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Abstract — Higher protein content and greater taxonomic richness of pollen have been noted as beneficial for bee
health, but the relationship between pollen protein content and richness as well as how pollen protein content
varies across landscape gradients remain understudied. We assessed correlations between pollen protein content
and plant species richness and species composition in pollen collected from honey bee colonies across three
states over 2 years. We selected sites along an agricultural-grassland gradient to investigate how pollen protein
content and species composition varied with land-use. We observed a weak, negative relationship between pollen
protein content and taxonomic richness, although we found no evidence of relationships between land-use and
either pollen richness or species composition. Results suggest that the richness of pollen collected by honey bees
can, albeit weakly, correlate with the pollen protein content in agroecosystems of the Upper Midwest, and that

in some systems, land use may have minimal influence on the species collected by honey bees.

Pollinators / Mass-flowering crops / Foraging / Floral resources / Pollen DNA / Metabarcoding

1. INTRODUCTION

Ample quantities of pollen as well as high-
protein pollen contents are essential for honey
bee (Apis mellifera) development (Di Pasquale
et al. 2013), while limited quantity or protein
content of pollen can have detrimental health
effects (Di Pasquale et al. 2016; Rotheray et al.
2017). Despite the importance of pollen for bees,
evidence suggests honey bee foragers may not
demonstrate preferences for varying protein
content in pollen (Pernal and Currie 2001; Cook
et al. 2003, Corby-Harris et al. 2018). However,
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honey bees still work to maximize the num-
ber of species of pollen collected at the colony
level (Niirnberger et al. 2019), suggesting some
degree of selection for diverse pollen. Greater
pollen richness has demonstrable health benefits
for honey bees, such as buffering against the
effects of parasitism (Di Pasquale et al. 2013) or
improving baseline immunocompetence (Alaux
et al. 2010). Most studies investigating relation-
ships between honey bee health and pollen rich-
ness have been performed in controlled settings,
and thus it is yet unclear whether pollen richness
can improve bee health in the field, particularly
at landscape scales (Alaux et al. 2017).

The relationship between the landscape-level
floral resources and the pollen richness collected
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by bees is unclear. The nutritional content of pol-
len is often defined by its protein content which
is phylogenetically conserved among related
plants: i.e., the protein content of a plant species
is similar across individuals of the same species
(Roulston et al. 2000; Vaudo et al. 2020), but
at least some plant species may exhibit envi-
ronmental variability in their pollen nutrition
(Descamps et al. 2021). Thus, the taxonomic
composition and richness of floral species may
directly affect the pollen protein content availa-
ble to foraging bees as well as the protein content
of pollen they collect (Simanonok and Burkle
2020). Both the richness of flowering species
and the nutritional content of available floral
resources can be mediated by land-use (Goulson
et al. 2015); however, while bees may increase
foraging effort in depauperate floral landscapes,
evidence suggests neither the quantity nor rich-
ness of pollen collected by honey bees change
with landscape richness (Danner et al. 2016;
Simanonok et al. 2020). This leaves an open
question as to how the richness of pollen col-
lected by bees in complex landscapes may relate
to the protein content of pollen.

The Prairie Pothole Region (PPR), a region
defined by small “pothole” wetlands (Euliss et al.
2004), has experienced dramatic land-use change
through the last two decades, primarily via the
conversion of historical grassland to row-crop
production (Lark et al. 2015). The PPR provides
flowers for up to 40% of commercial honey
bee colonies in the USA, yet researchers have
identified that land-use change in this region is
negatively impacting honey bees as well as other
bee species (Smart et al. 2016a, b, 2018; Otto
et al. 2016) likely via limiting the area of and
reducing floral resources across land-use (Smart
et al. 2018). The PPR’s recent landscape conver-
sion, its regional importance for the beekeeping
industry, as well as the documented negative
effects of this land-use change on bees makes
this an ideal ecoregion for studying the effects
of land-use on floral resources. While previous
work has identified changing land-use (Otto et al.
2016), reduction of floral resources (Smart et al.
2018), as well as effects on the nutritional value
of available flora (Simanonok et al. 2020), no
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study has yet linked how floral resources (e.g.,
floral richness) and pollen protein content may
be interrelated across land-use in this region.

Honey bees have been previously identified as
model organisms for quantifying the nutritional
content and taxonomic richness of flowers in
altered landscapes (Beil et al. 2008; Dimou and
Thrasyvoulou 2009; Simanonok et al. 2020),
though most studies have focused on broad meas-
ures of pollen nutrition or on microscopic identi-
fication of pollen (Smart et al. 2017). The advent
of DNA metabarcoding has allowed researchers
to study bee pollinator foraging and nutrition at
scales not previously realized (Bell et al. 2016).
The earliest papers on the application of meta-
barcoding to understanding honey bee foraging
were strictly methodological and often lacked
repeated sampling across a robust set of sam-
pling sites across space and time (Keller et al.
2015, Richardson et al. 2015a; Cornman et al.
2015). Researchers have recently applied meta-
barcoding techniques to determine how honey
bee pollen collection varies across land cover
types (Richardson et al. 2015b, 2021; Smart
et al. 2017). However, most of these previous
studies inferred honey bee response to land cover
by treating individual colonies within an api-
ary as statistically independent units or did not
have substantial replication of study sites across
land cover types. For example, Richardson et al.
(2021) used metabarcoding to study honey bee
pollen foraging across an urban to agricultural
gradient, but had only four study sites and lacked
replication among agricultural treatment groups.
Previous work from our laboratory investigated
honey bee pollen collection across six apiaries,
but our research revealed the need for replication
across additional apiaries to capture the existing
land cover gradient more accurately (Smart et al.
2017). Although these studies provided a prelim-
inary demonstration of the use of metabarcod-
ing to honey bee landscape research, additional
research is needed across a broader suite of land
cover conditions at independent apiaries. Here,
we apply metabarcoding to investigate honey bee
foraging among 38 apiaries that were distributed
across a grassland to row crop gradient and cover
an area of approximately 40,000 km?.
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We previously assessed relationships between
land-use (i.e., grasslands, wetlands, and bee
forage crops), pollen protein content, and the
amount of pollen collected; finding no evidence
of linear relationships among those parameters
with this dataset, and only a weak non-linear
trend with pollen protein content and some land-
uses across the growing season (Simanonok et al.
2020). In this manuscript, we expand on prior
work by using metabarcoding of pollen sam-
ples to assess relationships between pollen rich-
ness and pollen protein content, as well as how
those relationships may be mediated by land-use
change in the PPR. Specifically, we asked (1)
does the protein content of pollen or the amount
of pollen collected by honey bees change with
the taxonomic richness or taxonomic composi-
tion of that pollen and (2) does the taxonomic
richness or taxonomic composition of pollen
collected by honey bees change with land-use?

2. METHODS
2.1. Site selection

Site selection has been previously described
(Smart et al. 2018; Simanonok et al. 2020).
Briefly, we intended to select study apiaries
which represented a gradient of land-use from
primarily grasslands to mostly row-crops. We
partnered with commercial beekeepers in Min-
nesota, North Dakota, and South Dakota. We
quantified the land-use in a 4 km radius around
each apiary following the Cropland Data Layer
(CDL, USDA National Agricultural Statistics
Service Cropland Data Layer 2014). We cate-
gorized land-use following Smart et al. (2018):
grasslands (CDL: grassland, conservation lands,
pasture, fallow land, wildflowers, and hay land),
bee forage crops (CDL: alfalfa, canola, and sun-
flower), and wetlands (CDL: herbaceous and
woody wetlands). We grouped apiaries together
based on whether they had low, medium, or high
surrounding floral resources: > 1 s.d.,+1 s.d.,
and < 1 s.d., respectively from the overall mean
(Smart et al. 2018). We then randomly assigned
30 apiary points split evenly across each state
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while maintaining the land-use gradient. Six
additional apiaries were added to the study which
were part of a parallel long-term bee health data-
set (Smart et al. 2016b). In addition, we selected
an additional two apiaries in ND surrounded
by less than 1,000 ha grassland cover to help
account for beekeeper site-selection bias and
enhance our total land-use gradient. In total our
study design encompassed 38 apiaries studied in
both 2015 and 2016.

2.2. Pollen collection

Honey bee colonies were owned and oper-
ated by commercial beekeepers who employed
standard best practices for keeping honey bees.
Two colonies per apiary were fit with a 10-frame
Superior Pollen Trap (Mann Lake, Hackensack,
MN, USA). We ensured each colony fitted with
a pollen trap was queenright and free from symp-
toms associated with observable diseases (e.g.,
fungal and bacterial infections, common viral
symptoms). Pollen traps were opened for 72 h
every 2 weeks beginning in early June and end-
ing in mid-September. Pollen was collected from
pollen traps into sealed plastic bags and kept on
ice during transportation to the laboratory. Pollen
was stored at —20 °C until analysis. We sorted
pollen samples in the laboratory to remove non-
pollen material, and the resulting sorted pollen
measurement was used as our measure of pol-
len quantity. For pollen protein content analy-
sis and pollen metabarcoding we collected two
5 g sub-samples of pollen to homogenize with
a mortar and pestle. Pollen samples were then
dried at 60 °C for 60 h. One of each sub-sample
were then shipped to Midwest Labs in Omabha,
NE for pollen protein content analysis (AOAC
990.03) to determine pollen crude protein con-
tent and to the U.S. Geological Survey’s Lee-
town Science Center, Kearneysville, WV, for
metabarcoding analysis. Pollen protein content
is reported as percent protein content per 5 g
sub-sample. While using different sub-samples
for protein content and genetic analyses has the
possibility to influence our results if each sub-
sample contained different species compositions
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of pollen, it is methodologically impossible to
assess this possibility as both sub-samples are
destroyed in the analysis. Pollen protein content
data are available in Simanonok and Otto (2019)
and have been previously analyzed in Simanonok
et al. (2020).

2.3. DNA sequencing and bioinformatics

Analyses of relationships between pollen
protein content, pollen quantity, and land-use
for some of these samples were previously
described in Smart et al. (2018) and Simanonok
et al. (2020) while detailed molecular methods
are available in Cornman et al. (2015). Briefly,
DNA was extracted using a modified Doyle’s
method (Doyle 1991; Cornman et al. 2015). We
amplified the internal transcribed spacer (ITS) of
the nuclear ribosomal locus and sequenced it on
the Illumina MiSeq to generate non-overlapping
paired-end reads of 300 bases in length. Within
each sample, de novo operational taxonomic
units (OTU) were selected by clustering the first
read of each pair at 97% identity with vsearch
(v. 2.14.1; Rognes et al. 2016) with “iddef” set
to 1. Cluster representatives were denoised and
checked for chimerism using the “unoise” and
“uchime3” commands of vsearch with default
settings. Cluster representatives and their mates
were then searched against the Nucleotide data-
base of the National Center for Biotechnology
Information (NCBI) using BLAST +v. 2.9.0
(Camacho et al. 2009), using default settings for
blastn but with low-complexity filtering disabled.
The representative sequence pair was assigned
a taxonomy using the lowest common ances-
tor method (Huson et al. 2007) as implemented
for paired ITS reads by Cornman et al. (2015).
Specifically, the common ancestor of all species
scoring within 3% of the best bit score, summed
across both reads, was assigned to the read pair
at one of five standard ranks (species, genus,
family, order, or class) or it was left unassigned.
Species-level assignments that did not have an
average percent identity to database references
of at least 96% and a best bit score of at least
550 were demoted to genus. Genus assignments
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that did not have an average percent identity to
database references of at least 92% and a best bit
score of at least 450 were demoted to family. The
abundance of the cluster was not taken from the
vsearch cluster size for the first read, but instead
determined by remapping read pairs to OTUs
with bowtie2 (Langmead and Salzburg 2012) in
“local” mode with the scoring threshold set to
“G,80,8” (see Langmead and Salzburg 2012 for
details). The resulting alignment file was filtered
to retain pairs that matched at 97% identity and
with a maximum of five indel positions (align-
ment skips of up to five position at OTU ends
were counted as single gap positions, Cornman
et al. 2015). If reads of a pair mapped to two dif-
ferent OTUs (e.g., due to chimeras or levels of
differentiation at I'TS1 versus ITS2), the count
was tabulated at the taxonomic level in common
to the two OTUs. Counts valid by this scheme
were then tabulated per sample. We opted to use
an OTU approach vs. other “exact sequence”
methods for several reasons: briefly, we used
OTU representative sequences to identify can-
didate taxa de novo, but actual abundances are
obtained by a direct mapping approach to reduce
artifacts associated with clustering by a percent
identity method. The lowest common ancestor
method considers taxa scoring within 3% of the
best match as equally plausible candidates, and
that best match itself is usually less than per-
fect—it is therefore moot in practice to further
partition clusters if the assignment method is
not correspondingly more precise. Furthermore,
recent research has suggested that selecting OTU
vs. “exact sequence” methods does not alter the
results of ecological community analyses (e.g.,
Glassman and Martiny 2018).

We removed taxa assigned from OTUs which
did not occur in our study area based on the
USDA Plants Database (USDA NRCS 2020).
We performed this post hoc filtering as opposed
to pre-analyses curation because our previous
attempts to use USDA PLANTS, field obser-
vations, and other checklists have shown that
unsatisfactory gaps persist (e.g., Simanonok
et al. 2021a). Furthermore, we did not want to
omit possible plant species given that the scale
of our study covered several US states and honey
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bees have an expansive foraging range and niche
breadth. OTU counts were converted to propor-
tions of each pollen sample to scale the range
of values. In addition, to reduce the effects of
contamination and crosstalk we removed all
taxa that comprised less than 2% of counts for
each pollen sample. Using a low percentage cut-
off is relatively standard in molecular analyses
of this nature (e.g., Deagle et al. 2019) and has
been previously used for similar pollen studies
(Simanonok et al. 2021a). While this threshold
may limit our detection of rare taxa or reduce
the richness detected, it helps prevent against
identifying non-target taxa in the samples (e.g.,
some wind-pollinated species) as well as hedge
against contamination or erroneous reads. Fur-
thermore, given the dominance of highly abun-
dant, weedy species in our data (see “3”) we
do not believe a moderately low 2% threshold
would influence our results. Our metabarcoding
methods do not always resolve to species (e.g.,
Simanonok et al. 2021a), instead they provide
results at the species, genera, and family levels.
Thus, we perform analyses on “taxonomic” rich-
ness and composition which include species-,
genus-, and family-level identifications from
metabarcoding.

2.4. Statistical analyses

With the genetic data, we wanted to test
whether pollen protein content or the amount
of pollen honey bees collected were related to
the taxonomic richness detected; in addition, we
wanted to investigate if such patterns were related
to land-use. We tested these questions with a lin-
ear mixed-effects model comparing pollen pro-
tein content against taxonomic richness, area of
grassland, bee forage crops, and wetland as well
as interactive terms for each land-use X richness,
while again holding sampling date nested within
colony nested within apiary as a random effect
to account for repeated samples from the same
colonies. This same model structure was used for
testing if pollen quantity varied with pollen rich-
ness, except pollen quantity was log-transformed
due to skewness. We expected that pollen protein
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content may increase with greater taxonomic
richness, in that bees would be more likely to
have collected high-protein content pollen with
more species collected. Likewise, we expected
that the quantity of pollen collected may increase
with greater pollen taxonomic richness as forg-
ers may collect greater amounts of pollen with
more nutritious value. Furthermore, we tested if
the protein content of pollen increased with the
amount of total Fabaceae pollen by comparing
pollen protein content against the log-ratio trans-
formed proportion of Fabaceae pollen in each
sample with a linear mixed-effects model with
sampling date nested within colony nested within
apiary as a random effect. Log-ratio transforma-
tion was used to standardize across samples, as
the proportions are sample-specific and may be
biased dependent on the DNA amplification of
different species of pollen.

To test if pollen protein content varied with
pollen taxonomic composition, we performed
a principle coordinate analysis (PCO) of the
pollen community matrix from a square root-
transformed Bray—Curtis distance matrix. We
then overlaid pollen protein content as a ‘sur-
face’ across the PCO using the ordisurf func-
tion from the vegan (Oksanen et al. 2018) R
package, which effectively builds a generalized
additive model (GAM) to assess how pollen
protein content changes with pollen commu-
nity composition. We expected pollen protein
content to vary with pollen community com-
position, as has been previously observed at
landscape scales (e.g., Simanonok and Burkle
2020).

We assessed how the taxonomic richness of
pollen collected by honey bees changed with
land-use by using a linear mixed effects model
comparing pollen taxonomic richness across hec-
tares of grassland, bee forage crops, and wetlands
with sampling date nested within colony nested
within apiary as a random effect to account for
repeated samples. We predicted pollen richness
would be positively correlated with the area of
grassland and wetlands yet decline with bee for-
age crop acreage.

We wanted to assess the extent to which the
taxonomic composition of pollen would vary
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with land-use. To explicitly consider ecologi-
cal gradients we selected a constrained ordina-
tion method, using canonical correspondence
analysis (CCA) to assess if the taxonomic
composition of pollen varied with land-use
(i.e., area grasslands, bee forage crops, or
wetlands).

For all linear mixed-effects models
(LMMs), we calculated goodness of fit
using the r.squaredGLMM from the R pack-
age MuMIn (Barton 2020); for all LMMs,
we report both a marginal R?> (mR?), which
represents the variance explained by just the
fixed effects, as well as the conditional R?
(cR?), which can be interpreted as the vari-
ance explained by the entire model, consider-
ing both fixed and random effects. All anal-
yses were performed in R version 3.5.1 (R
Core Team 2018), using packages Ime4 (Bates
et al. 2015), vegan (Oksanen et al. 2018), and
ImerTest (Kuznetsova et al. 2017). Pollen pro-
tein content data are available in Simanonok
and Otto (2019) while pollen taxonomic data
are available in Otto et al. (2019).

M. P. Simanonok et al.

3. RESULTS
3.1. Floral resources

We detected 155 different taxa with the
ten most prevalent taxa detected among sam-
ples being Melilotus spp. (91.3%), Asteraceae
(45.1%), unclassified Fabaceae (41.3%), Son-
chus arvensis (23.5%), Trifolium spp. (21.7%),
Sonchus spp. (19.0%), Solidago spp. (15.7%),
Symphytotrichum spp. (14.0%), Anemone
canadensis (10.4%), and Grindelia spp. (9.5%)
(Figure 1). Richness among samples varied from
1 to 14 with a mean richness of 5.15+0.08 SE,
and pollen sample quantity had a mean weight
of 90.67 g+3.02 SE. Melilotus spp. was con-
sistently the most proportionally dominant taxa
detected in all states in both years (Supplemen-
tal Figs. S1-S6), being the most dominant taxa
detected in 702 of 1034 samples. Asteraceae was
the next most proportionally dominant taxa in 44
samples while Sonchus arvensis and Symphyotri-
chum cordifolium were the most proportionally
present species in 23 samples each.

Lotus spp.
Caprifoliaceae
Lonicera spp.

Salix spp.

Trifolium hybridum
Sparangium eurycarpum
Brassicaceae
Arctium lappa
Ambrosia trifida
Brassica nigra
Brassica spp.
Cirsium arvense
Grindelia nana
Artemisia absinthium
Symphyotrichum cordifolium
Grindelia spp.
Anemone canadensis
Symphyotrichum spp.
Solidago spp.
Sonchus spp.
Trifolium spp.
Sonchus arvensis
Fabaceae
Asteraceae

Melilotus spp.

o
of
S

o
o
o

e
tl
3

0.50
Percent Prevalence

Figure 1. Percent prevalence of the 25 most prevalent taxa detected across all pollen samples. Note that taxa detec-
tion methods do not always resolve to species-level, instead results are at the species, genera, and family levels. Taxo-
nomic assignment is performed with a lowest-common-ancestor approach to within 3%. This figure thus shows the
prevalence of the detection of different taxa assigned from operational taxonomic units, rather than an absolute per-
cent prevalence of detected taxa at higher levels. See “2” and “3” for more detail.
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Table I

Model outputs of linear mixed effects models comparing pollen protein content and pollen quantity of
each pollen sample against pollen sample richness, area of grassland (ha), area of bee forage crops (ha), area
of wetland (ha), and interactive terms of richness and each land-use. P values less than 0.05 are in bold. For
pollen protein content model mR*>=0.03 and cR*>=0.65. For pollen quantity model mR*=0.01 and cR*>=0.33.
Marginal R? (mR?) represents the variance explained by just the fixed effects, conditional R? (cR?) represents
the variance explained by the entire model considering both fixed and random effects

Estimate S.E t P

Pollen protein content

Richness -0.35 0.13 -2.70 0.01
Grassland 5.06e™* 3.25¢7* -1.56 0.12
Bee forage crops 3.48¢73 3.84¢73 0.91 0.37
Wetland —4.6le? 1.90e™* —2.44 0.02
Richness x grassland 2.00e™° 4.30e7° 0.47 0.64
Richness x bee forage crops 5.29¢73 5.35¢74 0.10 0.92
Richness x wetland 7.81e7* 2.49¢~* 3.14 <0.01

Pollen quantity

Richness 0.02 0.05 0.41 0.69
Grassland 6.33¢™ 9.47¢73 0.67 0.5
Bee forage crops 5.39¢7* 1.20e3 0.45 0.65
Wetland 2.34e™* 5.70e™* 0.41 0.68
Richness X grassland 4.62¢7° 1.52¢7° 0.30 0.76
Richness x bee forage crops —3.88¢7° 1.90e~* —0.20 0.84
Richness x wetland —4.90e~0 8.92¢° -0.06 0.96

30

Pollen Protein Content (%)

1 2 3 4 5 6 7 8 9 10 1 12 13 14
Taxonomic Richness

Figure 2. Pollen protein content of each pollen sample plotted against that sample’s taxonomic richness. Points are
jittered slightly along the x-axis. Presence of a regression line indicates a statistically significant relationship (i.e.,
P <0.05), and shaded area around the line is a 95% confidence interval. See “3” for model output.
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3.2. Pollen richness, protein content,
quantity, and land use

Pollen protein content declined with increas-

ing pollen richness (Table I, Figure 2), as well

M. P. Simanonok et al.

as with increasing area of wetlands (Table I,
Figure 3C). Although both of these relation-
ships were statistically significant the strengths
of these relationships were extremely weak
(Table I). Pollen protein content did not vary
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Figure 3. Pollen protein content of each sample plotted against area of grasslands (A), bee forage crops (B), and
wetlands (C), as well as the taxonomic richness of each sample plotted against area of grasslands (D), bee forage
crops (E), and wetlands (F). Points are jittered slightly along the x-axis. Presence of a regression line in C indicates a
statistically significant relationship (i.e., P <0.05), and shaded area around any line is a 95% confidence interval. See
Table I for model output.
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Figure 4. Pollen protein content of each pollen sample plotted against the log-ratio transformed proportion of pollen

from all taxa in the family Fabaceae within each sample.

with area of grasslands or bee forage crops
(Table I, Figure 3A, B). Likewise, pollen protein
content did not change with the log-ratio trans-
formed proportion of total Fabaceae pollen pre-
sent in pollen samples (estimate: 0.48, t=1.07,
P=0.28, mR*<0.01, cR*=0.10, Figure 4). Pol-
len protein content varied from 8.5 to 37.3%,
with a mean value of 21.68% +0.11 SE. Pollen
quantity did not vary with the richness of pollen
collected nor across any land-use (Table I).

Pollen protein content, when applied as a
GAM surface to a PCO of the pollen commu-
nity composition, varied slightly with pollen
taxonomic composition (F'=0.60, P=0.03) yet
model fit was particularly poor (model R*<0.01,
Deviance explained =0.66%, Figure 5). Pol-
len quantity did not vary with pollen taxo-
nomic composition (F<0.01, P=0.38, model
R?<0.01, Deviance explained <0.02%).

Pollen taxonomic richness collected by each
honey bee colony did not vary with surround-
ing area of grassland (r= —1.27, P=0.21,
Figure 3D), area of bee forage crops (r=0.89,
P=0.38, Figure 3E), or area of wetlands
(t= —0.90, P=0.37, Figure 3F, mR’><0.01,
cR*=0.15).

CCA results provided no evidence that pollen
taxonomic composition varied across any stud-
ied land-use gradient (Figure S7). Total inertia,
analogous to the dispersion among samples, was
21.59 and constrained axes accounted for only

0.08 of that total inertia leaving most taxonomic
composition dissimilarity unexplained (99.6%);
eigenvalues for the constrained axes, referring
to hectares grassland, bee forage crops, and wet-
lands, were 0.033, 0.025, and 0.025, respectively.

4. DISCUSSION

Our study is the first multi-state field investi-
gation of honey bee-collected pollen taxonomic
richness and protein content across a grassland
to row-crop gradient. Counter to our initial pre-
dictions, we found little support that the protein
content or taxonomic composition of honey
bee-collected pollen varied across our land-use
gradient. Although we detected a statistically
significant trend between pollen protein con-
tent and wetland area, when viewed graphically
(Figure 3) and considering the magnitude of the
estimate of change (Table I), this relationship
was weak and most likely driven by a high num-
ber of sites with nearly no wetland cover. Fur-
thermore, our data did not demonstrate a strong
relationship between pollen protein content and
plant richness. Although there was a statistically
significant relationship between pollen protein
content and taxonomic richness, the total change
in pollen protein content was < 2% across pollen
samples that varied in richness between 1 and
14 plant taxa, and most samples had relatively
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few taxa (mean 5.15+0.08 SE). Collectively, we
conclude that (1) land-use is not related to the
richness or taxonomic composition of pollen col-
lected by honey bees across the gradient we sam-
pled, (2) taxonomic richness of bee pollen may
be weakly correlated with the protein content of
the pollen, and (3) honey bee-collected pollen
is dominated by highly abundant floral species,
evidenced by the dominance of Melilotus spp.
and Asteraceae in our samples.

The weak, negative relationship we observed
between pollen richness and pollen protein con-
tent is counter-intuitive when considering previ-
ous studies highlighting the health benefits and
prioritization of pollen richness for honey bees
(e.g., Di Pasquale et al. 2013; Niirnberger et al.
2019). However, since the protein content of pol-
len for different floral species is phylogenetically
conserved (Roulston et al. 2000; Vaudo et al.
2020), pollen richness per se may not correlate
with pollen protein content, i.e., some work sug-
gests pollen protein content may increase with
greater pollen richness if those additional spe-
cies are high-protein pollen content taxa (e.g.,

@ Springer

Simanonok and Burkle 2020). In addition, our
study is limited and thus lacks inference on
other important nutritional components of pol-
len (e.g., phytochemicals, amino acids, lipids,
Geldert et al. 2020; Vaudo et al. 2020), which
may correlate differently with pollen richness or
land-use. We observed a weak, yet statistically
significant, negative correlation between pollen
protein content and area of wetland, dependent
on an interactive effect with pollen richness. Pre-
vious research in our region showed that com-
mercial beekeepers are more likely to select api-
ary locations that have larger area of wetlands in
the surrounding landscape (Otto et al. 2016) and
wetlands are also important for supporting native
bee communities (Vickruck et al. 2019; Begosh
et al. 2020), presumably because upland buffers
around wetlands harbor floral resources for bees.
While these areas may support other aspects of
bee health such as refugia from pesticides or by
providing nectar plants, our study shows rela-
tively little benefit of wetlands from the perspec-
tive of increasing the richness of pollen diets or
pollen protein content in honey bees. Honey bees
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located near reservoirs have previously been
noted to collect pollen from fewer floral species
(Guzman et al. 2019). Were a similar pattern to
hold in our region with wetlands, it could be that
wetlands, despite possibly functioning as habitat
refugia for native bees (Evans et al. 2018), do not
provide added value to honey bees with respect
to pollen nutrition.

Despite previous evidence that pollen protein
content and honey bee health can be impacted
by variable amounts of bee-friendly land-use in
the PPR (Smart et al. 2016a, b, 2018; Simanonok
et al. 2020), we observed no strong relationships
between the richness or taxonomic composition
of pollen collected by bees and the area of grass-
land, bee forage crops, or wetland near each api-
ary. There are several potential explanations for
this discrepancy. First, our use of a Geographic
Information System to quantify these landscapes
may inaccurately represent how pollen-foraging
honey bees perceive their nutritional landscape.
During study design, we hypothesized apiar-
ies surrounded by more grassland would sup-
port a greater richness of flowers; however, this
design may need further scrutiny. An ideal study
design would include intensive field surveys of
the area surrounding potential research apiaries
so that apiaries can be selected across a gradient
of floral richness, as opposed to a gradient of
land-use as we have done here. Given the >4 km
foraging radius of honey bees, implementing a
design such as this would likely be cost-prohib-
itive, particularly for a landscape-scale study,
unless it could be done in a landscape where
the growth of flowering plants can be rigor-
ously controlled. Second, it may be the case that
grasslands, despite having avoided conversion
to row-crop production, have been sufficiently
degraded to where even bee-friendly land-use in
the PPR lack floral resources, and thus, a gradi-
ent of grassland-cover does not have a gradient
of floral richness in our system. Indeed, many of
the grasslands in the PPR are used as rangeland
or hayed multiple times during the growing sea-
son (Lark et al. 2015; Otto et al. 2016). While
pasture and hayland may provide refugia from
pesticides for bees, grasslands that are heavily
used have the lowest flower density in our region,
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relative to other bee-friendly land covers (Smart
et al. 2021). Third, our inability to ascribe pro-
portional abundance of detected flora to specific
land-use with this method may have limited our
ability to detect predicted relationships. Thus,
while we may not detect a variable number of
species across different land-use within honey
bee-collected pollen, there may still be consid-
erable variability in floral resources and espe-
cially in the quantity of preferred floral species
(Simanonok et al. 2021b) that we are unable to
assess with this methodology. Such variability
may have profound effects on native bee species,
many of which are much more specialized in
their pollen resources and exhibit different pollen
foraging preferences or suitability compared to
generalist honey bees (Leonhardt and Bliithgen
2012). Taken together, because of the extreme
generalist foraging behavior shown by honey
bees coupled with land-use change and degrada-
tion in the PPR, we may not observe differences
in pollen collection by honey bees regardless of
the considered land-use gradient.

Future studies focusing on the variable pres-
ence of preferred floral species across different
land-uses or more detailed measures of pollen
nutritional content such as protein-lipid ratios
may provide additional insights into how pollen
collection by bees may vary across landscapes
(Vaudo et al. 2020). Furthermore, with the sub-
stantial native bee richness noted for the PPR
(e.g., Evans et al. 2018; Brendel et al. 2019;
Vickruck et al. 2019), studying relationships
among land-use, pollen taxonomic composition,
and pollen nutrition as well as pollen suitability
for native bee species may clarify the role that
different land-covers in this region provide for-
aging and nesting resources for both native and
managed bee species.
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