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Abstract — Agricultural intensification can impact the availability and quality of resources. We analyzed resource
use by bumble bees (Bombus spp.), important pollinators of highbush blueberry (Vaccinium corymbosum ),
collected from conventional highbush blueberry farms, organic highbush blueberry farms, and nearby natural areas
in the lower Fraser River valley of British Columbia, Canada. We identified corbicular pollen and measured bee fat
content as an indicator of body condition. Bumble bees use non-crop resources, including pollen from plant species
not found on farms. Bees from natural areas had higher pollen protein content in corbicular pollen and higher body
fat content than those from conventional and organic farms. There was no difference between farm types, and we
could not demonstrate a relationship between pollen protein and bee fat content. Our findings illustrate the
importance of resource availability throughout agro-ecological landscapes, including not only farms but also off-

farm areas.
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1. INTRODUCTION

Intensification of agriculture and associated land-
use change is a major cause of habitat loss and
fragmentation globally (Tilman et al. 2001; Defries
et al. 2004; Foley et al. 2005), and habitat loss has
led to declines of wild invertebrate pollinators within
agricultural landscapes (Cunningham 2000; Aizen
et al. 2002; Klein et al. 2002; Kremen et al. 2002;
Steffan-Dewenter et al. 2002; Klein et al. 2003;
Ricketts 2004). Although mass-blooming crops
can provide pollen and nectar resources for pollina-
tors, short crop bloom time reduces their benefit as
minimal resources are available when crops are not
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in bloom (Kremen et al. 2002; Westphal et al. 2003).
Weedy species on farms offer alternative forage for
pollinators (Morandin and Winston 2005), and they
may additionally forage off-farm. Bees have been
shown to collect off-farm pollen resources to provi-
sion on-farm nests (Bobiwash et al. 2018) and to
forage in rural landscapes with higher resource di-
versity compared to farms (Couvillon et al. 2014).
Such foraging decisions can have implications for
the crops that rely on bees for pollination (Walther-
Hellwig and Frankl 2000) and should also be related
to the nutritional status of bees (Naug 2009).
Pollen is an important component of bee nutri-
tion, but it is known to vary in protein content
(2.5-61%, Roulston and Cane 2000), lipid com-
position, vitamin/mineral content, and amino acid
composition (Goulson et al. 2015). Bees rely ex-
clusively on pollen for protein to feed developing
larvae (Haydak 1970), and bumble bees have been
shown to prefer pollen with higher protein content
(Leonhardt and Bliithgen 2012; Somme et al.
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2014; Vaudo et al. 2016). Pollen that contains less
than 20% crude protein content is considered a
low-quality pollen for honey bee colony fitness
(Somerville 2005), and bumble bees select higher-
protein pollen sources than honey bees
(Leonhardt and Bliithgen 2012). Using the con-
servative 20% as a benchmark, low protein pollen
is present in some pollinator-dependent crops, like
sunflower (Nicolson and Human 2013), blueber-
ry, and buckwheat (Somerville 2005), likely
impacting their pollination. Central-place forag-
ing bees with nests in or near these low-protein
crops will need to forage off-farm to meet their
protein needs. Of course, other aspects of the
nutrient complement of pollen are also important
(e.g., Vanderplanck et al. 2014; Moerman et al.
2016), but, here, we focus on using crude protein
content values from the existing literature to as-
sess foraging preferences of wild bumble bees
collected on farms and in natural areas within
agricultural landscapes.

The type and range of available floral resources
may affect bee body condition and health, al-
though this has rarely been studied in wild bees
(Goulson et al. 2015; Vaudo et al. 2016). The fat
body in insects synthesizes and accumulates lipid
reserves as well as carbohydrates, amino acids,
and other metabolites (Arrese and Soulages
2010). Because fat bodies store and utilize energy,
detoxify waste products (Arrese and Soulages
2010), synthesize immunoproteins (Amdam and
Omholt 2002), and can be considered an indirect
proxy for immunocompetence (Wilson-Rich et al.
2009; Alaux et al. 2010), fat content is a realistic
indicator of body condition in bees. In this study,
we use fat content as a metric to measure body
condition of individual bees; colony-level metrics
were not feasible because wild bumble bee nests
are challenging to locate.

Differences in farm management, for example,
conventional vs. organic, may impact foraging
choices and wild bee nutrition. Organic farms
typically have smaller field sizes (and therefore
more edge habitat with available resources) and
grow more diverse crops (Norton et al. 2009).
This may provide a range of nutritional options
over a longer temporal scale than is typical for
conventional farms (Gabriel et al. 2013). In addi-
tion, the amount of non-crop floral resources can
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be higher on organic farms (Morandin and
Winston 2005). Few studies have examined how
farm type affects wild bee nutrition and body
condition.

We ask the following questions:

1. Which pollen types do wild bumble bees col-
lect for nest provisioning, and is this different
from the resources available on the farm?

2. Are there differences in pollen collected by
bees found on different site types within agri-
cultural landscapes, and is this related to pro-
tein content of pollen?

3. Does pollen diversity or protein content of
pollen affect the fat content of bumble bees
foraging in different site types?

We hypothesized that bumble bees would tend
to collect higher-protein pollens from those avail-
able to provision their nests, though foraging
choices are likely to reflect the pollen sources
available in location where bees are foraging.
We expected diversity of pollen sources to be
highest in natural areas and lowest on convention-
al farms, and that body condition (fat content)
would also be highest in natural areas and lowest
on conventional farms, with organic farms inter-
mediate for both pollen diversity and bee body
condition. We controlled for bee body size (as
measured by inter-tegular span) because it is ex-
pected to affect foraging range (Greenleaf et al.
2007) and total fat content in bees.

2. MATERIALS AND METHODS
2.1. Study sites

We used 18 sites distributed throughout the
lower Fraser River valley, British Columbia: 6
conventionally grown blueberry farms, 6 organi-
cally grown blueberry farms, and 6 “natural”
areas. We worked with highbush blueberry
(Vaccinium corymbosum L.) because this mass-
blooming crop is known to have low pollen pro-
tein content (13.9%, Somerville 2001). This is
below the 20% crude protein required to meet
nutritional requirements of honey bees; honey
bee colonies foraging on monocultures of
lowbush blueberry (Vaccinium angustifolium )
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exhibit a reduction in brood rearing compared to
non-Vaccinium fields in Québec (Girard et al.
2012). Similar impacts of low protein may be
expected for bumble bees, especially since there
is some evidence that they prefer higher pollen
protein content than honey bees (Leonhardt and
Bliithgen 2012). We considered different site
types because management differences among
farms are often related to differences in the avail-
ability of on-farm resources for bees (e.g., pollen
from weeds), and weed cover is often higher on
organic farms (Morandin and Winston 2005). The
organic farms were either certified by an official
certification body (Certified Organic Associations
of B.C. or Canadian Food Inspection Agency) or
followed organic practices by not using synthetic
fertilizers or pesticides. We paired the convention-
al and organic farms as closely as possible for
cultivar (paired within cultivar Bluecrop, Duke,
Elliot, or Hardiblue), location, surrounding habi-
tat, and farm size. Conventional farm sizes ranged
from 2.0 to 22.5 ha, and organic farm sizes ranged
from 0.9 to 28.1 ha. In our region, farms are
largely surrounded by semi-natural land, blueber-
ry farms, and other perennial agriculture (Toshack
2018). Our “natural” sites were largely second-
growth forests with many flowering shrubs, man-
aged by the Metro Vancouver Regional Parks or
the City of Abbotsford. Natural areas were chosen
to be near the paired farm sites (< 20 km), and all
sites were separated by at least 2 km to minimize
the chance that floral visitors might move among
sites.

2.2. Floral resource quantification

We conducted vegetation surveys five times,
approximately weekly, to include the blueberry
bloom and shortly after. We selected 10 survey
points at stratified random intervals of 5 m along
each of three transects. In the farms, the transects
were located at the field edge, 25 and 50 m into
the crop. In the natural areas, the transects were
normally located along an edge or path. We used a
25-cm by 2-m quadrat perpendicular to the tran-
sect to quantify the percentage of flowers in
bloom by species, including both ground vegeta-
tion and shrubs in our counts, and so including
blueberry flowers on farms.
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2.3. Bumble bee resource use and body
condition

2.3.1. Bee collection

We focused on bumble bees (Bombus spp.) as
these are the main wild pollinators of highbush
blueberry in British Columbia (Button and Elle
2014). They are central-place foragers that nest on
or underground, with typical colony sizes ranging
from 50 to 200 individuals and development of
new workers taking approximately two weeks
(Goulson et al. 2001). In bees, fat content is de-
termined by the resources fed to developing lar-
vae, with adult fat content declining for the dura-
tion of the bee’s life (O’Neill et al. 2015). Thus,
we considered bees collected near to the middle or
end of the blueberry bloom to have been likely fed
from resources including blueberry. We net col-
lected 256 worker bumble bees of the three most
abundant species (Bombus mixtus , B. flavifrons ,
and B. melanopygus) over a 10-day period in
early May. Bees were collected when foraging
on flowers, and although we cannot know if they
foraged elsewhere before being net-collected, we
assumed that their pollen loads represented re-
sources available within our study sites or the
nearby landscape. The collection period was re-
stricted to a short time frame because bee lipid
content fluctuates considerably throughout the
season. Bees were stored at — 80 °C (after
corbicular pollen was removed) until lipid analy-
sis was conducted.

2.3.2. Pollen identification

We removed both corbicular pollen loads from
each bee, suspended the pollen in 95% ethanol,
vortexed the samples, and then pipetted a sub-
sample onto a microscope slide following the
methodology in Kearns and Inouye (1993). Fuch-
sine gelatin was added to the slide to dye the
pollen grains for ease of identification. One ob-
server counted and identified all pollen grains to
reduce observer bias. Each pollen grain was iden-
tified to the lowest taxonomic level possible under
400x magnification, using a reference library
from our laboratory, as well as Hodges (1952)
and a pollen atlas (Crompton and Wojtas 1993).
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In most cases, the lowest taxonomic level possible
for pollen identification is genus, and, in some
cases, it is family. We counted 100 pollen grains
along a randomly selected transect on the slide. In
a sample of 256 bees, we included 17 slides that
had between 51 and 100 grains (and analyzed as a
proportion) but discarded any slides with a pollen
count of < 50 (12 slides) for a total of 244 bees. If
any pollen type was observed only once, that
count was excluded from further analysis as it
may be due to contamination (Westrich and
Schmidt 1986).

2.3.3. Estimate of pollen protein collected per
bee

We compiled crude protein percentage for the
pollen types identified in corbicular loads from
published sources (Supplementary Material).
Where the protein percentage had not been mea-
sured for a particular plant species, we used values
from a congener or another member of the plant
family if available (averaging across multiple con-
geners or family members where available), or in
one case where there was no information even for
the family (Geranaceae) we used the average
crude protein across all plant species (25%, Som-
erville 2005). We recognize the limitations of this
approach as chemical composition of pollen may
vary within genera or families, but as many spe-
cies have not been assessed, our method does
provide a useful index for comparative purposes,
and is conservative as it underestimates variation
among species. We estimated the amount of total
protein content per 100 pollen grains by multiply-
ing the proportion of each pollen type collected by
the crude protein content of that type and sum-
ming across different pollen types for each bee.

2.3.4. Body size and lipid measurements

We measured the inter-tegular (IT) span and
body lipid content of the same bumble bees that
we used for pollen analysis. IT span is the distance
between the nearest edges of the tegulae. This is a
standard index of bee size and a good estimator of
dry body weight (Cane 1987; Bullock 1999;
Hagen and Dupont 2013) and foraging range
(Greenleaf et al. 2007). A single observer
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measured IT span in millimeters using digital cal-
ipers under a dissecting microscope.

We quantified body lipid content using a
Soxhlet apparatus with petroleum ether extrac-
tion. This solvent has been used for fat extraction
in solitary bees (O’Neill et al. 2015) and wasps
(Strohm 2000). Petroleum ether extracts neutral,
non-structural lipids which are the stored energy
reserves and regularly measured in insects
(Williams et al. 2011). We placed individual bees
in plastic trays of known weight, dried in a 60 °C
oven, and weighed on an analytical balance. The
samples were then crushed in individual filter
paper envelopes and loaded into the Soxhlet for
6 h. After lipid extraction, the samples were
weighed again. To calculate the mass of lipid per
bee, we measured the difference between post-
extraction dry mass and pre-extraction dry mass.
We measured the proportion of fat by taking the
absolute fat content and dividing it by the mass of
the bee. One outlier of a bee with 40% fat was
removed from analysis, as this bee was likely a
queen (since queens have higher fat content), and
our study investigated foraging worker bumble
bees.

2.4. Analysis

All analyses were run in R (R Core Team
2017). To compare the corbicular pollen types
collected by bees with floral resources present at
each site, we performed three separate Pearson’s
Chi-squared tests (R package “MASS”), one for
each site type: conventional blueberry farms, or-
ganic farms, and natural areas. Since pollen types
can only be identified to genus or family (species
within genera almost never differ in pollen grain
morphology), we combined our floral resource
data to match the pollen types.

To examine whether the proportion of different
pollen types collected differed among our site
types, we summed pollen counts by type across
all bees within each site type and ran a Pearson’s
Chi-squared test. To evaluate whether individual
bees from the site types differed in the richness of
pollen collected, the amount of protein in collect-
ed pollen, or their IT span, we used linear mixed
effects models (“Ime4,” Bates et al. 2015) with
site type as a fixed effect and site and bumble bee
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species as random effects. For those models for
which there was a significant effect of site type
(using ANOVA type III Satterthwaite approxima-
tions), we tested how the site types differed using
post-hoc Tukey’s tests.

To assess which factors had an effect on fat
content of bees, we used a linear mixed effects
model (“Ime4,” Bates et al. 2015) to identify the
effects of site type, the richness of pollen types
collected, and pollen protein content on fat con-
tent, with site and bumble bee species as random
effects. We expected that bees foraging in land-
scapes where they could collect more pollen types
or more total protein would have higher fat con-
tent. This expectation assumes that the resources
available to adult bees are similar to the resources
available when they were fed as larvae. We con-
trolled for size of bee in the model by including IT
span in the model, as bees of differing sizes are
likely to forage over different ranges.

3. RESULTS

Blueberry pollen comprised 45% of total pol-
len in corbiculae of bumble bees collected on
conventional farms, 67% of pollen from organic
farms, and 1% of pollen from natural arecas (Fig-
ure 1). Rosaceae pollen from shrubs was also
common, comprising 32% of total pollen in cor-
biculae of bees from conventional farms, 11% of
pollen from organic farms, and 74% of pollen
from natural areas. This pollen is most likely from
salmonberry (Rubus spectabilis ) or trailing black-
berry (Rubus ursinus) as they flower during our
collection period in May. The pollen types col-
lected by bees were significantly different from
the floral resources available at the three site types
(conventional: y *=1321.4, P < 0.0001; organic:
x2=1204.7, P < 0.0001; natural: y*=2825.2,
P <0.0001; Figure 1).

Bumble bees from the three different site types
differed in the proportion of pollen collected from
different plant species (y > =123.56, P <0.0001;
Figure 1). Bees from natural areas tended to have
higher pollen richness, pollen protein content, and
fat content (Table I), but only protein and fat
content achieved statistical significance (site type
effects on pollen richness: F =1.28, P =0.31;
pollen protein content: F' =12.29, P =0.0008;
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fat content: F' =3.85, P =0.045). Pollen protein
content in corbicular loads from bees collected
from natural areas was higher than from bees from
both conventional farms (z =3.92, P =0.0002)
and organic farms (z =4.50, P <0.0001), but
there was no difference between farm types (z =
—0.64, P =0.52). Bees from natural areas had
higher mean fat content compared to bees from
conventional farms (z =2.62, P =0.03), but not
organic farms (z =1.98, P =0.10), and again
there was no difference between the two farm
types (z =0.44, P =0.66).

Total estimated protein content in pollen loads
was not related to fat content of bees (F =0.41,
P =0.41). There was no significant effect of pollen
richness per bee on fat content of these bees either
(F =2.46, P =0.12). Although we found no effect
of site type on mean IT span (F =2.26, P =0.14),
we found a negative relationship between fat con-
tent and IT span, with a 3.9% (SE 1.07) decrease in
mean fat content for every mm increase of mean IT
span (R?=0.056, P = 0.004; Figure 2).

4. DISCUSSION

Bumble bees preferentially foraged on particu-
lar pollen types, and these differed from the floral
resources found at the site level. In natural areas,
bees collected more pollen from shrub Rosaceae
(likely Rubus spp.) and less from tree Rosaceae
(could be Amalanchier, Crataegus , Malus , Pru-
nus , or Sorbus spp.) than the relative availability
of these resources. Collection of Rosaceae pollen
likely indicates that bees may be supplementing
their diet with off-farm resources, most likely with
native salmonberry (Rubus spectabilis ) or trailing
blackberry (Rubus ursinus ), neither of which is
commonly present on farms. Blueberry flowers
present a pulse of floral resources, but our data
suggests that they may not be attractive for polli-
nators, which likely has implications for the pol-
lination of this crop.

Bumble bee foraging strategies for preferred
pollen types may be based on nutritional re-
quirements, such as the amount of crude pro-
tein found in pollen. The average crude protein
content of pollen is between 20 and 25%, and,
for honeybees, any pollen source lower than
20% is considered a low protein pollen, and
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Fig. 1 a Floral resources present at 6 conventional highbush blueberry farms, 6 organic farms, and 6 natural areas in
the Fraser River valley, British Columbia. b Pollen collected by bumble bees at the same sites. Corbicular pollen
differs significantly from the resources available within each site type. “Other” pollen types comprise less than 5% of
total pollen collected by site type.

any pollen source above 25% considered (Leonhardt and Bliithgen 2012). The low-
above average quality pollen (Somerville protein content of blueberry pollen (13.9%,
2001). Bumble bees have been shown to prefer = Somerville 2001) may be why bumble bees
higher pollen protein content than honey bees in our study are supplementing their diet with

Table I. Mean and standard error of pollen richness, pollen protein content (% crude protein), and fat content (%) of
bumble bees from conventional blueberry farms, organic blueberry farms, and natural areas in the lower Fraser River
valley, British Columbia.

Variable Conventional Organic Natural
Mean SE Mean SE Mean SE
Pollen richness 230° 0.12 2.06° 0.10 244% 0.09
Pollen protein 17.8° 0.42 17.1° 047 209° 0.34
Bee fat content 10.1° 0.51 11.1%® 0.52 1192 0.53

There were six sites for each site type. Sample size for bees: conventional = 81; organic = 63; natural = 100. For each variable,
means with the same letter are not significantly different from one another
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Fig. 2 Fat content decreases with relative worker size (as measured by intertegular (IT) span) in 244 worker bumble
bees collected from conventional farms, organic farms, and natural areas in the lower Fraser River valley, British

Columbia (n = 6 sites per site type).

other pollen types. Our results suggest that
bees are modifying their foraging to ensure
that they collect high-quality protein. Similar
to our results, honey bees in intensively man-
aged farms collected pollen from a diversity of
non-crop flowers, related to their nutritional
value (Requier et al. 2015).

Natural areas had a greater diversity of flo-
ral resources available to bees than either farm
type, as expected. Floral resource availability
did not translate into differences in the diver-
sity of pollen collected by individual bees,
likely because of the well-known tendency
for flower constancy in social bees (Waser
1986). However, as predicted, bees from natu-
ral areas did have higher fat content than those
from conventional farms, with bees from or-
ganic farms in between (although not different
from either of the other site types). Bees from
the two farm types may not have differed
because non-crop floral resources were only
slightly different between the two farm types.
Our findings from natural areas support the
idea that resource availability has implications
for bee body condition. Bees on farms may be
flying further from their nests to forage on
preferred pollen sources compared to bees in
natural areas, which may reduce their fat

content. Given that the fat body is considered
a proxy for immunocompetence (Wilson-Rich
et al. 2009; Alaux et al. 2010), our finding of
decreased fat content of bees on farms may
have synergistic effects with stressors, such
as the ability for bees to cope with toxins and
pathogens (Goulson et al. 2015).

We were surprised by our result of smaller bees
having relatively higher fat content. Relative fat
content increases with body size for the European
beewolf, Philanthus triangulam (Strohm 2000),
and we expected a similar relationship in bumble
bees. It is possible that smaller bees fly less far
(e.g., Greenleaf et al. 2007) and so deplete fat
reserves less while foraging. Although pollination
effectiveness increases with bumble bee size
(Willmer and Finlayson 2014), our results indicate
that size may not be reflective of overall body
condition of the bee. Other metrics of body con-
dition could be included in future work, including
individual hemocyte concentration, or
phenoloxidase activity (Alaux et al. 2010; Roger
etal. 2017), or if possible colony metrics of fitness
such as brood production (Smart et al. 2016) or
behavioral responses like larval ejection rate
(Roger et al. 2017).

Other considerations besides protein content in
pollen could cumulatively represent foraging
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choices of bumble bees, including amino acid
composition, lipids, and micronutrients
(Vanderplanck et al. 2014; Moerman et al. 2016;
Vaudo et al. 2016; Somme et al. 2015). Foraging
choices of pollen and assessment of pollen are
complex tasks for bees, compared to assessment
of sugar content which can be done immediately
(Nicholls and de Ibarra 2016). There are 10 essen-
tial amino acids required for honey bee nutrition
(de Groot 1953), and balancing amino acid ratios
is important for both honey bee (Somerville 2005)
and bumble bee health (Somme et al. 2015). Be-
sides being low in crude protein content, blueber-
ry pollen is low in the amino acid tryptophan
(Somerville and Nicol 2006), which further sug-
gests that blueberry pollen alone is not an ade-
quate resource for bee nutrition. Stoichiometric
balancing of elements in pollen can also play a
role in pollen selection by bumble bees since
limitation of elements may decrease bee growth
and development (Filipiak et al. 2017). Our study
did not assess the full nutritional profile of bumble
bees’ preferred pollen sources, and future work
could investigate different components of pollen
to understand why bees are selectively foraging
for particular pollen sources. Future work could
also address the issue that even high protein con-
tent may not guarantee uptake of that protein by
the bee.

Consideration of the nutritional requirements of
wild bees is still a relatively new field, and there are
two ways that future work could improve on our
study. Total crude protein in pollen loads could be
measured directly, leading to more accurate esti-
mates than those based on published estimates,
but this has only been done in a few cases (Tasei
and Aupinel 2008; Somme et al. 2015; Vaudo et al.
2016). Another important consideration for future
work is the best proxy for nutritional state. Larvae in
colonies of the three species of bumble bees that we
collected were presumably fed blueberry pollen.
However, the bees that we analyzed for fat content
provided an indirect proxy of what is fed to devel-
oping larvae, since the pollen that we analyzed
would have been fed to the next generation of
larvae, not the adult bees we analyzed.

Supplementing floral resources on farms
could be beneficial to bees and farmers be-
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cause bees would forage closer to the farm.
Wildflower plantings on farms can increase
diversity and abundance of beneficial insects,
including wild pollinators (Williams et al.
2015) but also insects providing pest control
services (Blaauw and Isaacs 2015). Our pollen
analysis lists numerous preferred pollen
sources for bumble bees that if provided on
farms in our region, might reduce the distance
bees need to fly to forage, potentially leading
to more foraging time in the crop. However,
although we demonstrate a strong foraging
preference for shrub Rosaceae pollen in this
study, many species within this family produce
fleshy fruits which can serve as an alternative
host for the invasive Drosophila suzukii in our
region. It is therefore recommended by the
British Columbia Ministry of Agriculture that
these plants be removed from the farm land-
scape. This highlights a conflict between pro-
viding resources for beneficial insects and the
costs that arise when those resources are alter-
native hosts for pests. We therefore suggest
that on-farm habitat enhancements could ben-
efit from planting non-invasive garden plants
that provide high nutritional value for bees but
which are not attractive to pests.

Our results show that both the protein in
corbicular pollen loads and the fat content of bees
are higher in natural areas that have greater plant
diversity than are found on farms. Although or-
ganic farms tend to have more non-crop resources
than conventional farms, this did not translate into
differences in bee fat content between farm types.
We suggest that there is likely a benefit to a
diversity of pollen sources available to bees,
whether through wildflower enhancements on
farms or through the preservation of natural land-
scapes adjacent to farm landscapes.
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