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Abstract

1.

Pollinator communities are more abundant and diverse in agricultural matrices
with more natural habitat, although the reasons for these correlations remain un-
clear. It is possible that forest fragments and edges provide resources for pollina-
tors in important early weeks of spring, after which time those insects can then

‘spill over’ into crops such as apple orchards during bloom.

. To explore how forest edges may feed and therefore promote flower visitor com-

munities in adjacent agricultural habitats, we sampled springtime pollinators in
nine orchards and their adjacent forest edge canopies and understories. We iden-
tified pollen consumed by pan-trapped bees and flower flies to assess if pollina-
tors ate pollen where they were caught, and if their diets similarly ‘spill over’ from

forest to orchard. We further explored sex differences in habitat usage.

. Our spatially replicated sampling found that bee and flower fly abundance peaks

first in the forest understorey, then in the forest canopy and finally in the orchard.

. Analysis of digestive tracts showed significant usage of forest canopy pollen

throughout the spring, especially before apple bloom. Pollinators had often eaten
pollen from a different habitat than the one in which they were caught, suggest-
ing frequent movement between habitats. Digestive tract pollen is an underused

but powerful avenue for ecological insight.

. In Andrena, which are important orchard pollinators and one of the most abun-

dant wild bee taxa in this study, male bees were primarily found in the woods but

not the orchards where conspecific females were later active.

. Synthesis and applications: Forested areas, especially forest canopy trees, provide

large amounts of early spring resources that facilitate build-up and spillover of
wild pollinator populations into apple orchards during bloom. Forests also provide
critical habitat for male bees, which were rarely found in orchards. Despite their
importance for bee reproduction, the needs of male bees are usually not consid-
ered in conservation planning. Overall, our data indicate that ensuring there is
adequate forest habitat adjacent to orchards can improve the long-term sustain-

ability of pollinator populations that provide essential crop pollination services.
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1 | INTRODUCTION

There is extensive correlative evidence connecting natural and
forested habitats in agroecosystems with higher wild pollinator
abundance and diversity in crops (Bailey et al., 2014; Kammerer
et al, 2016; Park et al., 2015; Pfeiffer et al., 2019; Ricketts
et al.,, 2008; Watson et al., 2011), buffered pesticide exposure
(McArt et al., 2017; Park et al., 2015), lower pathogen loads (McNeil
et al., 2020) and even higher yields and pollination success (Castle
etal., 2019; De Marco & Coelho, 2004; Foldesi et al., 2016; Gemmill-
Herren & Ochieng', 2008; Halinski et al., 2020; Proesmans, Bonte,
et al., 2019). In both tropical and temperate systems, diverse hab-
itat matrices which include forests have higher bee abundance and
diversity (Ganuza et al., 2022; Mandelik et al., 2012; Montagnana
et al., 2021; Rahimi et al., 2022). Temperate deciduous forest edges
host high abundance and richness of wild bees in forest edges in
early spring (Bailey et al., 2014; Urban-Mead et al., 2021), although
the importance of forests varies greatly over space and time (Mola,
Hemberger, et al., 2021; Proesmans, Smagghe, et al., 2019) and
forest pollinator abundance and richness generally declines across
the summer (Harrison et al., 2018). Early spring forest resources
may result in a healthier bumble bee community across the season
(Malfi et al., 2019; Woodard et al., 2019), and saproxylic flower flies
are reliant on nutrient-rich forest habitats for larval microhabitats
(Sommaggio, 1999). Forests may thus complement the cropland
where these insects later forage (Eeraerts et al., 2021; Mandelik
etal., 2012; Moquet et al., 2018); this complementarity and spillover
may have important implications for pollinator biodiversity and pol-
lination (Blitzer et al., 2012).

Habitat complementarity can result from multiple processes
which operate at different scales. First, at the community level,
changing resource availability may require the community of polli-
nators to use different habitats at different times (sensu Mandelik
et al., 2012). Second, within a community, where different life stages
or sexes of the same species may use different habitats. Third, at the
individual level, where observation of an insect's flight or diet may
directly demonstrate complementary habitat use by individuals. At
the community level, if the same species of pollinators can be found
first in one and then later a second habitat, then this can be con-
sidered spillover, with implications for ecosystem services (Blitzer
et al., 2012; emphasizes that spillover can be from natural habitats
to crops and from crops to natural habitats). In contrast, if a forest
habitat hosts an entirely different suite of species than are later ac-
tive in crop fields, this would instead be considered community-level
turnover (e.g. Samnegard et al., 2015; Winfree et al., 2018). This is
an important consideration particularly in forest habitats, as one-
third of the northeastern bee fauna have been identified as ‘forest
associated’, while other species use forests for at least part of their

life (Smith et al., 2021), so may or may not move out of the woods.
Yet, different species thrive in landscapes with different amounts
of forest, and even forest-dependent species may need resources
from across habitats across time or different life stages (sensu Mola,
Hemberger, et al., 2021). Thus, we might hypothesize that at the
edge interface of orchard-adjacent forested habitats, there will be
strong patterns of spillover (e.g. many shared species) between for-
ests and crops.

Complementarity of habitat use by different sexes or life stages
within a species may be easily overlooked in species with cryptic
sexes, developmental stages and castes, yet may be key to success-
ful conservation for threatened bees and flower flies. This may es-
pecially be true for animals that nest in different habitats than where
people usually observe them foraging, such as many pollinators.
Indeed, flower flies have strikingly different habitat needs as larvae
and adults, requiring complementary habitats within flight range
(Moquet et al., 2018; Sommaggio, 1999). And, male bees are known
to have different foraging patterns (Roswell et al., 2019), pollination
efficiency (Ogilvie & Forrest, 2017; Ostevik et al., 2010) and pollen
consumption rates (Urban-Mead et al., 2022) than their conspecific
females. However, little work has explored differential landscape-
level habitat use by sex within a bee species. In this paper, we eval-
uate differences in foraging and pollen consumption in male versus
female Andrena because it is the only genus within our dataset
where significant numbers of conspecific males and females were
active in early spring.

Habitat networks are useful descriptive tools for visualizing
how pollinator species may move across habitats and between diets
(Marini et al., 2019). Such networks differ from traditional plant-
pollinator networks in that they use the habitat itself as the network
‘node’, instead of a host plant (Marini et al., 2019), and so can depict
the habitats used across an organism's life cycle. Here, we addition-
ally integrate different sexes and individual insect pollen diets within
habitat networks. That is, in some analyses, the nodes represent
sexes within a species connected to either the habitat of capture or
the habitat from which a pollen source originated. By building net-
works whose nodes are built from diet source versus capture loca-
tion, we can compare which habitats are occupied and/or used for
forage by different pollinators over time (e.g. Mandelik et al., 2012).
To our knowledge, no previous studies have examined habitat net-
works from the perspective of both capture and diet.

Understanding pollen sources used by spring-flying pollinators
with short activity windows can facilitate conservation planning
(Ogilvie & Forrest, 2017). Because organisms may use habitats for
different reasons, their observed presence/absence or capture in
a passive trap (e.g. pan trap, malaise, vane) may not indicate their
foraging patterns. For example, if a bee visits a particular habitat
primarily for mating purposes (e.g. male Andrena scent-marking or
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exhibiting ‘hill-topping’ behaviour in nonblooming trees (Eickwort &
Ginsberg, 1980)), then we may have high capture rates but low di-
etary association. Similarly, bees such as shiny blue and green sweat
bees who nest in rotting logs in the forest may prefer to forage else-
where (Stockhammer, 1966, 1967; Ulyshen et al., 2010). Capture and
diet data thus provide complementary but not redundant ecological
information.

In this paper, we combine pollinator sampling from pan traps,
sex-based habitat networks and pollen diet characterization to
explore temporal shifts in habitat occupancy, resource use and
spillover of pollinators from forest edges into adjacent orchards.
Question 1: Are bee and hover fly communities found in complemen-
tary habitats over time? We predict that the habitat with highest
captured abundance of bees and flower flies—forest understorey,
canopy or adjacent orchard—will change over the course of the
spring growing season. Question 2: Do male and female Andrena
use complementary habitats? Based on prior work finding sex-based
differences in habitat association (Urban-Mead et al., 2021), we
predict that Andrena males will primarily be caught in understo-
rey habitat, while females will be found primarily in the orchard.
Question 3: Do the pollen diets of bees and flower flies track their
movement among habitats? We further ask if the habitat associ-
ations revealed by pan trap captures differ from those revealed
by pollen diet analysis. We predict that we will find evidence of
individual-level habitat complementarity and spillover (sensu
Blitzer et al., 2012), in that both the bee community and the diet of
those bees will move between the forest to the orchard, with some

bees actively foraging across habitats.

2 | MATERIALS AND METHODS

Our study did not require special permits for fiel[dwork or for animal

ethics.

2.1 | Field and laboratory methods
2.1.1 | Bee and flower fly collection

This study was completed in the Finger Lakes region of New York,
in the northeastern United States. Bees and flower flies (Syrphidae),
two major groups of agricultural pollinators (Rader et al., 2016)
were collected in nine second-growth deciduous forest patches
that were selected for their adjacency to orchards. The most abun-
dant tree species across sites were Acer saccharum, Acer rubrum,
Quercus rubra, Fagus sylvatica and Betula spp. Several sites also had
Tilia americana, Populus deltoides, Juglans nigra, Carya ovata or Carya
cordiformis (see per cent basal area at each site in Supplemental
Figure S1). For simplicity, we will refer to bees and flower flies as
‘pollinators’ hereafter. For full forest sampling methods, see Urban-
Mead et al. (2021). Briefly, five paired canopy and understorey pan
traps in sets of vertically randomized blue, yellow and white were

deployed in canopy-dominant trees in second-growth forests and
woodlots beginning in mid-March of 2018-2019. A BigShot® sling-
shot was used to set a line of paracord with which to rig up the
canopy traps at 20-25m above-ground; canopy traps were not
visible from the forest floor; paired understorey traps were ~1 m
above-ground.

In addition to our canopy and understorey sampling, we placed
identical sets of traps in the branches of five randomly selected
apple trees haphazardly spaced across an orchard block <300m
from the forest edge. Management varied between orchards, whose
selection was constrained by forest adjacency. These pan traps
were emptied and reset once every 7-10days, on the same sched-
ule as parallel forest sampling, until after apple orchards stopped
blooming (corresponding roughly to the first week of June in both
years). Pollinators were transferred directly into Whirlpak bags
(Nasco Whirlpak, Fort Atkinson, WI) with 95% ethanol in the field.
Specimens were identified to species with a variety of taxonomic
keys (Bouseman & LaBerge, 1978; Gibbs, 2011; Gibbs et al., 2013;
LaBerge, 1971, 1973, 1980, 1985). Difficult taxa were supported by
expert knowledge (Jason Gibbs assisted with Lasioglossum (Dialictus),
and Kaitlin Deutsch and Andrew D. Young with family Syrphidae,
and DNA barcoding (for full methods, see (Urban-Mead et al., 2021)).
All specimens have been accessioned to the Cornell University
Insect Collection.

For clarity and consistency, we will use the term ‘farm’ or ‘site’
to refer to a given orchard and its adjacent forest location, while
‘habitat’ refers to the unique sampling location within each replicate
site: the canopy, understorey and orchard. The five trees per hab-
itat (canopy, understorey or orchard) were 100-200feet apart, so
are summed or averaged for most analyses due to their small spatial

scale relative to pollinator flight distances (Greenleaf et al., 2007).

2.1.2 | Digestive tract dissection and pollen slide
preparation

Each insect was dissected directly upon removal from the Whirlpak
bags while still pliable and soft from ethanol storage. Under a dis-
secting scope, each bee's sternal segments were peeled backwards
towards the thorax with fine forceps, allowing for a second pair of
forceps to extract the full digestive tract (crop, ileum, midgut and
rectum) without damage to external characters, as these were re-
quired for later species identification (Urban-Mead et al., 2021). The
gut contents were placed on a microscope slide and macerated with
forceps to release internal pollen and homogenized until evenly dis-
tributed across the slide. We removed large tissue fragments and
broke up pollen clumps using forceps. Several drops of Calberla's
solution were added until pollen grains turned distinctly pink; a con-
stant volume was not possible due to different pollen volumes. Each
slide was covered with a 22 x 50mm coverslip.

Pollen identified from an individual adult bee is usually collected
from its scopal loads following net collection, and represents the cur-
rent foraging bout's collection for brood provisioning. However, for
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bees caught in pan traps or other liquid traps, this scopal pollen can
wash off or become contaminated, making it difficult to assign exter-
nal pollen confidently to a given specimen. In these cases, identifica-
tion and characterization of digestive tract pollen can provide insight
into adult consumption (e.g. Cane et al., 2017; Dobson & Peng, 1997,
Kapyld, 1978; Taniguchi, 1956; Urban-Mead et al., 2022). Pollen
eaten by an adult bee may differ from that collected for brood pro-
visioning, so gut pollen should only be interpreted in the context of
adult bee diet unless both are simultaneously recorded. We suggest
that this method has the benefit of likely representing multiple vis-
ited flowers over several hours rather than simply the most recent
foraging bout; many bees are constant within a single foraging bout
but not between bouts or days (Brosi, 2016). Although poorly stud-
ied, healthy bumble bees can take over 13 h to defecate after a meal
(Giacomini et al., 2022), so digestive tract pollen likely represents

foraging bouts of at least a day.

2.1.3 | Pollen identification

In both years, we collected pollen from blooming plants to create
a reference library and maintained detailed phenological records
at each site. Only the site name and date were revealed to allow
for phenologically informed identification; all other metadata was
hidden to avoid bias. We used a compound Olympus BX41 mi-
croscope at 400x magnification (40x with 10x ocular). We began
each sample at a randomly generated point along the slide's short
edge and moved along the length of the slide categorizing all pol-
len in the field of view. We categorized up to 300 grains or up to
10 unique transects per slide; slides were marked as ‘no pollen’
if there were fewer than 30 grains of pollen (Harmon-Threatt &
Kremen, 2015).

Each grain was identified and then sorted into one of three
pollen categories: canopy, Rosaceae and other. Pollen types in the
category ‘canopy’ included: Acer, Populus, Betulaceae, Carya, Fagus,
Juglans, Pine-type, Quercus and Fraxinus. The ‘Rosaceous’ category,
due to similar morphology, broadly included all apple, peach, apricot
and other related orchard trees. It may also include Rubus and wild
strawberry, known to be favoured hosts of many Syrphid species,
and Amelanchier, all of which were often found within the orchard
or along edges. Black Cherry (Prunus serotina) is also rosaceous but
was not a dominant tree in our woods, so we do not believe mean-
ingfully impacts our inferences (mean per cent of total basal area
3.3%+1.9 SD). Not all understorey or other species could be iden-
tified with confidence; these were combined into a macro-category
‘Understorey, Other and Unknown Pollen’.

We took multiple voucherimages for each slide; see Supplemental
Table S1 for detailed pollen categories and vouchers.

2.2 | Dataanalyses

All data analyses were conducted in R version 4.0.1, ‘See Here Now’.

2.2.1 | Question 1: Are bee and hover fly
communities found in complementary habitats over
time?

To ask if female pollinator abundance peaked at different times by
habitat, we built a linear and quadratic model each for understorey,
canopy and orchard (R package wme4, function glmer). In each model,
the response variable was the abundance of bees caught in that hab-
itat per site per day. Day of Year (days since 1 January) was a fixed
effect, site was a random effect, and we assumed a Poisson distribu-
tion with a log link due to using count data. In AIC comparisons, the
quadratic (squared Day of Year) model performed better than the
linear model for each habitat (delta AIC canopy: 88.15, delta AIC
understorey: 92.86, delta AIC orchard: 5.23). As a result, we used
the squared term for the remainder of the analyses (with syntax
poly(DayofYear,2)). We calculated the day with the peak abundance
per habitat for each model (model results plotted with R package
Jtoots, function effect_plot and peak abundance date were calcu-
lated in R package stats, function fnpredict). Finally, we ran the same
models except this time included the interaction of site and squared
Day of Year as a fixed effect; this allowed us to predict the day of
peak abundance for each site, as site was the replicate in this study.
Using this site-replicated data, we asked if there was a difference in
peak date among habitats using a type | ANOVA (R package staTs).

2.2.2 | Question 2: Do male and female Andrena
use complementary habitats?

For Andrena, the only genus active in early spring with multiple con-
specific individuals of both sexes, we visualized a complete habitat
network for the 10 most abundant species caught in all habitats (R
package BipARTITE, Dormann et al., 2009). We used Andrena sex as one
set of nodes and the habitat of capture as the other. Using the pollen
data from gut dissections, we visualized another network that rep-
resented only Andrena who had eaten pollen. To quantify these pat-
terns, we constructed GLMMs for the following response variables:
number of individual pollinators per sex and site caught in each habi-
tat, or who had eaten pollen per habitat. In each model we set the
interaction of sex and habitat as a fixed effect and kept site as a ran-
dom effect, and again asked if there were differences using a type
11l ANOVA (R package car; letters for figures generated by function
multcomp). We created habitat networks of capture for each of the
10 most abundant Andrena species included in the combined figure,

to see if the pattern was consistent across species (Figure 4).

2.2.3 | Question 3: Do the pollen diets of bees and
flower flies track their movement among habitats?

We summarized the pollen diets for bees caught each day of the year
in each habitat and visualized them as stacked bar plots. We similarly
graphed the diets of male and female Andrena with filled bar plots.
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To visualize the diet-based habitat network for Andrena male and
females, we again used bipartite, but instead of the habitat where a
pollinator was captured, we used the habitat source of pollen a pol-
linator had eaten as the nodes in the bipartite graph (Supplemental
Figure S4).

3 | RESULTS

We collected 2885 bees and flower flies. We caught 1251 pollina-
tors in 2018, of which 20.8% were males, and 1634 pollinators in
2019, of which 28.7% were male. Syrphidae, the flower fly family,
comprised only 93 individuals (3.2%). By habitat, 1033 (35.8%) pol-
linators were caught in the understorey, 996 (34.5%) in the canopy
and 856 (29.7%) in the orchard; see Supplemental Figure S2 for an-
nual abundance and diversity by habitat. The most common genera
were Lasioglossum (n = 1166; 40.4%) and Andrena (n = 931; 32.2%),
followed by Augochlora (n = 186; 6.4%) and Augochlorella (n = 108;
3.7%), Ceratina (n = 144, 5%), Osmia (n = 127, 4.4%), Nomada
(n = 70; 2.4%), Bombus (n = 24; 0.8%) and Halictus (n = 21; 0.7%).
See Supplemental Table S4 for full species lists by habitat; see
Supplemental Table S3 for more summary tables of flower fly data.

3.1 | Question 1: Are bee and hover fly
communities found in complementary habitats over
time?

In the overall model for female abundance over time, we found that
bee abundance peaked in the understorey on Day of Year 122, in
the canopy on day 130, and in the orchard on day 157 (Figure 1a);
for males and females together, bee abundance peaked in the un-
derstorey on Day of Year 119, in the canopy on day 128, and in
the orchard on day 156 (Figure 1b). Similarly, in the model with the

(a) FEMALE ONLY

site*day interaction term, the day of peak female abundance calcu-
lated per site per habitat for the canopy was 130.4 +1.0, with the
understorey abundance peak 9.67+1.47days earlier and the or-
chard 20.11+1.47 days later (error is standard error; Supplemental
Figure S3 with full model output, effect sizes and confidence in-
tervals). Female pollinators were subset from the full community in
order to explore the role of pollinator sex in phenological abundance

patterns (Figure 1).

3.2 | Question 2: Do male and female Andrena use
complementary habitats?

There was a significant interaction between sex and habitat, both
in the model of Andrena bee abundance (;(2 = 154.18, p<0.001)
and abundance of Andrena who ate pollen (;(2 = 85.59, p<0.001)
(see Supplemental Table S2 for full output). Male Andrena were
6.9 +£0.02 times more likely to be caught in the understorey than
the orchard, and 2.45+0.04 times as likely to be caught in the
understorey than the canopy. Female Andrena were 2.12+0.33
times as likely to be caught in the orchard than the understorey,
and 2.25+0.35 times as likely to be caught in the canopy than the
understorey. For visual representation of this pattern across the 10
most abundant Andrena species, which together represented 82%
of all captured Andrena, see Figure 4. Of those that had eaten pol-
len, we found that there were 5.7 +0.05 times as many Andrena
males who had eaten pollen caught in the understorey than the
orchard, and 1.78 +£0.09 than the canopy. There was no difference
in the number of females who had eaten pollen caught in the can-
opy than the orchard (emmeans ratio 1.04 +0.12), but there were
2.7+0.49 times as many females who had eaten pollen caught
in the orchard than the understorey and 2.81+0.5 times caught
in the canopy than the understorey (Figure 2; all odds ratios and

standard errors calculated in emmeans).

(b) FEMALE AND MALE
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3.3 | Question 3: Do the pollen diets of bees and
flower flies track their movement among habitats?

We dissected all 2885 bees and flower flies, of which 1310 (45.4%)
had at least 30 grains of pollen and were included in pollen analy-
ses. A higher proportion of female bees had pollen than males
(49.9% relative to 31.9%). There was pollen in the digestive tracts
of 59.1% flower flies (n = 93); 50% of males (18 of 36) had eaten
pollen. Although pollen diets largely tracked the location of capture
(Figure 3), large amounts of pollen eaten by insects caught in the
understorey came from canopy trees (Figure 3A1,B1), and insects
had often eaten pollen from a different habitat in which they were
caught (see Figure 3 for diets summarized by day of year and habi-
tat of capture; also see Supplemental Figure S5 for individual bee
diets for 17 of the most commonly caught species and genera; see
Supplemental Table S3 for flower fly diets by day and habitat of
capture).

4 | DISCUSSION

We here present several lines of evidence from adult bee and
flower fly pollen diets and captures throughout the spring season
in temperate deciduous forest understories, canopies and adjacent
orchards, finding results consistent with habitat complementarity
between forest patches and pollination-dependent orchards. The
diets of pollinators active in all three habitats include large propor-
tions of canopy-tree pollen. Pollen diets revealed active movement
of many pollinator species back and forth across the forest-orchard
interface, which coupled with temporal trends indicates wild pollina-
tor spillover between the habitats (sensu Blitzer et al., 2012). These
results have clear ecosystem services implications. Apples, peaches,
cherries and other fruit crops are all dependent on pollinators
across the world (Blitzer et al., 2016; Burns & Stanley, 2022; Garratt
etal., 2016; Klein et al., 2007; Vicens & Bosch, 2000). With more and
more growers choosing to rely on native pollinators for pollination
(Park et al., 2020), our results provide insights into how land manag-
ers can actively promote habitats surrounding orchards to provide
early season resources, including often ignored canopy pollen. Not
only do these important pollinators visit and occupy forest edges
in advance of orchard bloom, but also the males of Andrena, an im-
portant orchard-pollinating genus, relied heavily on forest habitat.
As pollinator abundance in crop fields reliably declines with dis-
tance from edge (e.g. Aljuwayd, 2017; Bailey et al., 2014; Chacoff &
Aizen, 2006; Maclnnis et al., 2020), complex landscapes with diverse
matrices of forests and natural habitat are essential to maintain pol-
lination services and food security.

An early spring peak in forest pollinator abundance is consistent
with prior research, and we now demonstrate an additional peak in
pollinator abundance in the forest canopy between the early under-
storey and later orchard. As the literature increasingly highlights the
importance of forests for bees and beneficial insects (e.g. Eeraerts
et al., 2021; Fowler, 2016; Gonzalez et al., 2016; Mola, Hemberger,

et al., 2021; Mola, Richardson, et al., 2021; Proesmans, Bonte,
et al., 2019; Smith et al., 2021; Splitt et al., 2021; Wood et al., 2021;
Wood & Roberts, 2017, 2018), we additionally emphasize the im-
portance of including the canopy's resources in these studies (also
see Allen & Davies, 2022). Previous work found a strongly vertically
stratified flower fly community composition: they found higher
species richness and abundance in the understorey but with some
species only found in the canopy, and a strong association of male
flower flies with the canopy strata (Birtele & Hardersen, 2012). In
work on bees in the southeastern United States, overall richness
abundance was also highest in spring and diversity highest in the
canopy, although Augochlora pura then dominated canopy catches
all summer (Ulyshen et al., 2010). A comprehensive study using
season-long ground-level sampling similarly found high spring forest
bee abundance which declined over summer as bee abundance in-
creased in agricultural and urban sites (Harrison et al., 2018). In our
study, the striking pattern of abundance shifting across habitats in
all nine replicate sites is consistent with complementary temporal
habitat usage. Although many if not most species were found in all
habitats and thus ‘spilled over’, there were some taxa that primar-
ily stayed in the woods or others that were mostly found in the or-
chard (Supplemental Table S4). It will be exciting for future research
to explore these patterns in light of different nesting biology, diet
breadths, importance for conservation or forest association (sensu
Smith et al., 2021).

We used digestive tract pollen to help us disentangle capture
data from diet choices, that is, avoid the conflation of capture with
habitat use (sensu Portman et al., 2020). Digestive tract pollen is
an unusual and powerful methodological approach that we believe
provides many potential ecological insights (Cane et al., 2017, p. 20;
Urban-Mead et al., 2022, etc). Indeed, many pollinators caught in
the forest had eaten pollen from plants known to grow in a differ-
ent habitat than the one in which they had caught. For example,
we might have inferred from capture data that male Andrena were
restricted to understories, but their diets included substantial can-
opy pollen (Figure 3b; also see Supplemental Figure S5). Similarly,
as spring progressed, canopy-caught pollinators transitioned from
canopy-tree diets to include significant Rosaceous pollen. That
is, even as population-level abundance shifted to the orchard
(Figure 1a), individual insects still flew across habitat boundaries and
foraged in both the canopy and orchard (Figure 3a, Supplemental
Figures S4 and S5). Although flower flies (Syrphidae) were not very
abundant in our dataset, males were more abundant in the forest
(81% of males), and flies caught in the orchard had also eaten can-
opy and other pollens. Both types of information were necessary
for these conclusions. We note that our sampling was intentionally
conducted within 200m of orchard edges, as forest fragments are
common in northeastern agroecosystems, and speculate that diets
might demonstrate less overlap deeper in the forest (e.g. McLaughlin
et al., 2022) or in large orchard blocks (e.g. Maclnnis et al., 2020).

Male and female Andrena ate contrasting diets (Figure 3b), and
males were primarily in the understorey, while females were primarily

in the canopy and orchard. Prior research in crop fields also finds more
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FIGURE 2 Andrena males and females use different habitats on the orchard-forest interface. (a) Males and females were both caught
frequently in the canopy, while males were more often captured in the understorey and females in the orchard. (b) More female bees

who ate pollen were caught in the canopy and orchard, while more male bees who ate pollen were caught in the understorey. Each point
represents Andrena per sex per habitat per site (boxplots, left) or Andrena per habitat per site per day (curves generated by Poisson models
with 95% confidence interval, right). Orchard bloom peaked between days 135 and 145 across all nine orchards.

males near forest edges (e.g. Bailey et al., 2014; Calabuig, 2000). This
pattern held for all of our most abundant Andrena species, so was not
driven by species-level turnover (Figure 4). It is instead likely a result
of within-species phenology, life cycle priorities and energetic re-
quirements. Exploring habitat complementarity at the scale of sexes
within a species requires incorporating natural history knowledge,
and provides clear pathways for conservation action. Ground-nesting
males emerge first and seek mates, while females emerge later and
collect pollen for brood provisioning. Female Andrena also had more
often eaten pollen from across habitats, reflecting their need to seek
out large volumes of high-quality pollen and return to ground nests,
some of which are in the forest (e.g. Schrader & LaBerge, 1978). In
studies of solitary bees, we highlight that phenology and sex are al-
most inevitably going to be confounded—or at least complicating—
and encourage future research to take into account or disentangle
these thoroughly. Future conservation research should more explic-
itly consider such habitat partitioning among life stages.

There are several sources of uncertainty that complicate our
ability to draw higher-resolution inference from our analyses. First,
because gut passage time is poorly known, it is hard to know the time
frame represented by pollen (although see Giacomini et al., 2022).
Similarly, when a bee was caught in our traps, we have no way to
know how old they are, what time of day they were caught, whether
they were beginning or ending a foraging trip or if they were en-
gaged in another behaviour such as mate seeking. Due to this im-
precision, large sample sizes were required to allow us to compare
between sexes or genera. Future research could choose focal taxa
and collect individuals at known and repeated time intervals in
order to characterize changes in consumption over the course of a
day or week (sensu Isenberg et al., 1997). Furthermore, we did not
sample in other nearby habitats and emphasize that other habitats
are also important resources for orchard-pollinating bees, such as
old fields, ditches and wetlands (Centrella et al., 2020; Eeraerts
et al., 2021; Mandelik et al., 2012; Moquet et al., 2018). Finally, due
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FIGURE 3 Pollen eaten by bees and flower flies across the spring, by habitat of capture. A1-A3 (top): All pollinator diets in total pollen
grains per day. B1-B3 (bottom): Andrena-only diets, showing diet proportion per day. Top row = females, bottom row = males. Number of

pollinators represented each day varied based on catch.

to the difficulty in pollen analyses, our ‘orchard’ category could
have included Rosaceous plants from outside the orchard, and the
‘Understorey or Other’ category certainly also included plants on
the edge of the orchard, weeds and possible other plants from out-
side the two major habitats.

Our study emphasizes two specific habitat elements that are
often overlooked in pollinator conservation. Many other studies have
emphasized landscape-scale diversity for pollinator conservation
(Burns & Stanley, 2022; Garratt et al., 2016; Kammerer et al., 2016;
Ricketts et al., 2008; Vicens & Bosch, 2000; Watson et al., 2011),

yet the importance of movement between the forest canopy and
orchards has not yet been reported, likely because canopy sam-
pling is difficult and rarely attempted (Ulyshen, 2011; Urban-Mead
et al., 2021). Although conservation planning often includes consid-
eration for forage material, nest sites and even specialized needs
such as mud for mason bees, flowers and leaves for leaf-cutters, or
resin or oil-producing plants (Requier & Leonhardt, 2020), canopy
resources should be more actively considered. Second, we addition-
ally suggest that different bee sexes should be more explicitly in-
cluded in conservation plans. Indeed, if male bees are not supported,
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Andrena tridens A. rugosa A. dunningi A. carlini A. mandibularis
n=41 n=377 n=23 n=99 n=30
A. imitatrix A. milwaukeensis A. nasonii A. perplexa A. pruni
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FIGURE 4 Individual Andrena species-level networks and species richness per habitat. Bipartite habitat networks for each of the 10
most abundant Andrena species, ordered left to right by phenology (earliest day caught). Female bees (black) are more connected to orchard
(purple) and canopy (gold) habitat nodes, while male bees (grey) are more connected to canopy and understorey (green) habitats.

mating success and genetic diversity may be compromised in subse-
quent generations.

Growers and land managers are increasingly choosing to sup-
port and rely on free-living wild pollinators (Blitzer et al., 2016; Park
et al., 2020). Here, we find evidence of complementary habitat use at
the community level, between sexes, and at the individual insect level,
and provide important new evidence exploring the forage and habitat
benefits of forests for healthy pollinator communities. This is important
as forest patches are globally important for their role as buffers to pes-
ticide and pathogen risks in agroecosystems (e.g. McNeil et al., 2020;
Obregon et al., 2021; Park et al., 2020) and that there is higher bee
abundance, visitation, pollination success and even yield in crops and
rows near woods (Bailey et al., 2014; Castle et al., 2019; Chacoff &
Aizen, 2006; Ganuza et al., 2022; Gemmill-Herren & Ochieng', 2008;
Maclnnis et al., 2020; Proesmans, Bonte, et al., 2019; Rahimi et al., 2022;
Watson, 2013). Actively managing forests for health, diversity and cli-
mate resilience is thus an important conservation action for supporting

vibrant pollinator communities in orchard agroecosystems.
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