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abstract: Despite the increasingly documented occurrence of
individual specialization, the relationship between individual con-
sumer interactions and diet-related microbial communities in wild
populations is still unclear. Using data from nests of Ceratina aus-
tralensis from three different wild bee populations, we combine
metabarcoding and network approaches to explore the existence of
individual variation in resource use within and across populations
and whether dietary specialization affects the richness of pollen-
associated microbes. We reveal the existence of marked dietary spe-
cialization. In the most specialized population, we also show that
individuals’ diet breadth was positively related to the richness of fungi
but not bacteria. Overall, individual specialization appeared to have
a weak or negligible effect on the microbial richness of nests, sug-
gesting that different mechanisms beyond environmental transmis-
sion may be at play regarding microbial acquisition in wild bees.

Keywords: small carpenter bee, diet breadth, native bee, network
centrality, pollen metabarcoding, plant-pollination network.

Introduction

Community ecology has traditionally studied species’ niches
under the assumption that generalist species are composed
of generalist populations, which, in turn, are composed of
generalist individuals. The underlying mechanism behind
this assumption is that individuals within a species are eco-
logically equivalent. However, the occurrence of individual
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specialization has been increasingly documented, illustrat-
ing that populations are, in fact, composed of ecologically
heterogeneous individuals (Bolnick et al. 2010, 2011; Araújo
et al. 2011; Ingram et al. 2018; Cecala and Wilson Rankin
2020). Although studies of individual variation in resource
use have focused primarily on vertebrate species (Bolnick
et al. 2003), such variation has also been documented in
several invertebrate species, including social bees (Heinrich
1976; Dupont et al. 2011, 2014; Tur et al. 2014).
Individual-level specialization may affect consumers

beyond resource acquisition, as different resource species
harbor different nonresource species. For example, diet
breadth can affect exposure and acquisition of microbes,
both beneficial and pathogenic, which can affect several
life-history aspects (Egerton et al. 2018; Kartzinel et al.
2019). Dietary breadth can, therefore, affect the composi-
tion and function of the gut microbiome across diverse
hosts, including vertebrates and insects (Bolnick et al.
2014; Sanders et al. 2017; Douglas 2018; Egerton et al.
2018; Youngblut et al. 2019). At the species level, wider
diet breadth in bees has been linked to lower pathogen
prevalence (Figueroa et al. 2020), but how individual diet
breadth affects the acquisition of fungal and bacterial
associates remains unstudied. The link between consumer
interactions of individuals and microbial transmission
is, therefore, still unclear, especially in wild communities
(Daszak et al. 2000). Given that managed and wild bees
are essential pollinators (Klein et al. 2007; Garibaldi et al.
2013), understanding the patterns behind microbial trans-
mission across populations would help ensure the mainte-
nance of essential ecosystem services.
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Flowers harbor a diversity of microbes (Herrera et al.
2008; McArt et al. 2014; Vannette 2020), and by foraging
on different flowers, pollinators act as vectors, transport-
ing microbes from flower to flower (McArt et al. 2014).
For example, flowers commonly visited by pollinators
harbor more microbes than unvisited flowers (Aizenberg-
Gershtein et al. 2013), and floral microbes emit volatiles
that affect pollinator visitation (Rering et al. 2018). Shared
microbes between flowers and wild bee nests show signa-
tures of selection on genes that could be beneficial to the
host (Vuong and McFrederick 2019), and pollen-borne
microbes appear to be essential for the development of
some bees (Dharampal et al. 2019). Thus, by visiting flow-
ers, bees may be acting as microbial transmission vectors
(Graystock et al. 2015; McFrederick et al. 2017), suggesting
the existence of a link between dietary breadth, plant-bee
interactions, and microbial transmission.
Foraging patterns in wild bee populations are mainly

studied through active sampling of interactions or by an-
alyzing pollen samples from collected specimens (Otter-
statter and Thomson 2007; Dupont et al. 2011, 2014;
Tur et al. 2014), resulting in data from the specimens’ last
interaction or last foraging bout, respectively. A compar-
atively underemployed approach is to use the pollen pro-
visions within bee nests (McFrederick and Rehan 2016) to
understand plant-pollinator interactions. Nests harbor
resources collected over several foraging bouts over mul-
tiple days, enabling us to explore individual variation in
species’ diet breadths through repeated samples from the
same individuals, providing a holistic estimate of an indi-
vidual’s foraging history. The alfalfa leafcutter bee, for ex-
ample, may visit 2,550 flowers to provision a single brood
cell (Klostermeyer and Gerber 1969). While priority ef-
fects and filtering will likely affect bee-nest microbial com-
munity composition, foraging patterns may have strong
effects on the microbes that are inoculated into the nests
in the first place. Thus, analyzing the pollen samples of
individual nests provides an ideal opportunity to test hy-
potheses about individual variation in foraging patterns.
Because nests are difficult to locate (Sardiñas and Kremen
2014), studies using nest pollen samples to investigate var-
iation in foraging patterns of bee individuals are scarce.
The genus Ceratina comprises small carpenter bees

present on all continents except Antarctica and is com-
posed of more than 200 species that collect pollen and
nectar from various plant species (Dew et al. 2020). Each
individual female builds a nest composed of separate
brood cells in which the female provisions a pollen ball
resulting from several independent foraging bouts before
laying a single egg (Rehan et al. 2010). Using a metabar-
coding approach, we characterized the diet composition
at the individual and population levels of Ceratina aus-
tralensis from three different populations, along with the
fungal and bacterial composition of the nest-associated
pollen. In previous work, McFrederick and Rehan (2019)
showed that pollen, fungal, and bacterial communities var-
ied across habitat types and that plant communities were
correlated with microbial communities, especially fungi.
Here, we tested three hypotheses about the relationship
between individual variation and nest microbial composi-
tion. First, we explored whether (H1) Ceratina individuals
differ in their resource use at the individual level, within
and across populations; the existence of intraspecific var-
iation would indicate that generalist individuals have
wider niche breadths, potentially increasing microbial ex-
posure. We then tested the prediction that (H2) pollen
from nests of more generalized individuals would present
more species-rich microbial communities than more spe-
cialized individuals. Finally, we addressed whether (H3) di-
etary breadth and the richness of microbial communities
are associated.
Methods

Study Sites and Data Collection

We reanalyzed data previously published by McFrederick
and Rehan (2019) from nests of Ceratina australensis col-
lected in January 2015. We analyzed 87 pollen provisions
from 38 nests from C. australensis from three different
populations in Australia (Oppenheimer and Rehan 2021): 18
from South Australia, 11 from Victoria, and nine from
Queensland, representing all the nests for which pollen
barcode datawere reliably obtained (McFrederick andRehan
2019). Each population was sampled for 1 week, and all nests
were in the active brood stage, with females actively collect-
ing pollen for pollen balls and laying eggs. Ceratina austra-
lensis populations are composed of predominantly solitary
individuals (Rehan et al. 2010, 2011), and on the rare oc-
casion that two females are present in the nest, only one is
responsible for reproduction and foraging (Rehan et al. 2014).
We extracted DNA from each pollen provision using

protocols previously described by McFrederick and Rehan
(2019; for details, see the supplemental PDF). We con-
sidered only sequences with high similarity (180% con-
fidence using the scikit-learn or RDP classifiers) to the
closest reference sequence. For each sample (i.e., pollen
provision in a nest), we removed sequences that rep-
resented less than 1% of averaged reads, a commonly
used threshold (Bison et al. 2015; Pansu et al. 2019) under
which sequences are considered as sequencing error or
an occasional resource. We pooled all provisions within
a nest as an independent measure of an individual’s re-
source use. We then randomly subsampled to the same
number of reads across all samples, with different rarefac-
tion depths for each taxa (McFrederick and Rehan 2019;
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supplemental PDF). Because of the quality filtering and
rarefying, data availability differs across individuals, re-
sulting in a different number of data points for plants, bac-
teria, and fungi (tables S1, S2).
Calculating Individual Variation

To explore the existence of individual specialization within
and across populations (H1), we used the rarefied plant
data at the genus level to calculate the proportional simi-
larity (PS) index (Schoener 1968; Roughgarden 1979; Zac-
carelli et al. 2013) of each i individual (supplemental PDF).
To test whether binning plants at the generic level affected
individual specialization, we also performed all analyses
using amplicon sequence variants (ASVs), and the results
remain unchanged (supplemental PDF). The PSi index
ranges from 0 to 1, where the smaller the value, the greater
individual specialization, indicating individuals that con-
sume an item that no one else in the population consumes
(Bolnick et al. 2002). We used the R package RInSp (Zac-
carelli et al. 2013) to calculate PSi.
To evaluate whether individual variation in diet dif-

fers from the null expectation that each individual ran-
domly chooses their resources (Bolnick et al. 2002), for
each individual at each population, we randomly assigned
interactions with plants to different bee individuals using
a Monte Carlo sampling approach and recalculated PSi
values. We created 9,999 replicates for each population and
computed P values by calculating how many times the em-
pirical PSi values were observed in the null communities.
Calculating Microbial Richness

From the rarefied nest-level data (see above), we calculated
the richness of fungi and bacteria of each individual nest
as the number of unique ASVs present. It is worth point-
ing out that there were no differences in beta diversity on
the fungi and bacterial communities associated with brood
cells within each nest (McFrederick and Rehan 2019), sug-
gesting that bacterial succession was not a main driver of
community structure within a nest.
Calculating Resource Overlap among Individuals

To test whether dietary breadth and the richness of mi-
crobial communities are associated (H3), we used a net-
work approach to characterize individuals’ resource over-
lap by calculating weighted-closeness centrality (Blüthgen
et al. 2006; Cirtwill et al. 2018). Weighted-closeness cen-
trality (hereafter, centrality)measures the sumof the length
of shortest paths between a focal individual and every other
individual in the network. The larger an individual’s cen-
trality, the closer they are to all other individuals in the net-
work and the more they interact with plants that other in-
dividuals also interact with, thus increasing the potential
of microbial transmission. We used the bipartite package
(Dormann et al. 2008) to calculate centrality.
Statistical Analyses

To analyze whether PSi values differed among popula-
tions (H1), we used analysis of variance (ANOVA) for
which all assumptions were met. We used sequential
ANOVA (type I) and linear models to quantify the effects
of individual specialization (H2) and centrality (H3) on
microbial richness. Analyses on log-transformed micro-
bial richness were qualitatively the same (figs. S9, S11).
We conducted separate analyses for pollen-associated
bacteria and fungi. To quantify the effects of bee special-
ization (H2), we included sample site as a covariate and
tested for both main and site-dependent effects of special-
ization. To quantify the effects of centrality, we included
sample site and degree (number of plants each bee indi-
vidual interacted with) and site-by-degree interaction as
covariates to isolate the effect of centrality on micro-
bial richness. We also tested for site-dependent effects
of centrality. Here, we report results from microbial rich-
ness rarefied to read depths used by McFrederick and
Rehan (2019), but we also point out whether results were
(in)consistent across different levels of rarefaction (lower
read depth that enables us to include 90% of the data
without rarefying the data; supplemental PDF). We
performed all analyses in R (ver. 4.0.0; R Core Team
2020).
Results

Bee individuals exhibited clear differences in resource use
both within (PSi null model: all P values !.001; figs. 1, S4–
S6), and across populations (ANOVA: F2, 35 p 14:09,
P ! :001; figs. 1, S5; H1). The Victoria population was the
most specialized, followed by South Australia and Queens-
land (figs. 1, S4–S6). These results were robust despite the
small sample sizes (figs. S2, S3).
We expected a negative effect of specialization on mi-

crobial richness (H2), but we found little evidence for this
hypothesis regardless of the read depth we rarefied our
richness estimates to (fig. S8; tables S1, S2). For example,
after accounting for site-level differences in bacterial rich-
ness (F2, 28 p 5:64, P p :009), there were no clear main or
site-dependent effects of specialization (PSi: F1, 28 p 1:52,
P p :227; fig. S8; site#PSi: F2, 28 p 0:61, P p :551).
Similarly, for fungal richness, we found clear differences
among sites (F2, 26 p 6:18, P p :006) but no clear main or



000 The American Naturalist
site-dependent effects of specialization (PSi: F1, 26 p 0:010,
Pp :920; fig. S8; site#PSi: F2, 26 p 0:34, Pp :716). While
it is generally difficult to conclude that a biological factor
has no effect, our estimates of uncertainty (standard error
and 95% confidence interval) suggest that any effect of spe-
cialization is likely to be weak, especially for fungal richness
(fig. S8).
We found mixed support for the hypothesis that die-

tary breadth (measured as centrality) and the richness
of microbial communities were associated (H3; figs. 2, S10;
tables S3, S4). For example, after accounting for the effects
of site and degree (and site#degree; tables S3, S4), there
was no evidence of main or site-dependent effects of cen-
trality on bacterial richness (centrality: F1, 25 p 0:91, P p
:349; site#centrality: F2, 25 p 0:20, P p :817), and this
result was consistent regardless of rarefaction method
(fig. S10; table S3; all P 1 :210). But for fungal richness,
we found that the effect of bee-individual centrality varied
among sites, although the clarity of this effect depended on
our rarefaction method (table S4; nonrarefied: P p :002;
high read depth: P p :062; low read depth: P p :011).
Specifically, we found consistent positive effects of central-
ity on fungal richness in the Victoria population (figs. 2,
S10), whereas there was no consistent evidence of central-
ity effects on fungal richness at the other sites (fig. S10).
Discussion

The assemblage of pollen inside a solitary bee’s nest pro-
vides a chronicle of an individual bee’s foraging history
over the activity period of the nest. Pollen provisions are
therefore a powerful tool for exploring the existence of in-
dividual dietary variation in wild populations and its asso-
ciated consequences. Here, we leveraged the pollen provi-
sioning behavior of a generalist bee species to understand
the links between resource use and microbial associations.
Our results are threefold. First, we revealed the existence of
marked individual specialization in Ceratina australensis
within and across populations. Second, we found that in-
dividual specialization had, at most, a biologically weak ef-
fect on fungal richness associatedwith pollen. Third, in the
most specialized population, we found a strong, positive
effect of individuals’ dietary breadth on fungal richness.
While our wide estimates of uncertainty are less conclusive
for bacteria (figs. S8–S11), they nevertheless suggest that
additional mechanisms beyond environmental transmis-
sion, such as microbial filtering (Keller et al. 2020), may
be at play regarding microbial acquisition in wild popula-
tions. Our study highlights the microscopic variability of
interaction networks and the existence of fluctuations of
interaction patterns at a finer level (Trøjelsgaard and Ole-
sen 2016).
Plant-pollinator interaction networks suggest that spe-

cies are more flexible in their interaction partners when
temporal variability is taken into account (Spiesman and
Gratton 2016; CaraDonna and Waser 2020) and that this
flexibility has population-level ramifications (Gaiarsa et al.
2021). At a finer scale, by looking at repeated samples of
the same individuals, our results suggest that populations
are composed of a combination of highly specialized and
generalized individuals, with varying degrees of individ-
ual specialization even in the most specialized population
(Victoria; fig. 1). This finding challenges the common prac-
tice of binning bee species into oligolectic and polylectic
(i.e., pollen specialists or generalists) categories and instead
suggests that more studies teasing out the importance of
diet breadth at the species versus individual level are needed
(Rothman et al. 2020). An exciting new research avenue
is to explore whether this flexibility is intrinsic to individ-
uals, related to intraspecific and interspecific competition,
or reflects resource availability.
The mechanisms for environmental transmission of mi-

crobes for solitary bees are very different from those of so-
cial bees. In the social corbiculate bee species, microbes are
mostly transmitted via direct contact between individuals
within the colony (Koch and Schmid-Hempel 2011; Powell
et al. 2014), which results in high host specificity (Kwong
andMoran 2015). In contrast, for solitary and social species
with small colonies, environmental transmission through
Q
ueensland
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Victoria
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Individual Proportional Similarity (Psi)

Figure 1: Dietary specialization (PSi) varies within populations
and across populations. Each point represents PSi values of indi-
vidual nests, with brood cells combined. All empirical values were
significantly smaller than expected by the null model.
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shared resources may represent the most important trans-
mission mechanism (McFrederick et al. 2012, 2013; Keller
et al. 2020). Our results partially support this hypothesis.
Although we found no clear effect of dietary specializa-
tion on the richness of microbial communities, we found
a strong, positive effect of centrality on fungal richness only
in the most specialized population. Using this data set,
McFrederick and Rehan (2019) found a high clustering
of fungi communities across sites but a weaker clustering
effect of bacterial communities. Taken together, these re-
sults suggest that resource sharing among individuals
(centrality) may be an important component in the pollen-
associated richness of microbial communities inmore spe-
cialized populations. This pattern further suggests that
resources shared by individuals may potentially influence
microbial transmission in populations formed predomi-
nantly by specialized individuals, regardless of the num-
ber of flowers each individual visits. In multispecies plant-
pollinator networks, pathogen prevalence was related to
the number of interactions in the network (connectance)
but not to species centrality (Figueroa et al. 2020). Future
studies connecting individual variation to multispecies net-
works are necessary to better understand the interplay be-
tween microbial transmission and interaction networks.
While our study is the first to explicitly explore the

role of individual-level specialization in microbial trans-
mission and acquisition, it is not the only study to exam-
ine microbes in the context of plant-pollinator networks.
Voulgari-Kokota et al. (2019) used pollen and bacteria
metabarcoding to create interaction networks between
flower and seven megachilid bee species. The floral com-
position of the bees’ pollen provisions significantly corre-
lated with the bacteria found in these provisions and in
larval guts, supporting the importance of floral transmis-
sion. Zemenick et al. (2021) showed that both pollinator
identity and microbial species sorting in floral nectaries
influenced nectar microbial community structure. Other
studies that do not use an explicit network framework
have also shown that floral transmission appears to be a
major driver of pollen provision microbial communities
(McFrederick et al. 2012, 2017; McFrederick and Rehan
2016; Rothman et al. 2019; Voulgari-Kokota et al. 2019).
We further this body of work by showing the existence
of individual-level specialization in populations of gener-
alist bees. Taken together, these results highlight both the
variability of a species’ foraging behavior and the variabil-
ity of ecological networks across space (Trøjelsgaard and
Olesen 2016).
Our study demonstrates that bee individuals of a wide-

spread, common carpenter bee vary in their level of die-
tary specialization, both within and across populations. We
also show that different mechanisms beyond environmental
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Figure 2: In the Victoria population, the centrality of bee individuals had a positive effect on the richness of fungi associated with the pollen
of each nest after controlling for the degree of bee individuals (left, b p 305, standard error p 125:5, t16 p 2:43, P p :027). Right, plants
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cording to their weighted closeness centrality. For visualization purposes, three bee individuals are highlighted with shading and shapes
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transmission may be at play regarding microbial acquisi-
tion, given that an individual’s level of specialization did
not affect microbial richness. We note that we focused on
a single bee species and did not consider floral availability,
thus the links between diet and microbe acquisition may
be clearer when entire communities are considered. Future
work could investigate whether greater diversity in resource
availability in an area leads to greater generalization in for-
aging behavior at the individual level. Connecting com-
munity structure to microbial transmission is crucial to
understanding future trajectories of ecological communi-
ties and to guarantee ecosystem services such as pollina-
tion. It remains unclear how different fungi and bacteria
affect solitary bee fitness and overall bee health. By combin-
ing metabarcoding and network approaches, our results
contribute to the growing literature linking the structure of
ecological communities to microbial transmission patterns.
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“Of the many curious plants which have been given to the world by America, the pitcher plants are among the oddest.” Figured: “Heliamphorus.”
From “How the Pitcher Plant Got Its Leaves” by Joseph F. James (The American Naturalist, 1885, 19:567–578).


