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A B S T R A C T   

Temperate hardwood deciduous forest is the dominant landcover in the Northeastern US, yet its canopy is usually 
ignored as pollinator habitat due to the abundance of wind-pollinated trees. We describe the vertical stratifi-
cation of spring bee communities in this habitat and explore associations with bee traits, canopy cover, and 
coarse woody debris. For three years, we sampled second-growth woodlots and apple orchard-adjacent forest 
sites from late March to early June every 7–10 days with paired sets of tri-colored pan traps in the canopy 
(20–25 m above ground) and understory (<1m). Roughly one fifth of the known New York state bee fauna were 
caught at each height, and 90 of 417 species overall, with many species shared across the strata. We found equal 
species richness, higher diversity, and a much higher proportion of female bees in the canopy compared to the 
understory. Female solitary, social, soil- and wood-nesting bees were all abundant in the canopy while soil- 
nesting and solitary bees of both sexes dominated the understory. Canopy cover increased with leaf-out, and 
was negatively associated with understory but not canopy bee abundance. Site-level volume of coarse woody 
debris (CWD) did not predict bee abundance, while approximated landscape-scale availability of woody debris 
was positively correlated with understory wood-nesting and solitary-bee abundance. This work expands our 
understanding of habitats where bees are likely foraging and reveals vertically stratified behavior. We emphasize 
deciduous forests as an important habitat for wild bee conservation and recommend further research into the 
behavior and diets of bees occupying the canopy, speculating that females forage for anemophilous tree pollen. 
Forest management plans that conserve above-ground deadwood may provide nest sites for wood-nesting bees.   

1. Introduction 

Studies of arthropods in both tropical and temperate forests 
frequently explore stratification, or distinct community associations 
found at different heights above ground. Vertically partitioned com-
munities are often governed by reliance on tropical epiphyte habitats, 
(Ozanne et al. 2003), features such as soil moisture and wind protection 
(oribatid mites, Prinzing and Woas 2003), food resources (ants, Dejean 
and Corbara, 2003; Basset et al., 2003), or a combination thereof (Halaj 
et al., 1998; Horváth et al., 2005; Klimes et al., 2015). Unlike many well- 
studied tropical forests, temperate deciduous hardwood forests lack 
features such as rich epiphyte communities, lianas, or suspended canopy 
soil (Chapin and Smith 2019). Flying insects may therefore have less 
reason to distinguish or strongly associate with a given canopy layer in 
temperate ecosystems (Prinzing and Woas 2003). And although 
temperate wind-pollinated species are usually discounted as bee 

resources, there is considerable anecdotal evidence that bees collect 
such pollen (reviewed in Saunders, 2018), and recent work further 
emphasizes the importance of trees for resins, honeydew, and other non- 
floral resources (Requier and Leonhardt 2020). These canopies flower 
prolifically in the early spring. Considering these possible resources and 
unique habitat, we expect then that bees may be vertically stratified in 
the temperate hardwood canopy. 

Canopy and understory hymenopteran communities have been 
found to differ in some ways, with sometimes opposing trends (Ulyshen 
2011). A study of predatory wasps with vane traps in Georgia, USA, 
found that 99% of specimens were captured in the canopy (>15 m) 
compared to the understory (Ulyshen et al. 2010), while in Ohio, USA, 
parasitic wasps were more abundant in the understory than in yellow 
traps at 10 m (Pucci 2008). A season-long study in Georgia, USA found 
not only that the shiny green sweat bee Augochlora pura (Halictidae) was 
forty times more abundant in the canopy than the understory, but also 
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comprised 92% of all captured bees (Ulyshen et al. 2010). A similar 
result was found in North Carolina, USA, where understory and mid- 
story (~9m) traps contained predominantly A. pura and Lasioglossum 
spp., with A. pura driving the higher mid-story abundances (Campbell 
et al. 2018). In a more recent study with both mid-story (5 m) and 
canopy traps, both had unexpectedly higher richness and composition 
relative to the understory, likely suggesting free movement in vertical 
space instead of canopy fidelity (Ulyshen et al. 2020). An Ohio, USA 
study instead found significantly more bees in the understory than in the 
subcanopy or canopy, but the two elevated heights had similar com-
munity composition (Cunningham-Minnick and Crist 2020). In one 
observational study of the leguminous tree Adesmia tristis, the authors 
hypothesized that the Megachile foraging in the upper canopy had 
competitively excluded Andrena, which were instead found only in the 
lower canopy (Ferreira et al. 2014). Finally, in one of the only studies of 
vertically stratified nesting, trap-nests installed in 12 German forest 
stands across a gradient of tree diversity found higher abundance in the 
canopy and at sites of higher tree diversity (Sobek et al. 2009). Due to 
variable patterns regarding stratification in temperate forests, further 
mechanistic work is needed to understand drivers of community pat-
terns across strata. 

Consistent definitions of the canopy and its boundaries remain 
elusive, despite researchers’ intuition of their conceptual existence, and 
definitions often vary among studies (Moffett, 2001; Basset et al., 2003). 
In the studies discussed above, canopy is often not explicitly defined, but 
generally corresponds with the highest level of vegetation, or topmost 
branches of the trees. These vegetative distinctions between strata may 
or may not be important to highly mobile flying insects such as bees and 
wasps that are expected to move without constraint between strata. 
Instead, a bee may prefer a given canopy stratum for only a specific life 
stage, time of day, season, resource, or host plant bloom period (Basset 
et al. 2003; “opportunistic usage,” sensu Roubik 1993). For example, 
Roubik (1993) found that 20 tropical bee species were not strictly 
associated with forest strata, except two nocturnal species found 
consistently in the high-canopy, while a study of stingless bees in Brazil 
found that canopy bees were correlated with trees’ flowering abundance 
(Ramalho 2004). These two studies defined canopy vastly differently: 
20–25 m and >7 m, respectively (Roubik, 1993; Ramalho, 2004). 
Despite the variable usage of the term canopy, we emphasize the need to 
study higher-elevation habitats and the preferences that guide their use 
by organisms of high conservation concern. 

Understanding canopy bees could have important implications for 
management, as canopy flower diversity and nesting sites would help 
maintain resource continuity for pollinators prior to crop bloom 
(Ulyshen, 2011; Iuliano and Gratton, 2020). Yet, most studies of the 
insect communities in temperate forests have focused on ground-level 
fauna, and largely describe small-bodied, solitary, and specialist spe-
cies visiting spring ephemerals (Harrison et al., 2018; Smith et al., 
2019), rather than including vertical gradients (Hanula et al. 2016). 
Bees sampled only at ground level are often studied in timber harvests 
(McNeil et al. 2019) or forest openings (Roberts et al. 2017), on pow-
erline cuts or roads (Russell et al. 2018), or across successional gradients 
(Milam et al., 2018; Odanaka and Rehan, 2020). Most studies find the 
highest abundance of bees in openings, gaps, or edges, presumably 
responding to micro-site characteristics such as light levels (Williams 
and Winfree 2013). This prior work on ground-level bees has led to 
understory-focused management recommendations, including a focus 
on light-filled gaps and openings for pollinator conservation, and 
necessarily little emphasis on the possibility of vertically distributed 
offerings (Hanula et al. 2016). Yet, canopy and vertical structural ele-
ments have been studied at length for other taxa (e.g. Shields et al., 
2008; Verschuyl et al., 2008; Dolek et al., 2009; Hyvärinen et al., 2009; 
Di Giovanni et al., 2015; Hanle et al., 2020) and then incorporated into 
habitat-oriented management plans (Loehle et al., 2002; Ishii et al., 
2003). In Japan a correlation between canopy flowering abundance in 
one year with bumblebee queens the next (Inari et al. 2012) suggests 

that canopy floral resources may have important demographic impli-
cations for wild bees. We propose that a deeper understanding of the 
vertical dimension of pollinators in temperate forests will allow for their 
explicit incorporation in management plans. 

Traits can help find patterns within complex communities by 
grouping species based on characteristics that influence their fitness or 
success (McGill et al. 2006), and may provide insight into the variable 
stratification patterns we describe above. For example, prior work in 
similar systems found that bees in understory forests habitats were more 
social and wood-nesting than in forest openings (Roberts et al. 2017), 
and that bees with different diet breadths may be differently limited by 
only forage or also by nesting resources (Westerfelt et al. 2018). In our 
work, we focus on bee sociality, nesting habit, and diet breadth, all 
factors known to influence bee behavior and environmental responses 
(e.g. Williams et al., 2010; Harrison et al., 2018). 

Our research was designed to fill several knowledge gaps regarding 
temperate forest stratification, as well as associations with possible 
drivers such as local light differences via canopy cover and landscape- 
scale nesting resources. We ask: (1) What is the composition of canopy 
bee communities in the early spring woodlots and forest of NY, USA? (2) 
Are there patterns of canopy and understory stratification? And (3) does 
bee sociality, nesting habit, or diet breadth govern a bee’s presence in 
vertical space? We hypothesize that male, brood parasitic, and ground- 
nesting bees will be more abundant in the understory. A bee whose diet 
is specialized on certain spring ephemeral flowers, e.g. Andrena erigeniae 
(Parker et al. 2016) may similarly be more often found in the understory. 
In contrast, bees foraging in the early spring canopy may be seeking non- 
floral plant resources (Requier and Leonhardt 2020) or have generalist 
diets (Ramalho 2004). We hypothesize generalized bees may be more 
likely to visit the many tree species in our system that are both wind- 
pollinated and mast-blooming, so not reliably found each year; while 
some wind-pollinated trees may be good protein sources (Roulston and 
Cane 2000), they often lack nectar as well as a shared evolutionary 
history with wild bees. Finally we explore whether two aspects of 
habitat – the volume of woody nesting material or canopy cover at a tree 
– affects captured bee abundance. We hypothesize that wood-nesting 
bee abundance will be higher in forests with a greater volume of 
coarse woody debris. In the understory, we hypothesize that we will 
catch more bees in plots with less canopy cover and thus more light 
(Williams and Winfree 2013). Finally, we interpret the observed pat-
terns and discuss implications for management. 

2. Methods 

2.1. Study system & field methods 

Eleven second-growth forest patches were selected across the Finger 
Lakes region in New York State, USA (Fig. 1). This region is a hetero-
geneous matrix of forest, agriculture, and developed land use types 
(Park et al. 2015). Each woodlot or forest was selected for immediate 
adjacency to an apple orchard (or in two cases separated by <300 m by a 
small field), as a longer-term motivation of our work is to explore if 
forest canopy may provide spillover of pollinators to orchards and/or 
biodiversity refuges (Urban-Mead, unpublished data). Sites dominated by 
beech or hemlock stands were excluded as they represent unique eco-
systems and were not the focus of this study. Woodlot/forest choice was 
otherwise representative of regional woodlot and forest patch compo-
sition and management. We sampled the same six forests in 2017, 2018, 
and 2019. In 2018 we sampled five additional sites, and in 2019 kept 
three of those sites. The total number of sites sampled per year was: 
2017: 6 sites; 2018: 11 sites; 2019: 9 sites. Dominant and co-dominant 
canopy species at all sites were Acer saccharum, Acer rubrum, Quercus 
rubra, Fagus sylvatica, and Betula spp. Subcanopy trees at many sites 
included Ostrya virginiana and Carpinus sp. Several sites also had Tilia 
americana, Populus deltoides, Juglans nigra, Carya ovata, and Carya 
cordiformis. 
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We used identical sampling effort for bees in the canopy and un-
derstory. In our study, we define the canopy as the uppermost layer of 
vegetation, 20–25 m high. Five paired canopy-understory trap sets were 
installed at ground level (no more than 1 m) at each site below their 
respective canopy trap. For each trap, a canopy-dominant tree was 
selected and a BigShot® sling shot was used to rig a canopy trap; tree 
and branch selection were constrained by sling shot access and clear 
passage in the vertical space below for raising and lowering the traps. 
“Bee bowl” pan traps were custom-built from three spray-painted Solo® 
cups tied vertically with paracord (Fig. 1, right panel); (methods sensu 
Ulyshen et al. 2010, Cunningham-Minnick and Crist 2020). We used 
sixteen-ounce cups to minimize spills while traps were vertically sus-
pended in windy canopies. Bowl colors (yellow, blue, and white) were 
randomized vertically, and bowls were filled with soapy water and 
deployed in canopy-emergent trees in all woodlots within 100 m of the 
forest edge nearest the adjacent orchard. Canopy traps were not visible 
from the ground. Bowls were emptied and re-set every 7–10 days 
beginning in late March and ending in mid-June, following canopy 
closure. Trees with traps were 100–200 feet apart within the woodlot or 
forest plot; due to this small spatial scale, bee community data were 
pooled by site for most analyses. Bowl traps were poured through 
strainers in the field, and bees were transferred directly into Whirlpaks 
(Nasco Whirlpak, Fort Atkinson, WI) containing 95% ethanol where 
they were stored until processing in the lab. In 2018 and 2019, canopy 
cover was measured at each collection event using a Densiometer from 
the base of each tree by averaging cover taken facing each of four car-
dinal directions and converted to overstory density percentage. Coarse 
woody debris (CWD) was quantified at the site level along three 50 m 
spoke transects extending from the center point of the five sampled trees 
at each site. We measured length and diameter of both ends of all CWD 
with a diameter greater than 7.62 cm (3in) at the transect intersect; all 
CWD encountered was lying on the forest floor or reaching no more than 
3 m above ground if lying at an angle. Total volume in cubic feet per site 
was calculated using Smalian’s formula, which assumes a cone-shaped 
log (Woodall and Monleon 2007). 

2.2. Laboratory methods 

All specimens were pinned and databased using Biota software with 

unique identifiers and associated metadata (Colwell 1994). Specimens 
have been accessioned to the Cornell University Insect Collection. 
Specimens were identified to species or nearest possible morphospecies 
using online guides and existing taxonomic keys (Laberge, 1971; 
LaBerge, 1973; 1980; 1985;; Gibbs, 2011; Gibbs et al., 2013, discov-
erlife.org, and Andrena subgeneric keys by Mike Arduser, unpublished). 
Due to unresolved taxonomy and lack of available keys, specimens of 
Nomada (n = 61), Hylaeus (n = 3), and Sphecodes (n = 3) were only 
determined to the genus level; some individuals were determined to the 
generic or subgeneric level due to damage in bee bowls (n = 35). Other 
difficult taxa were resolved in two different ways: with the help of 
taxonomic experts (Jason Gibbs assisted with Lasioglossum (Dialictus)), 
or using DNA barcoding for a subset of challenging Andrena (see below). 

We extracted DNA from 130 Andrena bees using a CTAB protocol 
available on the Danforth lab website (http://www.danforthlab.entomo 
logy.cornell.edu/research/resources/). These bees were selected as a 
subset of the full dataset either to confirm a tentative morphological 
identification, or because the specimen was damaged or exhibited traits 
that could not be categorized clearly with the existing keys. DNA was 
extracted from 3 legs which allowed us to retain the remaining, nearly 
complete, specimen for further study and as a pinned voucher. We used 
primers developed by Creedy et al. (2020) for barcoding British bees: 
BeeF (5′-TWY TCW ACW AAY CAT AAA GAT ATT GG-3′) and BeeR (5′- 
TAW ACT TCW GGR TGW CCA AAA AAT CA-3′). These bee-specific 
primers worked consistently across nearly all of our samples and 
rarely yielded non-target sequences. For PCR, we used 35 cycles of 94 ◦C 
for 45 s, 52 ◦C for 45 s, and 72 ◦C for 1 min. All PCR fragments were 
sequenced in both directions. After trimming primers, our fragments 
were 658 bp in length. Sequences were edited and aligned in Geneious 
(Geneious Prime® 2019.0.4; Build 2018-11-27 02:05; Java Version 11 
+ 28 (64 bit), available at https://www.geneious.com). 

2.3. Data analysis – Community level 

All data analyses were conducted in R version 4.0.1 (2020-06-06) – 
“See Things Now” (R Core Team 2020). We used Chao’s Rpackage iNEXT 
to calculate Hill numbers, the “effective number” of species (Chao et al. 
2014). This framework standardizes comparisons of different samples by 
implementing rarefaction and then extrapolation, inferring the 

Fig. 1. Study design and experimental set-up. Field work was conducted at six sites in 2017, five additional sites in 2018 (total = 11 sites), and three of those sites 
were kept in 2019 (total = 9 sites). Five trees at each forest site were set up with canopy and understory bee bowl traps on a pulley system and emptied and re-set 
every 7–10 days. 
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asymptotic number of species under complete sampling (Chao et al. 
2014). Simply, based on a single equation, the exponential value of q 
provides different weights to rare species, where q = 0 weights all 
species regardless of abundance and is termed Species Richness, q = 1 
weights species relative to their abundances and generates the index 
“Hill-Shannon,” the exponent of Shannon Diversity, while q = 2 deem-
phasizes rare species, and is the inverse of the familiar Simpson Index 
(Jost 2006, Chao et al. 2014). We drew season-long pooled diversity 
accumulation curves, including the extrapolated numbers of bee species 
for each value of q in Rpackage ggplot2 using iNEXT’s command ggi-
NEXT() (Chao et al. 2014). After calculating the diversities of our canopy 
and understory communities using the Hill numbers, we used general-
ized linear mixed effect models (GLMMs) to ask if bee communities 
differed between strata (canopy or understory), and whether differences 
were consistent among years. In each model, the fixed effects were strata 
and year and their interaction, with site as the random effect. We ran 
models with the same structure for bee abundance. 

To ask if male or female bees were differentially abundant in 
different strata, we used a binomial GLMM (log link) with strata as the 
predictor, proportion male or female bees as the response variable, and 
site as the random effect. Post hoc analyses and log odds ratios were 
calculated in Rpackage emmeans. 

We used non-metric multidimensional scaling (NMDS) in Rpackage 
vegan with command metaMDS() to visualize the difference in bee 
communities in the canopy and the understory. This analysis used the 
full dataset of all species, but with male and female bees considered 
uniquely. We applied the Hellinger transformation to the matrix, which 
takes the square root of row totals, thus reducing the weight of rare 
species and super-abundant species. This transformation is appropriate 
for skewed ecological data (Legendre and Gallagher 2001) such as ours 
(Fig. A.2). We confirmed homogeneity of variances using betadisper() in 
the Rpackage vegan before running the adonis tests with sex and strata 
(canopy or understory) as group levels (p > 0.1 for all data trans-
formations, thus failing to reject the null hypothesis of homogeneous 
variances). Then, we performed a PERMANOVA with 999 permutations 
in the Rpackage pairwiseAdonis (Martinez Arbizu 2020), with the sex and 
strata (canopy or understory) as fixed effects and site as a random effect 
using the argument strata. Pairwise adonis automatically implements a 
Bonferroni correction for multiple comparisons with p.adjust(). Finally, 
we conducted an indicator species analysis using command multipatt() 
in Rpackage indicspecies to ask if specific bee species were associated 
with either stratum. We ran this analysis once with the full community 
and again with rare bees excluded to ensure they were not biasing the 
results (defined in this case as species-sex combinations with singletons 
and doubletons at both strata). 

2.4. Data analysis – Trait and site predictors of bee communities 

We categorized bees by trait groupings of nesting habit, sociality, 
and diet breadth using pre-existing databases (Bartomeus et al., 2013; 
Normandin et al., 2017) and expert knowledge (B.N.D. and K.R.U.). 
Traits such as these are likely to influence how an organism responds to 
its environment (McGill et al. 2006). Diet breadth was categorized as 
generalized or specialized (polylectic or oligolectic following Bartomeus 
et al. 2013). Sociality was categorized as social, solitary, or facultatively 
social, with brood parasites excluded (due to their contrasting life his-
tory Danforth et al. 2019). Nesting habits were cavity, soil, wood, hole, 
and stem (Bartomeus et al. 2013), and cleptoparasitic. Following these 
literature categorizations, cavity refers to pre-existing cavities typically 
used by bumble bees and honey bees, while hole refers to cavity usage 
primarily by Megachilid bees. 

We used linear models to assess whether the abundance of bees in 
each trait group differed by strata (canopy vs. understory). Models were 
run separately by bee sex, with trait group (nesting habit or sociality), 
strata and their three-way interaction as fixed effects, and site nested 
within year as the random effect. Response variable was log-transformed 

in order to meet assumptions of linear models. A Guassian rather than 
Poisson model was appropriate due to a normal distribution (also 
because all values were season-long sums, thus larger numbers with no 
zeroes in the dataset). 

Canopy cover increased with time (R2 = 0.58, p < 0.001), which was 
expected as the leaves grew. To investigate whether canopy cover at a 
given sampling event (each tree with a trap on a given day) influenced 
the number of bees of each sex we caught, we used a Poisson model as 
these were count data. We ran two separate GLMMs for the canopy and 
the understory because canopy cover was only measured in the under-
story so we hypothesized that the strata may be affected differently. Sex 
and canopy cover were included as fixed effects and the site as a random 
effect, with tree nested within site. 

To test the hypothesis that bees of different sexes and trait groups 
may respond differently to the amount of CWD at a site, we used the 
command lme() in the Rpackage nlme with the interaction of trait group 
by bee abundance as the response and site as a random effect. Canopy 
and understory models were run separately. The response variable was 
log (n + 1) transformed due to heterogeneity of variance among trait 
groups. We used the buffer tool to calculate the amount of forest in 750 
m using the 2018 National Agricultural Statistics Service Cropland Data 
Layer (USDA, National Agricultural Statistics Service 2018) for New 
York in qGIS (QGIS Development Team 2020). Buffers were drawn 
around the centroid of our five sampled trees of each woodlot as this 
distance is known to influence the smaller bodied and solitary bee 
populations that dominated our community (Steffan-Dewenter et al. 
2002). We used models with CWD multiplied by the proportion of the 
landscape that was forested in the buffer around each site (termed 
“landscape-scaled CWD” hereafter), as a proxy for the relative amount of 
CWD available at the landscape scale. Finally, we ran these models again 
with only the CWD site-level values and only the proportion of forest, to 
make sure that any trends found by the scaled CWD metric were not 
simply driven by a strong forest-cover trend. 

3. Results 

3.1. Results – Community level 

We collected a total of 2833 bees over three years, of which 554 were 
sampled at 6 sites in 2017, 1171 at 11 sites in 2018, and 1108 at 9 sites in 
2019. Of these bees, 1365 were caught in canopy traps, and 1468 bees 
were caught in the understory. In the canopy, 79.2% of the bees were 
female, while in the understory female bees comprised 59.0%. Female 
bees were significantly more associated with the canopy than male bees 
(Fig. 2.), with the log odds ratio of females 2.66 times that of males (SE 
= 0.24, p < 0.0001). Across all sites, we found 90 species out of 417 bee 
species known in New York (Danforth and van Dyke 2015) (DNA bar-
coding results A.1; species lists, Appendix B). Of these, 82 species were 
found in the canopy and 81 in the understory. The five most common 
bees overall were male and female Andrena rugosa (n = 369 and 124, 
respectively), female Lasioglossum coeruleum (n = 339), female Augo-
chlora pura (n = 221), female L. versans (n = 151) and female 
L. quebecense (n = 98). All but 20 individual bees of 5 bee species (all in 
the genus Andrena) were classified as polylectic, or diet generalists, and 
so this trait was not included in further analyses. 

Bee species abundances were highly right-skewed, which is common 
for ecological community data; species accumulation curves showed 
adequate sampling (Fig. A.2). Overall, we found that bee abundance did 
not differ significantly between the canopy and understory (strata: F1,36 
= 0.43, p = 0.52, year: F2,36 = 1.59, p = 0.22), but that there was a 
significant interaction between year and strata (F2,36 = 4.33, p = 0.02); 
bees were less abundant in the canopy in 2017 and 2019, but more 
abundant in 2018 (Fig. A.3). There was also no difference in Species 
Richness between strata or years, nor any interaction with year (strata: 
F1,36 = 1.15, p = 0.29, year: F2,36 = 2.21, p = 0.12, interaction: F2,36 =

1.20, p = 0.31) (Fig. A.3). However, Hill-Shannon diversity was higher 
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in the canopy (strata: F1,36 = 4.70, p = 0.03) and differed among years 
(year: F2,36 = 5.00, p = 0.01), but the greater diversity in the canopy was 
consistent across years (interaction: F2,36 = 1.72, p = 0.19) (Fig. A.3). 
Ordination visually corroborated that community composition differed 
between strata and sexes (PERMANOVA, F1,43 = 3.15, p = 0.02 
and F1,43 = 24.13, p = 0.001, respectively; there was no interaction ef-
fect) (Fig. 3). Results were qualitatively similar when run on presence- 
absence data, and similar with raw abundance data although with an 
additional significant interaction between sex and strata (all output in 
Table A.4). 

Indicator species analysis by sex and taxa did not identify any of the 
most abundant bees as strata-affiliates. Canopy indicator species were 
Andrena perplexa males (15 out of 17 individuals in canopy), A. nivalis 
females (7 out of 8 in canopy), and Osmia pumila females (11 out of 11 in 
canopy), while the only understory indicator was A. tridens males (33 
out of 47 in understory; all p < 0.05 with 999 permutations; see dis-
cussion of species determination of A. tridens in Fig. A.1). Results were 
the same when run with rare species excluded. 

3.2. Results – Trait and site predictors of bee communities 

In both trait-based linear models, abundance of bees was signifi-
cantly different by sex and trait (sociality: sex F1,352,= 148.43, p <
0.0001, trait F2,352,=211.16, p < 0.0001; nest habitat: sex F5,736,=70.17, 
p < 0.0001 , trait F5,736,=178.50, p < 0.0001), while abundance did not 
differ between strata, consistent with the above abundance models 
(sociality F1,352,=0.61, p = 0.44, nest habitat F1,736,=2.87, p = 0.09). In 
both models, the abundance of male and female bees of different traits 
were significantly different between strata (sociality: sex*canopy strata 
F1,352,= 11.15, p < 0.001, trait*canopy strata F2,352,=211.16, p <
0.0001; nest habitat: sex*canopy strata F1,736,=10.33, p = 0.001, 
trait*canopy strata F5,736,=2.58, p = 0.025). Finally, bees of different 
sexes responded differently depending on their trait groups (sociality 
F1,352,=43.24, p < 0.0001, nest habitat F5,736,=48.29, p < 0.0001). 

There was a significant three-way interaction in both models (sociality 
F2,352,=7.01, p = 0.001; nest habitat F5,736,=3.64, p = 0.0029). We note 
that there were no male social or wood-nesting bees (Fig. 4). 

In all linear models asking if trait groups responded differently to 
site-level CWD, abundance was different among trait groups (p < 0.001 
in all models), in agreement with the prior analysis (Table A.4). We 
found no main effect of forest-scaled CWD on overall canopy or under-
story abundance (canopy F1,9 = 0.26, p = 0.63; understory F1,9 = 0.81, p 
= 0.39), also consistent with the above. Canopy abundance was not 
correlated with forest-scaled CWD nor were any interactions significant 
(p > 0.1 for all). In the understory, bees with different nesting habits 
responded differently to forest-scaled CWD (significant interaction; 
F4,36 = 4.31, p = 0.006). In the model with bees divided by sociality, 
increasing forest-scaled CWD showed a positive trend with understory 
abundance (F1,9 = 4.72, p = 0.058), but responses did not differ between 
trait groups (no significant interaction; F2,18 = 2.73, p = 0.09). We ran 
these same tests with CWD and forest proportion each alone as the 
predictor variables to ask if either of these were driving the scaled trend. 
In the understory, there was a significant interaction of nesting habit and 
forest proportion (F4,36 = 2.62, p = 0.0503), although it was a weaker 
relationship than when the predictor was scaled by CWD. We found no 
other effects of either predictor on overall abundance, sociality, or nest 
habit (p > 0.1 for all tests). 

More canopy cover was correlated with fewer overall bees caught at 
a given tree and sampling location in the understory (z = -16.46, p <
0.0001), but not in the canopy (z = 0.15, p = 0.88) (Fig. 4). Male bees 
were more negatively correlated to canopy closure than female bees in 
both strata (interaction term for canopy z = -6.32, p < 0.0001; under-
story z = -5.43, p < 0.000). When tested separately, increased canopy 
cover was correlated with fewer female and male bees in the understory 
(female z = -8.58, p < 0.0001, male z = -13.97, p < 0.0001), and an 
increase in canopy females but a decrease in canopy males (female z =
4.17, p < 0.0001, male z = -6.08, p < 0.0001; Fig. 4). 

Fig. 2. Female and male bees differ in 
abundance in canopy strata. Left: Total 
number of individual bees per site over all 
three years. The boxplots show the median, 
first and third quartiles, and the points are 
outliers; significance determined by Tukey 
two-sided post-hoc tests. Right: Annual 
variation in mean number of male and fe-
male bees caught per site in each forest 
strata. 2017, n = 6 sites; 2018, n = 11 sites; 
2019, n = 9 sites. In both panels, light gray 
are female bees, dark gray are male bees.   
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4. Discussion 

We found an abundant, diverse assemblage of predominantly female 
bees in the springtime canopy of the northeastern temperate hardwood 
forest woodlots. Indeed, over 20% of New York’s 417 bee species were 
found active in the forest canopy. We found similar species richness at 
both heights, and no evidence of any bee species exclusively bound to a 
specific forest stratum (understory ~ 1 m, or canopy 20–25 m). Abun-
dance varied year to year, consistent with other studies finding high 
intra-year community-level variation in bee diversity and abundance (e. 
g. Alarcón et al., 2008; Dupont et al., 2009), which in our system may be 
particularly driven by year to year weather or resource variability due to 
mast bloom (Inari et al. 2012). However, female wood-nesting and fe-
male social bees were consistently more abundant in the canopy than in 
the understory and as we hypothesized, the understory was instead 
dominated by males of solitary, soil-nesting species. Diet breadth did not 
differ between strata, which were both dominated by generalist bees. 
Female bees’ primary activity is foraging, which suggests more attention 
should be paid to canopy pollen, nectar (e.g. Chambers 1946, Batra 
1985, reviewed in Saunders, 2018; e.g. abundant maple pollen collec-
tion by Colletes inaequalis, Nicholas Dorian personal communication) or 
even honeydew foraging (Trelease, 1881; Requier and Leonhardt, 
2020). If canopy resources are thus widely used, we recommend man-
agement for diversity of tree species, bloom time, and age to ensure 
spatial and temporal continuity in the availability of canopy pollen re-
sources for bees, flower-flies, and other pollen-foragers (Iuliano and 
Gratton 2020), and retention of deadwood nesting habitat (Freedman 
et al., 1996; Westerfelt et al., 2018). 

The most abundant taxa in our study had strata preferences during 
our study period, although in contrast to previous studies, the canopy 
communities we studied were not dominated by one or two single spe-
cies (Ulyshen et al., 2010; Campbell et al., 2018). It may be that if we 
sampled later in the summer, as in Ulyshen et al. 2010, that dominance 
would have emerged. Particularly, 73% of Lasioglossum (Dialictus) 
coeruleum and 62% of Augochlora pura were in the canopy. Both are 
iridescent halictids known to nest in rotting logs (Stockhammer, 1966; 
1967), and it has been suggested that A. pura may be collecting hon-
eydew (Ulyshen 2011). Two other abundant bees, Andrena rugosa and 
L. (Dialictus) versans, were disproportionately in the understory. Lasio-
glossum versans is a previously identified forest associate (Giles and 
Ascher, 2006; Romey et al., 2007; Roberts et al., 2017), while to our 
knowledge A. rugosa has not been previously identified as a forest- 
associated bee. The high proportion of A. rugosa males in the under-
story (~84%) suggests a soil-nesting habit consistent with all other 
known Andrena; future research should explore whether it prefers spe-
cific mesic forest soils such as in our system. Finally, nearly 80% of the 
cleptoparasitic genus Nomada were caught in the understory, corrobo-
rating our hypothesis that brood parasites of ground-nesting bees would 
be abundant on the forest floor. 

Coarse woody debris (CWD) and canopy closure were only partially 
associated with bee community metrics. Other studies have also found 
limited correlations at the site level (Sobek et al., 2009; Simanonok and 
Burkle, 2019). One possible interpretation for the lack of relationship is 
that our study sites may have sufficient deadwood for nesting. Alter-
natively, if nesting in canopy branches or standing snags is common, an 
above-ground quantification of deadwood would have been more 

Fig. 3. NMDS plot of bees separated by sex and strata. Data were Hellinger transformed before being plotted using Bray-Curtis distances (ordination solution 
stress = 0.157). Points are field sites; ellipses are at 95% confidence interval, and are drawn separately for each stratum and sex. Left panel is all years. Right stacked 
panels: each year presented separately as labeled. 
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relevant than understory CWD for explaining canopy abundance. This 
could similarly explain why canopy bee abundance did not decline as 
the canopy closed (also hypothesized in Ulyshen et al. 2010). Another 
Ohio, USA study also found many wood-nesting bees in the canopy — 
these authors even suggest die-offs due to Emerald Ash Borer, Agrilus 
planipenis, could have increased wood-nesting bee habitat (Cunning-
ham-Minnick and Crist 2020). We also note that late-spring canopy 
closure co-occurred with the bloom period of oak trees (Quercus spp.) 
and later tuliptree (Liriodendron tulipifera) and linden (Tilia americana), 
where females might instead have been increasing their foraging and 
explaining the increase in canopy female bees as the canopy closed. 
More work is needed to disentangle these possible explanations. In 
contrast, the observed decline in understory abundance with canopy 
closure is consistent with prior studies finding higher abundance in 
light-filled microsites (Proctor et al., 2012; Williams and Winfree, 2013), 
and a general decrease in insect biodiversity with denser mature canopy 
(Hilmers et al. 2018). 

There are multiple critiques of bee bowls, many of which we share. 
One concern is that bees may be more attracted to bowls in low- or poor- 
resource habitats, and ignore them when resources are abundant 
(summarized in Portman et al. 2020). For example, we sampled very few 
understory floral specialist bees, such as Andrena erigeniae or 
A. uvulariae, which may simply be an artifact of those bees not investi-
gating bowl traps but instead visiting their specialist host flowers 
(respectively Claytonia virginiana and Uvularia sessilifolia). Still, we are 
confident that canopy bowls were not at all visible from the forest floor, 
and so infer that bees must have already been in the canopy and were 
not visually attracted from the understory. In parallel sampling (un-
published), bowls placed in apple orchards caught no bees until the crops 
began to bloom, in that case faithfully representing relative local 

abundance. 
To better understand the bee community despite these limitations 

(Portman et al. 2020), we also attempted multiple days of canopy 
netting on open flowers, and observed phenomena worthy of future 
exploration. Large bees, including Xylocopa and Bombus, were 
frequently observed foraging during canopy climbs, but qualitatively 
were much more common on the outermost flowers of the canopy, with 
smaller bees and flower flies dominant at the interior of each tree, which 
may be due to windiness. Bombus spp. queens were also commonly 
observed in nest-searching behavior in understory leaf litter (e.g. 
Pugesek and Crone 2020). Bees in the families Andrenidae and Hal-
ictidae dominate bee bowl collections, while Colletidae and Apidae 
(including Bombus and Apis) are under-sampled in bee bowl schemes 
(Grundel et al. 2011). Our bee bowl data thus likely underestimate the 
bee diversity of apid bees active in both forest strata. In several instances 
a single canopy collection produced many Ceratina, possibly suggesting 
a local nest site, although this would be quite surprising as Ceratina nest 
in pithy stems (Rehan and Richards 2010). Second, while canopy tree 
climbing we observed several vibrant Augochlorini nests in dead oak 
branches at ~25 m aboveground (K. Urban-Mead, personal observa-
tion). These startling anecdotal finds support the above hypothesis that 
wood-nested bees may nest much higher above ground than usually 
considered (Stockhammer 1966). 

It is likely that the early spring wind-dispersed pollen is an important 
resource for bees in temperate forests, and efforts should be made to 
maintain diverse plant communities for bees — not only understory 
flowering resources but also early spring blooming trees. In the early 
spring, male bees emerge earlier in solitary species while female bees 
proliferate earlier in social species (Danforth et al. 2019). Andrena rugosa 
was among the solitary species for whom we caught both sexes of 

Fig. 4. Bee abundance by canopy cover and trait. Left panel: Number of bees caught at a given tree relative to the proportion canopy cover as measured at ground 
level with a densiometer. Counts of female bees light gray, male bees dark gray; lines drawn from Poisson GLMM, with shading 95% confidence interval. Middle & 
Right panels: Abundance of bees by nesting habit and degree of sociality in canopy and understory. Boxplots show the median, first and third quartiles, and the points 
are outliers. Letters are applied independently for contrasts within the trait categories. Light gray boxes are females, dark gray boxes are males; there were no male 
social or wood-nesting bees in our dataset due to phenology. Groups within each trait category and strata that do not share a letter are significantly different; letters 
generated with compact letter display. 
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important common crop pollinators (Renauld et al., 2016; Blitzer et al., 
2016; Grab et al., 2019), as well as bees in the subgenus Melandrena 
(specifically A. carlini, A. pruni, and A. dunningi) which has been shown 
to have extremely high per-visit pollination efficiency for apple flowers 
(Park et al., 2016; Blitzer et al., 2016). Our data suggest that the male life 
stage of many of these important crop pollinators, which are not usually 
emphasized habitat evaluations, may be particularly abundant in for-
ests. We recommend future research should identify overlapping pollen 
usage and preference of bees in adjacent agricultural habitats, as forest 
management for bees may protect these wild pollination services 
(Winfree et al. 2007). 

Our characterization of high diversity and vibrant canopy bee ac-
tivity in early spring recommends inclusion of wild bees’ vertical 
behavior in forest management plans (Ulyshen, 2011). Beyond impor-
tant recommendations for light-filled gaps and habitat heterogeneity 
(Hanula et al. 2016), our results additionally emphasize the high di-
versity of female wood-nesting bees caught in the canopy. We reiterate 
recommendations for practicing retention forestry and keeping high 
stumps and snags as habitat (Westerfelt et al. 2018). Generally, more 
species-diverse forests support more diversity across taxa (Ampoorter 
et al. 2020), and previous work has demonstrated that canopy bloom 
abundance can have species-specific demographic implications (Inari 
et al. 2012). Honeydew collecting bee species will benefit from presence 
of honeydew trees such as Populus, Betula, and Quercus, and possibly 
even Tilia, Acer, and Platanus (Crane and Walker 1985), and future work 
should continue to explore the anecdotal records of anemophilous and 
ambophilous pollen collection (Saunders, 2018). We suggest that man-
agement for tree species and age class diversity will maintain continuity 
of pollen and honeydew resource availability from diverse tree species. 
This is particularly important as tree species are often only in bloom for 
very short periods, and not consistently each year (e.g. Houle, 1999; 
Fernández-Martínez et al., 2012). Thus, as appropriate, varied silvicul-
tural treatments aimed at maintaining different age stands and 
mimicking natural disturbances should be considered to maintain age 
class and species diversity at both the patch and landscape scale. These 
recommendations are consistent with strategies to maintain avian di-
versity (e.g. Duguid et al. 2016, Hanle et al. 2020), which often partic-
ularly emphasize vertical structure (e.g. King and DeGraaf 2000, 
Goodale et al. 2009). The multiple niches generated for nesting and 
forage may then support social species in the process establishing their 
nests, important solitary crop pollinating-bees such as Andrena, and 
nesting habitat for iridescent pollinators including the CWD- and snag- 
nesting green and blue sweat bees. Finally, we recommend future 
work on bee canopy communities in temperate hardwood forest in-
teriors, which may have different patterns of vertical stratification than 
our smaller orchard-adjacent plots (e.g. a study in rainforests found 
stronger vertical stratification of light, temperature, and vapor pressure 
deficit farther from the forest edge (Didham and Ewers 2014)). We 
enthusiastically encourage the ecological management of forests to 
explicitly include wild pollinator communities. 
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