo et al., 2024), perhaps because not all 
pollinators depend on pollen as a food source (Ollerton, 2017). We 
specifically show that the richness of bee floral visitors, who strongly 
rely on pollen, is not affected by pollen nutritional quality (i.e. pro-
tein content). This could be due to varying bee preferences or needs 
for other types of macronutrients in pollen rewards. For instance, 
studies have highlighted the importance of lipids (Lau et al., 2022; 
Manning et al., 2007; Vanderplanck et al., 2011), vitamins (Mărgăoan 
& Cornea-Cipcigan,  2023) and nutrient ratios (Raubenheimer & 
Simpson,  1999; Vaudo et  al.,  2016) for pollinivorous insect pol-
linators. Bees, and other pollinating insects, can also show strong 
preferences for other types of floral rewards, especially nectar 
(Nicolson, 2022; Parachnowitsch et al., 2019; Venjakob et al., 2022). 
However, while most studies on pollen protein content levels have 
focused on its importance for bee fitness (Archer et  al.,  2021; 
Brunner et  al.,  2014; Greenberg,  1982; Kämper et  al.,  2016; Ren 
et  al.,  2023; Roger et  al.,  2017; Roulston & Cane,  2002; Schmidt 
et al., 1987), this study is one of the first to show that pollen protein 
content can have important ecological impacts on plants with un-
known evolutionary consequences, particularly via its influence on 
male reproductive success.

Further, these results lend support to the prediction that sur-
vival versus reproduction trade-offs associated with plant life-
history strategies contribute to variation in pollen protein levels 
in co-flowering communities. Specifically, we found higher pollen 
protein content in annual compared to perennial species. It is well-
established that annual plants preferentially invest in reproduc-
tive (e.g. early flowering, large flower number and high-quality 

rewards) over survival traits (e.g. defence; Friedman, 2020; Vico 
et al., 2016). Our study suggests such trade-offs could also extend 
to affect the quality of rewards offered. Annual plants have also 
been shown to produce larger pollen volumes (Hicks et al., 2016), 
suggesting annual plants tend to maximize not only female but 
also male reproductive functions. This strategy may help reduce 
pollen limitation in annual compared to perennial species (Knight 
et  al.,  2005). Overall, our results show that differences in plant 
life-history strategies have the potential to contribute to the pol-
len nutritional landscape observed in diverse co-flowering com-
munities (Vaudo et  al.,  2024), and that pollen nutritional quality 
may be an overlooked trait mediating levels of pollen limitation 
in nature.

Interestingly, we did not observe a phylogenetic signal on pol-
len protein content levels, suggesting pollen protein content in this 
serpentine seep community does not result from shared evolution-
ary history or shared metabolic needs (Labarca & Loewus,  1973; 
Ruedenauer et  al.,  2019). Congeneric species at our study sites, 
such as those in the Clarkia and Allium genera, did not have similar 
levels of pollen protein content (Figure  1). Meta-analytical stud-
ies, however, have found that plant species across larger phylo-
genetic trees can display a strong phylogenetic signal on pollen 
protein content (Ruedenauer et  al.,  2019). In contrast, at smaller 
spatial scales, pollen protein content has been shown to be plas-
tic (Cardoza et  al.,  2012; Yeamans et  al.,  2014) and respond to 
variation in biotic and abiotic conditions (Russo et al., 2023; Ziska 
et al., 2016). Thus, high plasticity along with large effects on plant 
reproductive success and pollinator fitness may constrain phy-
logenetic effects on this trait at local scales; that is within single 
co-flowering communities. Overall, our study suggests the relative 
importance of different drivers of pollen protein content across 
species may vary across spatial and phylogenetic scales (Hanley 
et  al.,  2008; Roulston et  al.,  2000). Studies that further evaluate 
the ecological and evolutionary implications of variation in pollen 
quality in diverse co-flowering communities are needed to fully elu-
cidate its importance for community assembly and the structure of 
plant–pollinator interactions.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Taxonomic information and species codes for all 29 plant 
species studied.
Figure S1. Graphical representations of the non-significant 
relationships between pollen protein content and three measured 
components of plant reproductive success (see Table 1).
Figure S2. Relationship between plant species total flower abundance 
and (a) the number of flower-visiting bees (bee abundance) and (b) 
the number of bees carrying pollen from a given plant species (pollen 
disperser richness).
Figure S3. Association between pollen protein content and mean 
bee size, measured as the average of the intertegular distances 
across all flower visiting bees collected on each plant species.
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