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Abstract

1. Woodlands can play an important role in supporting bee abundance and diversity in

agricultural landscapes. However, in temperate-region studies, the canopy is rarely

sampled, and our understanding of its contribution is limited.

2. To explore this, we sampled bees in late spring with blue vane traps in the under-

story (n = 30) and crowns of mature Quercus robur (n = 35) at the exposed southern

edges and in the interiors (ca. 25–75 m from woodland edges) of 15 woodland sites

across an English agricultural landscape.

3. A significant proportion of bee abundance and diversity was found in the canopy:

canopy-trap catches were estimated to be a third as large as understory-trap

catches, and 23 of the 29 sampled species were present in the canopy. Of the

seven most common species sampled, four were equally abundant in woodland

edge and interior traps; three were more abundant in understory traps, and a single

species—Bombus lapidarius—was more abundant in canopy traps. The sex ratio of

the most abundant species, B. pratorum, was female-skewed in the canopy. Addi-

tionally, the presence of nearby Acer pseudoplatanus trees in flower greatly

increased canopy-trap catches in woodland interiors.

4. These results suggest that both the woodland canopy and understory have a signifi-

cant role to play in supporting farmland bee communities; they indicate the

importance of nectar-producing trees in woodland interiors, opening avenues for

canopy-based management; and they demonstrate that a diverse bee community

has the potential to exploit canopy floral resources.
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INTRODUCTION

There is evidence for local, regional and national declines in wild bee

abundance and diversity across multiple regions globally, and habitat

loss associated with agricultural intensification is generally considered

to be the most important cause (Ollerton, 2017). In agricultural

landscapes, wild bees rely on non-crop semi-natural habitats for the

provision of essential resources such as food, nesting sites and dor-

mancy sites (Cole et al., 2020; Mola et al., 2021), and landscapes with

higher proportions of these habitats tend to support higher wild bee

abundance and diversity (Senapathi et al., 2017). Experts across

Europe perceive small woodlands to be among the habitats that
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currently provide the greatest resource for nesting bees, while the

potential for improving current woodland floral resources with

pollinator-friendly management is considered to be large (Cole

et al., 2020). Tree canopies can provide a greater density of nectar

and pollen than is available at ground level, as suggested by Donkers-

ley (2019), and nectar provision of the woodland understory relative

to its area coverage can be disproportionately large in spring

(Timberlake et al., 2019). Baude et al. (2016) identify broadleaf wood-

land in the United Kingdom as being among the habitats that produce

the greatest amount of nectar per unit area, thanks both to its under-

story plants and its canopy trees, such as Acer pseudoplatanus. Addi-

tionally, trees offer non-floral resources, which can provide bees with

extra nutrition (e.g. honeydew), nesting material, or substances to pro-

tect themselves and/or their nests (Requier & Leonhardt, 2020). Fur-

thermore, woodlands may complement other habitats by providing

temporal continuity of resources—they are perceived to be a rich

source of early-season forage, with field margins perceived to provide

greater forage later in the season (Cole et al., 2020).

In non-woodland contexts, studies have shown that both bumble-

bees and solitary bees are frequent visitors to nectar-producing

woodland-tree taxa, including Acer, Tilia (Hausmann et al., 2016) and

Castanea sativa (Larue et al., 2021), while in the United Kingdom,

bumblebees have also been observed foraging on the flowers of

wind-pollinated Fagus, Alnus and Ulmus (DoPI, 2022). However, most

evidence of bees foraging from woodland canopy-tree genera comes

indirectly, from pollen collection studies. In Michigan, USA, Acer

makes up over a quarter of early-season pollen collections of solitary

bees (Wood et al., 2018). Acer pollen forms a significant proportion of

the diets of several species of UK-Andrena—around a quarter in at

least four species (weighted averages calculated from Wood &

Roberts, 2017). Regarding bumblebees, pollen loads taken from early-

season Bombus terrestris workers returning to their nests have shown

Acer proportions to be moderate (7%: Eckerter et al., 2020) or high

(ca. 25%: Bertrand et al., 2019; 34%: Kämper et al., 2016).

Osmia bicornis, which is widespread in agricultural environments

across Europe, has been shown to collect the largest proportion of its

early-season diet from wind-pollinated Quercus (Bednarska et al., 2021;

Bertrand et al., 2019; Free & Williams, 1970; Persson et al., 2018; Ruddle

et al., 2018; Yourstone et al., 2021) followed, in some cases, by Acer

(Bertrand et al., 2019; Yourstone et al., 2021). Across the northern hemi-

sphere, several other species of Osmia have also been shown, on occasion

at least, to collect large quantities of Quercus pollen (Haider et al., 2014;

Kraemer & Favi, 2005; Kratschmer et al., 2020; MacIvor et al., 2014;

Vicens et al., 1994; Williams & Kremen, 2007). In the United Kingdom,

Quercus and Fagus form a significant proportion (6.0%–10.5%) of the diets

of at least three Andrena species (weighted averages calculated from

Wood & Roberts, 2017). One member of this genus, A. ferox, forages

almost exclusively on Quercus pollen, although this species is rare in the

United Kingdom and throughout its European range (Else &

Edwards, 2018). Regarding bumblebees, evidence of pollen from wind-

pollinated trees within pollen loads is scarce. In a global sample of 4132

bumblebee pollen loads (Wood et al., 2021), just six contained these pol-

lens at appreciable levels (over 2%) with load proportions of up to 50%.

Several North American and European studies indicate that wild

bee abundance and/or diversity can increase with increasing wood-

land cover within a landscape (Collado et al., 2019; Pfeiffer

et al., 2019; Proesmans et al., 2019; Smith et al., 2021; Sõber

et al., 2020; Watson et al., 2011) or increasing proximity to woodlands

(Bailey et al., 2014; Joshi et al., 2016). Woodlands can also have bene-

fits at the local scale, supporting greater wild bee richness and/or

abundance than open habitats (Alison et al., 2022; Collado

et al., 2019; Sõber et al., 2020). Additionally, woodlands and other

closed-canopy habitats may support communities that are distinct

from open habitats (Collado et al., 2019; Mallinger et al., 2016), sug-

gesting they contribute to bee diversity at the landscape scale. None-

theless, other studies do not find that woodland has positive effects

on bee populations (Kallioniemi et al., 2017; Mallinger et al., 2016;

Mandelik et al., 2012; Schüepp et al., 2011; Winfree et al., 2007). The

causes will vary but may include reduced benefits of habitat comple-

mentarity in woodland-dominated landscapes (Kallioniemi et al., 2017;

Winfree et al., 2007); and/or a lack of floral resources within the

woodlands themselves (Kallioniemi et al., 2017; Mandelik et al., 2012).

The results of local scale studies will also vary according to differ-

ences in the definition of woodland (from open woody habitats to

those with dense canopy cover), the location of sampling points (inte-

riors, edges, clearings, rides etc.), and the timing of sampling (full or

partial season). For example, in a large-scale study of European agri-

cultural landscapes, Bartual et al. (2019) found that bee abundance

was considerably lower in woodland interiors (just 12–13 m from the

woodland edge) than at woodland edges, and some studies focus their

sampling efforts solely within the latter habitat (Proesmans

et al., 2019; Sõber et al., 2020).

In a review of pollinator conservation in North American forests,

understory temperature and light levels are the abiotic factors identi-

fied as most important to bees foraging at ground level (Hanula

et al., 2016). Management is necessary to maintain these factors at

high levels after canopy closure; however, the upper canopy receives

sunlight throughout the season regardless of woodland management

and potentially represents a stable, micro-climatically favourable habi-

tat. A canopy-tree’s flowers are also concentrated where the crown is

exposed to sunlight (Pires et al., 2014). As such, the upper canopy

could support a significant proportion of a woodland’s overall contri-

bution to bee abundance. Additionally, given that female, but not

male, bees forage for pollen, and given differing floral (Cullen

et al., 2021) and temperature (Kells & Goulson, 2003) preferences

among species, one might expect community-level differences

between the canopy and understory.

To our knowledge, there are just five replicated, temperate-region

studies that investigate full bee assemblages in the canopy, all of

which were conducted in North America. These have found canopy

traps to catch equal (Cunningham-Minnick & Crist, 2020; Urban-Mead

et al., 2021) or higher (Campbell et al., 2018; Ulyshen et al., 2010,

2020) numbers of bees than those set in the understory.

Cunningham-Minnick and Crist (2020) and Ulyshen et al. (2010) pro-

vide some evidence that communities are distinct between strata,

while Urban-Mead et al. (2021) found that the canopy sex ratio was

2 ALLEN AND DAVIES
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significantly female-skewed and speculate that females forage on

pollen from the abundantly available wind-pollinated trees. In

New Zealand, trap catches of a single non-native species, B. terrestris,

are reported and these are found to be significantly higher in the can-

opy (Ewers et al., 2013). In Germany, cavity-nesting bees and wasps

were sampled with trap nests, and abundance was found to be higher

in canopies and positively correlated with tree diversity (Sobek

et al., 2009). Otherwise, European studies may be limited to two small

surveys conducted in Poland in which canopy traps were found to

catch fewer wild bees than understory traps (Bak-Badowska, 2012;

Banaszak & Cierzniak, 1994). However, despite the potential for the

canopy to harbour bees and for trees to provide forage, evidence for

tree-flower foraging in woodland canopies may be restricted to just

one study from Japan: Inari et al. (2012), investigated a single wood-

land plot over a period of 5 years, finding links between floral produc-

tion of Acer and Tilia species and worker production in three species

of bumblebee.

To our knowledge, bee communities in the canopy of UK wood-

lands have not previously been investigated. Moreover, none of the

above canopy studies have compared trap catches at sun-exposed

woodland edges to those of woodland interiors, nor have these stud-

ies examined the effects of nearby flowering trees on canopy-trap

catches. Consequently, our understanding of the role of woodland

canopies in supporting wild bee communities is limited. To gain insight

into this role, we sampled bees from the canopies and understories of

woodland edges and interiors (ca. 25–75 m from edges) within an

agricultural landscape in late spring, and we examined: (1) the extent

to which bees were active in these habitats; (2) differences in bee

community composition between these habitats; (3) differences in sex

ratios between the understory and canopy; and (4) the influence of

nectar-producing canopy trees on canopy activity. The findings are

discussed in terms of the canopy’s potential contribution to woodland

bee abundance; resource provision by nectar-producing and wind-

pollinated trees; the potential for canopy-based management of

woodland interiors for bee conservation; and the implications for

ground-level bee surveying.

METHODS

Sampling sites

The study comprised 15 sampling sites across a circa 10 km2 area on

Raveningham Estate, UK (Figure 1). Using 2017–2020 LIDAR data

presented by Norfolk County Council—Norfolk Trees and Hedges

(2021), sites were selected if they contained a majority of trees >15 m

in height and had fully connected canopy coverage across a minimum

area of 1.25 ha (the size of the smallest woodland sampled, Table S1).

However, the proportion of canopy gaps varied across sites. Fourteen

of the sites are part of the UK government’s English Woodland Grant

Scheme and are managed for timber. They have undergone tree thin-

ning and contain tracks allowing vehicular access. Woodland interiors

largely lacked shrubs and understory trees that might otherwise

connect the canopy with ground flora. The most common trees were

Quercus robur and/or Fraxinus excelsior (12 sites), Acer pseudoplatanus

(two sites), and Castanea sativa (one site; see Table S1). At the time of

bee sampling in late spring, most sites supported occasional to fre-

quent flowering plants in the woodland interior, including Ajuga

reptans, Glechoma hederacea, Veronica spp., Anthriscus sylvestris and

Geranium robertianum. Southern woodland edges were generally pop-

ulated by shorter trees with larger crowns and supported well-

developed understory hedging and trees. The surrounding agricultural

land is a mixture of arable and pasture. Some is under Middle Tier

Countryside Stewardship (three sites) or Entry/Higher Level Environ-

mental Stewardship (five sites); while half is under no Agri-

Environmental Agreement (seven sites).

Bee sampling regime

BanfieldBio™ blue vane traps (BVTs) were used to catch bees. These

are effective in trapping a diversity of bee species, including larger-

bodied taxa—such as bumblebees—which are underrepresented in

pan traps (Prendergast et al., 2020); and of the commercially available

vane colours (also including yellow), blue traps consistently catch the

F I G U R E 1 Study area (Raveningham Estate, UK). Blue circles
represent the study sites in which either four or five bee traps were
present (n = 15). Yellow circles represent additional sites in which a
single canopy trap was present (n = 2). Source: Image ©2021 Google,
annotations by G. Allen
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highest bee abundance and diversity (Acharya et al., 2022;

Prendergast et al., 2020). Vane traps are also suitable for canopy

sampling—they are designed to be hung, and their collecting jars offer

secure storage for specimens. We recognise that BVTs, in common

with other insect traps, collect a sub-set of the available bee diversity

(Prendergast et al., 2020), but, in the absence of other feasible

methods for high canopy sampling, we consider their use sufficient

for examining patterns of abundance between woodland habitats. A

mixture of 150 ml water and 150 ml propylene glycol was used to

euthanise and preserve insects in the trap collection jars.

At each of the 15 woodland sites, two pairs of traps were set: one

pair at the exposed southern woodland edge and the other in the wood-

land interior (ca. 25–75 m from the nearest woodland edge). Each pair

comprised an understory trap and, approximately above this, a canopy

trap. Hereafter, when discussing results and unless otherwise specified,

we use the word ‘habitat’ to refer to all four trap positions: edge-

understory (EG), edge-canopy (EC), interior-understory (IG) and interior-

canopy (IC). Our purpose was not to assess woodland site characteristics,

but rather to sample replicates of these habitats, and, given the efficacy

of BVTs (Prendergast et al., 2020), we consider that a single trap per hab-

itat in each woodland site is sufficient for this purpose. Woodland-edge

traps were limited to the southern edge in order to maximise and stan-

dardise the solar regime for bee activity sampling between sites. Canopy

traps were hung exclusively in Q. robur to standardise any effects of the

immediate canopy environment. As such, sampling points at woodland

sites were largely dictated by the availability of Q. robur trees. Six addi-

tional IC traps were set to increase replication with regard to nearby

nectar-producing trees, and one EC trap was removed for safety reasons.

Accordingly, the total number of traps, hereafter referred to as ‘primary

traps’, was 65 (14 EC, 15 EG, 15 IG and 21 IC) (Table S1).

To ensure sufficient canopy specimens were caught for sex-ratio

analyses (described later), a further seven canopy traps were set: five

were added to existing sites and two to new sites (Figure 1, Table S1).

These additional traps did not meet the criteria to be classified as

either IC (too close to woodland edge) or EC (not at southern edge).

The maximum number of traps in any one site was five. Within sites,

canopy traps were separated by >30 m with the exception of one site

with a 21 m separation. Traps from different sites were separated by

a minimum distance of 200 m (mean 425 m � SE 62.1) (Figure 1), and

potential impacts of spatial non-independence on model residuals

were tested for (see Statistical analyses).

Understory traps were hung where access and the availability of

branches allowed at a height of 1.5–2 m and at a mean horizontal dis-

tance of 8 m (minimum 0 m and maximum 29 m) from their corre-

sponding canopy traps (Table S1). To set canopy traps, a Bigshot®

slingshot with a weighted throwline was used to rig rope to which

traps were attached to be raised into the canopy. Traps were hung as

high as possible and within 3 m of the sun-exposed tree crown edge—

that is, on the south side of the crown and/or towards the top— in

order to maximise and standardise canopy-trap catches, while limiting

long-distance visibility. Otherwise, trap position in the crown was dic-

tated by the availability of suitable branches for rope rigging. Mean

EC-trap height, as estimated with a clinometer, was 10.2 m (minimum

7 m, maximum 12.5 m) and mean IC-trap height was 15.4 m (minimum

9.5 m, maximum 21.5 m)—Table S1.

Trap setting coincided with a period of unusually cold weather (23–

27 May: daily mean of 11.3�C—Past weather, Beccles, 2021) during

which very few bees were caught. This was followed by a marked

increase in temperatures (and much higher catch rates) over the 5–6

remaining days of deployment (28 May to 2 June: daily mean of

16.5�C), such that the effective trapping time for all traps corresponded

to this latter period. Traps within each site shared the same effective

trapping period, and the time difference of ca. 1 day between some sites

was controlled for statistically (see Statistical analyses). The timing of

trap deployment was planned to coincide with the predicted peak pollen

production by Q. robur, as judged in early/mid-May, as well as with

A. pseudoplatanus flowering. However, during deployment, only a minor-

ity of Q. robur trees—both those containing traps and those across each

site—appeared to have live catkins that contained fresh pollen. The

remaining Q. robur trees contained seemingly moribund catkins, often

with stunted growth, possibly as a consequence of an unusually cold

and wet May (Met Office, 2021), although pollen production may have

also been low in response to a probable mast event the previous year

(Bogdziewicz, 2021; Whittle, 2021).

Bee taxonomy

All bee specimens were rinsed in ethanol, dried, pinned where neces-

sary, and sexed. All individuals of Bombus were identified to species

by the lead author using Falk (2015). Relevant features were exam-

ined under �45 magnification to confirm the sex and species. Solitary

bees were identified by local taxonomic authority Nick Owens. All

bees were stored at University of East Anglia. With the exception of

the abundant B. pratorum specimens—which were stored together for

each sample—all specimens were pinned with individual tags allowing

cross-reference to the identifications made for each sample.

Surveying nearby nectar-producing trees and ground
flora

A single layer of trees that formed the visible canopy surrounding the

Q. robur trees with traps, and up to 15 m from the Q. robur crown

edge, was identified. Within this layer, the species of nectar-producing

trees in flower at the time of trap deployment were noted as present

or absent. These comprised A. pseudoplatanus, A. campestre and

Crataegus monogyna. Ground floral cover and a proxy for understory

trap shading were also estimated—details, including their analysis and

interpretation, are presented in Appendix S1.

Statistical analyses

All analyses were conducted in R studio, version 3.6.1. To facilitate

analysis and interpretation, three configurations of the dataset were

4 ALLEN AND DAVIES
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used, which are summarised with their corresponding analyses in

Table 1. Moran’s I tests were performed on the residuals of all univari-

ate models using the testSpatialAutocorrelation function in the package

DHARMa (Hartig, 2019) and no significant spatial autocorrelations

were detected (Table S2).

Univariate count models—Construction and fit

Univariate analyses of count data (i.e. of bee abundance within each

trap—hereafter referred to as trap catches) were all fitted with nega-

tive binomial distributions following tests of Poisson models using the

check_overdispersion function in the package ‘performance’ (Lüdecke
et al., 2021) and tests of fit of both distributions using the plot func-

tion in the package DHARMa (Hartig, 2019). Negative binomial fits

were superior in all cases and presented no diagnostic issues.

To account for the non-independence of traps within the same

site (thereby accounting for site characteristics), and differences in

deployment length between sites, woodland site was always included

as a random intercept (with 15 levels) for initial model fitting and only

removed if it explained a non-significant (p > 0.05) proportion of vari-

ation according to the likelihood ratio test. For mixed effects models,

the function glmmTMB (family nbinom2) from the glmmTMB package

(Brooks et al., 2017) was used; and for fixed effects models the func-

tion glm.nb from the MASS package (Venables & Ripley, 2002) was

used. Using likelihood ratio tests, fixed factors and interaction terms

were excluded if non-significant and the significance of remaining

terms was confirmed. Only one model (the effect of sycamore and

position on canopy-trap catches) retained an interaction term. Pseudo

R2 values were obtained using the r2 function from the package ‘per-
formance’ (Lüdecke et al., 2021).

The effect of habitat on total and individual species’
trap catches

The 65 primary traps were used to investigate the effects of habitat

on trap catches (Table 1). First, trap catches of all bees were modelled

as a function of position (two levels: Edge and Interior) and stratum

(two levels: Understory and Canopy). Second, community- and

species-level effects of position and stratum were examined using the

manyglm function in the mvabund package (Wang et al., 2012), which,

by pooling the effects of separate generalised linear models (GLMs)

for each species, has considerable power to detect community

responses. Species caught in fewer than eight traps were excluded

from this analysis. Following a Dunn–Smyth residual plot check and a

non-significant community-level factor interaction, each species was

fitted with a negative binomial GLM, with woodland site controlled for

as a fixed factor, and no interaction. Community-level p-values for the

factors position and stratum were calculated by resampling the data

1000 times with the PIT-trap method; using a likelihood ratio test

(LRT) statistic; and assuming independence between species response

variables (all default methods). Separate p values for each species were

also returned, controlling for family-wise error rates (p.uni = ‘adjusted’)
(Wang et al., 2012).

The manyglm univariate results revealed a single species,

B. lapidarius, whose response to stratum was in opposition to that of

the other species. To provide robust evidence of this effect,

B. lapidarius trap catches were modelled as a function of stratum and

position following the full diagnostic testing and term-deletion proce-

dures outlined earlier for univariate count models.

Differences in sex ratio between understory and
canopy

All 72 traps (30 understory, 42 canopy) across all woodland sites

(n = 17) were used to investigate the effect of canopy versus under-

story on sex ratios in bees (Table 1). However, only species in which

numbers of both females and males were sufficient (minimum of

15 for each sex) to allow for statistical analyses were included

(Table S3). With sex ratios varying considerably between species

(reflecting differing phenologies), a clearer interpretation of results is

achieved with single-species analyses. Only B. pratorum had sufficient

numbers of both sexes for a robust analysis, while B. hortorum num-

bers permitted an analysis with a reduced degree of confidence.

The trap catches of B. pratorum and B. hortorum were each pooled

across the understory traps and canopy traps, respectively, within

T AB L E 1 Summary of dataset configurations and their corresponding analyses

Dataset (number of traps) Sites (n) Response variables Predictors of interest (factor labels) Controlling for (factor labels)

Primary traps (65) 15 Total trap catch and

species’ trap catch

Habitat (position—Edge or Interior;

stratum—Understory or Canopy)

Site effects (woodland site)

All traps (72) 17 Trap catches by species

and sex pooled across

each site stratum

Stratum (stratum—Understory or Canopy) Site effects (woodland site)

Primary canopy traps (35) 15 Canopy-trap catch Flowering Acer pseudoplatanus

(sycamore—Present or Absent)

Site effects (woodland site), trap

position (position— Edge or

Interior) and trap height

Note: ‘Primary traps’ refer to those placed in one of four habitats (in the understory or canopy at the woodland edge or interior). ‘Trap catch’ refers to the

abundance of bees within an individual blue vane trap.

WOODLAND CANOPY SAMPLING OF BEES 5
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each woodland site. This resulted in 32 samples (15 from the under-

story and 17 from the canopy) for B. pratorum and 25 samples

(14 from the understory and 11 from the canopy) for B. hortorum. The

log odds ratio of females versus males was modelled for each species,

as a function of stratum (Canopy or Understory) using a binomial error

distribution with logit link. For each model, woodland site was included

as a random intercept, but removed for the B. hortorum model as it

explained no variation. DHARMa diagnostic tests (from the plot func-

tion) indicated no issues with model fits. For the B. pratorum model,

pseudo R2 values were obtained using the r.squaredGLMM function

from the MuMIn package (Barto�n, 2020), and the delta values are

reported.

The influence of flowering trees on canopy activity

While controlling for trap position (edge or interior) and height,

modelling the nearby presence or absence of either flowering nectar-

trees of all species or solely flowering A. pseudoplatanus (sycamore)

produced near-identical canopy responses (n = 35) (Tables S9 and

S11). This indicated the relative importance of A. pseudoplatanus in

the context of our survey—it comprised six out of the seven nectar-

trees in flower within woodland interiors—and as such, only the latter

model is presented (Table 1). To explore the nature of the revealed

position–sycamore interaction, canopy-trap catch model estimates

were plotted against the four combinations of each factor-level, and

post hoc Tukey tests were performed (package emmeans—

Lenth, 2021) to identify pair-wise differences.

RESULTS

A total of 1532 bees were caught with the 65 primary traps (Table 2).

Mean trap catch was 23.6, with a minimum of 1 and a maximum of

101. The most common species caught, comprising 67.4% of all indi-

viduals, was B. pratorum (Table 2). Considering all 72 traps, 29 species

were caught (Table S3); 23 of these were present in the canopy—the

remaining six were at low abundance (maximum of three individuals

each). There were 22 non-parasitic species in which females were

sampled; of these, 21 were present in the canopy.

T AB L E 2 A summary of the 12 most abundant bee species caught
in the 65 primary traps used for habitat analyses across 15 sites

Species Abundance

Percentage
of total
bees

Number

of sites
in
which
present

Bombus pratorum

(Linnaeus, 1761)

1032 67.36 15

B. lapidarius (Linnaeus, 1758) 82 5.35 15

B. hortorum (Linnaeus, 1761) 63 4.11 15

B. hypnorum (Linnaeus,

1758)

60 3.92 11

B. pascuorum (Scopoli, 1763) 59 3.85 14

B. terrestris spp.

audax (Harris, 1776)

54 3.52 15

Andrena nitida

(Müller, 1776)

50 3.26 13

A. haemorrhoa

(Fabricius, 1781)

31 2.02 12

B. sylvestris

(Lepeletier, 1832)

16 1.04 7

Lasioglossum calceatum

(Scopoli, 1763)

14 0.91 8

A. scotica (Perkins,

R.C.L., 1916)

12 0.78 6

B. vestalis (Geoffroy, 1785) 10 0.65 8

Remaining 16 species 49 3.20

Total 1532 100.00
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F I G U R E 2 Trap catches (n = 65) of (a) all bees and (b) Bombus
lapidarius in each of four habitats across 15 woodland sites on
Raveningham Estate, UK. Habitats combine the woodland edge or
interior with the understory or canopy. Model estimates (black circles)
and 95% CIs are superimposed. Model estimates and tests of
significance are summarised in Tables S4 and S6.
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The effect of habitat on total trap catches and
individual bee species’ abundance

Bee catches were significantly higher in the understory than in the

canopy (X2
1 = 30.61, p< 0.001; Figure 2a). However, canopy-trap

catches were relatively high—estimated to be a third (33.5%) as large

as understory-trap catches. Within each stratum, bee catches were

higher in woodland-edge traps (Figure 2a), but the significance of this

is marginal (X2
1 = 3.32, p = 0.068). Overall, habitat type explains 42%

of the variation (marginal R2 = 0.42 [fixed effects]).

While no significant difference in the overall trap catches of bees

between woodland edge and interior was detected, a multivariate anal-

ysis (Wang et al., 2012) detected a significant effect at the community-

level (LRT = 37.06, p = 0.003, Table S5). This is primarily driven by two

species—B. lapidarius and B. terrestris—which were significantly more

abundant at woodland edges (Table 3). However, for four of the

remaining five abundant species (>49 individuals, see Table 2), there

was little evidence for differences in abundance between woodland

edges and interiors (Table 3: excluding B. pascuorum, coefficients are

small, between �0.11 and +0.11, and p values > 0.997). Differences

between understory and canopy, and between woodland sites, were

also significant at the community-level (LRT = 93.94, p < 0.001;

Table S5). Catches of three bumblebee species were significantly higher

in understory traps, while that of one (B. hypnorum) was marginally

higher (Table 3). One species, B. lapidarius, showed a unique trend: it

was significantly more abundant in canopy traps. Among the other

abundant species (>49 individuals), B. terrestris had the weakest associ-

ation with the understory relative to the canopy (Table 3: smallest posi-

tive coefficient). The B. lapidarius results are supported by a separate

fixed effects model (stratum: X2
1 =13.12, p <0.001; position:

X2
1 =12.31, p <0.001; Figure 2b) which explains 50% of the variation

(Nagelkerke’s R2 =0.50).

Sex-ratio differences between the understory and
canopy

The sex ratio of B. pratorum in the canopy was significantly female-

skewed compared to the understory (X2
1 = 49.59, p<0.001;

Figure 3a). Females in the canopy are estimated to make up 95% of

the population compared to 77% in the understory. The understory–

canopy contrast explains 43% of the variation in sex ratio (marginal

R2 = 0.43 [fixed effects]). The sex ratio of B. hortorum also appears to

be female-skewed in the canopy (X2
1 = 4.69, p = 0.030; Figure 3b).

T AB L E 3 Results from the individual generalised linear models that comprise the community analysis (Table S5), summarising the effect of
habitat (the understory or canopy at the woodland edge or interior) on trap catches by species, which are listed by descending abundance

Coefficient (log scale) Likelihood ratio test p value

Bombus pratorum stratum (Understory)

position (Interior)

+1.45

�0.10

19.08

0.01

0.003

1.000

B. lapidarius stratum (Understory)

position (Interior)

�1.46
�1.27

10.36

12.31

0.024
0.005

B. hortorum stratum (Understory)

position (Interior)

+1.39
+0.03

17.87

0.02

0.003
1.000

B. hypnorum stratum (Understory)

position (Interior)

+1.23

�0.09

7.58

0.19

0.064

0.998

B. pascuorum stratum (Understory)

position (Interior)

+2.06
�0.47

21.79

2.26

0.001
0.617

B. terrestris stratum (Understory)

position (Interior)

+0.56

�1.13
3.41

9.91

0.337

0.023

Andrena nitida stratum (Understory)

position (Interior)

+0.88

+0.10

5.36

0.03

0.176

1.000

A. haemorrhoa stratum (Understory)

position (Interior)

+0.63

�0.41

1.80

0.53

0.190

0.955

B. sylvestris stratum (Understory)

position (Interior)

+1.49

�1.49

4.49

4.08

0.248

0.340

Lasioglossum calceatum stratum (Understory)

position (Interior)

+0.67

�1.02

1.41

2.83

0.610

0.544

A. scotica stratum (Understory)

position (Interior)

�0.05

�0.34

0.05

0.01

0.847

1.000

B. vestalis stratum (Understory)

position (Interior)

+0.42

�1.42

0.74

4.89

0.683

0.262

Note: Trap catches (n = 65) were modelled as a function of position (Edge/Interior) + stratum (Understory/Canopy) + woodland site (15 levels). Woodland

site effects are omitted. p values < 0.05, and their corresponding coefficients, are in bold.
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However, with males numbering just 18 out of the 70 individuals

caught across 16 sites, caution is needed in interpreting this result.

The influence of flowering A. pseudoplatanus on
canopy activity

Controlling for position and sycamore, there was no evidence that canopy

trap height had an influence on catches (X2
1 = 0.33, p = 0.56). There was

a significant interaction between the factors position and sycamore

(X2
1 = 10.19, p<0.01) and post hoc Tukey testing indicates that

canopy-trap catches in woodland interiors—but not at the woodland

edge—were significantly increased, by an estimated 297.0%, in the

presence of adjacent A. pseudoplatanus trees in flower (Figure 4). The

presence of nearby A. pseudoplatanus and the woodland edge–interior

contrast explain 46% of variation (marginal R2 = 0.46 [fixed effects]).

DISCUSSION

In this study, a non-negligible proportion of bee abundance originated

from woodland canopies: model estimates show that canopy-trap

catches of bees were on average a third as large as understory-trap

catches (Figure 2a). While three out of the seven most common spe-

cies were significantly more abundant in understory traps, one of

these—B. lapidarius—was significantly more abundant in canopy traps;

four—including B. pratorum, which was intensively sampled—were

equally abundant in woodland edge and interior traps, while two—

B. lapidarius and B. terrestris—were significantly more abundant in

woodland edge traps (Table 3). Between strata, a further community-

level difference was represented by a significant female-skew in the

sex ratio of B. pratorum in the canopy (Figure 3a). Finally, the presence

of A. pseudoplatanus trees flowering in the vicinity of canopy traps sig-

nificantly increased bee catches in the woodland interior (by an esti-

mated 297.0%) but not at the woodland edge (Figure 4).

Canopy and understory bee abundance

Trap catches of bees in the understory were significantly higher than

those in the canopy (Figure 2a). However, this pattern does not nec-

essarily translate to overall bee abundance in the canopy versus

understory habitats if we consider habitat volume. In the understory,
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F I GU R E 3 The proportion of female individuals of two
bumblebee species caught in the understory and canopy of woodland
sites on Raveningham Estate, UK. Samples are the pooled catches of
understory traps and canopy traps, respectively, within each site.
Lines connect samples from the same site. (a) Bombus pratorum:
17 sites, 32 samples; (b) Bombus hortorum: 16 sites, 25 samples. See
Tables S7 and S8 for the corresponding model estimates and tests of
significance.
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F I G U R E 4 Canopy-trap catches (n = 35) of bees across
15 woodland sites on Raveningham Estate, UK. The left-two
categories represent the woodland edge when flowering Acer
pseudoplatanus trees are absent or present, and the right-two
categories represent the same for the woodland interior. The
presence of nearby nectar-producing canopy trees in flower
belonging to all species (additionally including A. campestre and
Crataegus monogyna) is shown with filled circles. Model estimates

(black circles) with 95% CIs are superimposed. Different letters
denote significant (p < 0.01) differences between estimated trap
catches according to post hoc Tukey testing. Model estimates and
tests of significance are summarised in Tables S9 and S10.
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as defined here by the 1.5–2 m height at which we set our traps, bees

are concentrated in a relatively two-dimensional plane closely

bounded by the ground, whereas in the canopy bees disperse through

a greater volume of habitat. Thanks to the three-dimensionally varied

structure of the canopy, its volume is likely greater even if we limit

the definition of suitable canopy habitat to a 3 m depth from the sun-

exposed crown edges, as is implied by trap placement in the present

study. Consequently, equal per-area sampling in the canopy and

understory habitats will likely lead to under-sampling of the canopy.

Nonetheless, other studies have also employed equal per-area sam-

pling effort, allowing for between-study comparisons to be made.

The results of this study are in contrast to the five conducted in

North America, in which canopy-trap catches were found to be signifi-

cantly higher (Campbell et al., 2018; Ulyshen et al., 2010, 2020) or at

least equal (Cunningham-Minnick & Crist, 2020; Urban-Mead

et al., 2021) to understory-trap catches. However, in agreement with

our study, two surveys in Polish woodlands found that canopy traps

caught fewer wild bees with catches being on average 46.8%

(Banaszak & Cierzniak, 1994) and 10.5% (Bak-Badowska, 2012) the

size of understory catches, respectively. Interpreting differences

remains challenging given differences among studies in the woodland

systems; trap type; period of deployment; trap positions relative to

the canopy exterior; and biogeographical context.

In this study, the interior understory abundance of woodlands

may have been unusually high—we found that interior-trap catches

were only slightly lower than edge-trap catches (Figure 2a) with little

evidence that interior trap catches were any lower for four common

species (Table 3). This is in contrast to the prevailing pattern in

Europe—Bartual et al. (2019) investigated 62 agricultural landscapes

in four countries and found that bee abundance was considerably

lower in woodland interiors (just 12–13 m from the woodland edge)

than at woodland edges. Four of the five North American canopy–

understory studies were conducted in woodland interiors—if under-

story abundance is low in these studies, as might be expected (Bartual

et al., 2019), then this may partially explain differing canopy–

understory contrasts. Rather than canopy abundance being lower in

our study, it may be that understory abundance is higher. Nonethe-

less, in the remaining North American study, woodland edges were

sampled—with the same traps used in the present study—and bee

catches were found to be equal between the canopy and understory

(Cunningham-Minnick & Crist, 2020).

We suspect the high interior understory abundance in our study

is a consequence of the woodlands’ management for timber produc-

tion. They generally had a low tree density and relatively open

canopy—even at the point of canopy closure in late May—allowing for

microclimatic conditions favoured by bees and their floral food

sources (Hanula et al., 2016). That said, no relationship was found

between ground floral resources and understory trap catches

(Appendix S1) and there were examples of high understory catches in

shaded locations with little or no ground flora (Table S1). Regarding

the survey design, nearby flowers may draw bees away from traps

despite boosting activity locally, but biological explanations could also

be relevant, such as the tendency of bees to nest in or commute

through woodland understories regardless of floral resources. What-

ever the explanation, the equivalence of edge and interior abundance

has implications for the value of managed woodlands, given that

woodland edges are considered good bee habitat (Bartual et al., 2019;

Proesmans et al., 2019; Sõber et al., 2020) and that woodland inte-

riors provide a greater habitat area.

Even when understory conditions become unfavourable to bees,

canopy conditions may remain constant: Campbell et al. (2018) and

Ulyshen et al. (2020) found that understory bee abundance

responded positively to prescribed fire and scrub removal, respec-

tively, while canopy abundance was unaffected; and Urban-Mead

et al. (2021) found that increasing canopy cover decreased under-

story catches, but not those of the canopy. These findings indicate

that the canopy potentially has longer lasting seasonal benefits, and

that these may persist even when understory management is

lacking.

The use of BVTs for canopy sampling could risk merely attracting

a random subset of bees from the understory, in which case catches

would not be reflective of the canopy’s biological significance. Given

the patterns we have found between the strata (relating to species’

relative abundances and sex ratios) and within the canopy (relating to

the presence of A. pseudoplatanus) this would seem to be an unlikely

scenario. Furthermore, when controlling for woodland site, trap posi-

tion (edge or interior), and the presence/absence of flowering A. pseu-

doplatanus, trap height had no significant effect on canopy catches

(X2
1 = 0.33, p = 0.56), suggesting that potential trap visibility from the

understory was not a relevant factor.

The influence of flowering A. pseudoplatanus on
canopy activity

We found evidence that nearby A. pseudoplatanus trees in flower

greatly increase interior canopy activity (Figure 4). The six trees driv-

ing this effect came from the three woodlands with the highest pro-

portion of A. pseudoplatanus (Table S1). This correlation between the

nearby presence of A. pseudoplatanus and woodland proportion of

A. pseudoplatanus makes it difficult to infer, for example, what the

influence of a single adjacent A. pseudoplatanus tree would be in a

woodland, which otherwise lacked them. Notwithstanding this uncer-

tainty, our results indicate that bees abundantly forage on

A. pseudoplatanus in the canopy layer of woodland interiors. To our

knowledge, canopy foraging within temperate woodland interiors has

been demonstrated by only one other study: taking a different

approach, Inari et al. (2012) demonstrated a link between changes in

Acer and Tilia floral production over 5 years and worker production of

three bumblebee species in a single woodland plot. Both solitary bees

and bumblebees have been shown to forage on Acer (Hausmann

et al., 2016) and collect large quantities of its pollen (Bertrand

et al., 2019; Kämper et al., 2016; Wood et al., 2018; Wood &

Roberts, 2017), while the spatially dense flowers of A. pseudoplatanus

contain sucrose-rich nectar and protein-rich pollen—quality forage for

bees (Somme et al., 2016). As such, this species—growing within
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woodland interiors—could represent a significant resource for wild

bees in farmed landscapes.

In the absence of A. pseudoplatanus, edge-canopy trap catches

were higher than interior-canopy trap catches and the presence of

A. pseudoplatanus appeared to have no effect at the woodland edge,

although the sample size for the latter was small (n = 3) (Figure 4).

The nature of the woodland edge habitat may explain why canopy-

trap catches were generally higher. Nectar-producing trees were likely

more frequent at woodland edges than interiors (as evidenced by the

number of edge traps vs. interior traps with adjacent nectar-trees—

Figure 4). Edge-tree crowns tended to be larger and extend lower,

while the distinction between the understory and canopy was less

clear-cut, with hedges and understory trees extending towards the

canopy, providing foraging habitat that might facilitate vertical move-

ment. Additionally, the southern-edge habitat receives more sunlight

and is exposed to non-woodland agricultural habitats from which bees

may be recruited.

The effect of habitat on species’ abundance

While the 11 most abundant species were present in all four habitats

(B. vestalis was absent from IG traps), we found evidence for signifi-

cant community-level effects of the understory–canopy contrast and

of the woodland edge–interior contrast (Table S5). Two species in par-

ticular, B. lapidarius and B. terrestris, contributed to community-level

differences. Both species were significantly more numerous in

woodland-edge traps, while the remaining species had no significant

associations with the woodland edge or interior (Table 3). Bombus lapi-

darius was significantly more numerous in canopy traps (Table 3),

while of the remaining six abundant species (>49 individuals),

B. terrestris had the weakest association with the understory relative

to the canopy. Bombus terrestris is thought to have a particularly

strong preference for open habitats (Eckerter et al., 2020)—for exam-

ple, in a study comparing its movements with B. pascuorum,

B. terrestris was less likely to enter forested areas and was suspected

of flying over them during foraging commutes (Kreyer et al., 2004).

Bombus lapidarius males are known to patrol tree tops and it is

assumed that this is part of mating behaviour (Ayasse et al., 2001).

However, the 82 bees contributing to the pattern in this study were

all female, and 85% of these were workers. As such, it appears that

B. lapidarius has an additional canopy association, at least for the lim-

ited time covered by the study period, that is not connected to mating

behaviour—a novel finding to our knowledge.

In their synthesis, Kells & Goulson (2003) consider B. lapidarius to

be more thermophilic than other common European bumblebees,

highlighting that B. lapidarius workers begin their daily forage later

and finish earlier; that they have a higher temperature threshold; and

that B. lapidarius nests are more commonly found in sun-exposed

locations. This might partly explain the high abundance of this species

at the sunlit woodland-edge canopy and low abundance in the interior

understory (Figure 2b). Similarly, in New Zealand, significantly higher

numbers of non-native B. terrestris were caught in the canopy than in

the understory, an effect possibly facilitated by higher canopy light

levels (Ewers et al., 2013).

Interpreting the purpose of canopy activity can be challenging,

however. In our study, most woodlands lacked abundant nectar-

producing trees (Table S1) and canopy floral resources were probably

very low during trap deployment. Quercus robur and F. excelsior were

dominant across most sites (Table S1), but the catkins of the former

appeared not to contain live pollen and the latter species was no lon-

ger in flower. In New Zealand, Ewers et al. (2013) report that floral

resources were low in their sampled woodlands and suggest canopy

traps caught B. terrestris commuting between non-forest food

resources. They used non-attractive intercept traps, set at three-

quarters of canopy height in woodland interiors. This would suggest

that if bees were commuting, they were doing so within rather than

above the canopy. Similarly, the attractive vane traps used in our

study were generally well-concealed, especially from above, and we

consider it more likely that captured bees were active within the can-

opy rather than outside it.

Ewers et al. (2013) also anecdotally report much greater canopy

abundance of B. terrestris in a woodland infested with a honeydew-

producing scale insect, while Ulyshen et al. (2010) found bees to be

abundant in the canopy even when trees were not producing pollen

or nectar—in both studies, the authors suggest a role for non-floral

resources, which could be critical for some species (Requier &

Leonhardt, 2020). Further complicating matters, an absence of

resources, whether floral or non-floral, may not preclude active

searching behaviour within canopies. Bees may have, as yet unstud-

ied, hard-wired tendencies to visit canopies, perhaps according to the

time of year, and/or canopy exploration may be reinforced by prior

foraging success (Lihoreau et al., 2012). In this study, B. lapidarius may

have had prior success foraging on Q. robur catkins, which were live

and developing in the weeks before sampling took place.

Canopy sex ratios

We found that the sex ratio of B. pratorum was significantly skewed

towards females in the canopy (Figure 3a), and we detected a similar,

marginally significant pattern in B. hortorum (Figure 3b). In northeast-

ern United States, Urban-Mead et al. (2021) also found a significantly

female-skewed sex ratio in the canopy, which was driven by solitary

bees. Our study may be the first in a temperate region to show a

vertically stratified sex-ratio difference in a native social bee. Urban-

Mead et al. (2021) speculate that their observed sex ratio is the

consequence of female bees foraging in the pollen-rich canopy of

woodlands dominated by wind-pollinated trees, while males, which do

not forage for pollen, would have less reason to enter the canopy.

However, there are other, non-mutually exclusive, potential reasons

for our observed sex ratios. First, while males have been shown to

avoid flowers that do not produce nectar, even within nectar-

producing species, differences have been found in the preferences of

male and female bees (Roswell et al., 2019). Observed sex ratios,

therefore, have the potential to relate to varying preferences in
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nectar-producing species between the canopy and understory. Sec-

ond, males may avoid the canopy, not because it lacks nectar per se

but because they are constrained to the understory by their mating

behaviour. Bombus pratorum (Ayasse et al., 2001) and B. hortorum

(Goulson, 2010) males are known to patrol and scent mark at ground

level, which may partly explain their relatively high understory abun-

dance in our study.

Canopy communities and foraging potential

Quercus pollen is rich in protein (Roulston et al., 2000) and can repre-

sent an abundant and high-quality food resource for bees (Bertrand

et al., 2019). During trap deployment in our study, a single

bumblebee—species not identified—was observed (by GA) foraging

on Quercus catkins, while, in the United Kingdom, bumblebees have

been observed foraging on the flowers of other wind-pollinated tree

genera (DoPI, 2022). However, while evidence for Quercus pollen

collection among solitary bees is extensive (Saunders, 2018), it is

scarce among bumblebees (Wood et al., 2021). This could be due, in

part, to the biases inherent from sampling foraging worker bees—

particularly the paucity of early-season sampling—alternatively, it

could be a reasonable reflection of evolved differences in pollen

diets between the major bee taxa (which are present within these

taxa—Haider et al., 2014; Wood et al., 2021). If the latter is true, it

may be unlikely that pollen collection from wind-pollinated trees

drives the patterns of bumblebee canopy activity observed in our

study.

Nonetheless, the potential for woodland canopy foraging, and

pollen collection specifically, is evident: 21 out of 22 non-parasitic

species in which females were sampled were found in canopy traps

(Table S3), and 9 out of the 10 sampled Andrena species were present

within interior canopies. It seems likely that many species could take

advantage of nectar-producing trees in temperate woodlands, while

Osmia and Andrena could additionally exploit Quercus and Fagus. The

three most abundant Andrena species in our study collect, on average,

20.4% of their pollen from Acer, Fagus, Quercus and Castanea (in order

of pollen-abundance, calculated from Wood & Roberts, 2017). Bees

may also be more likely to forage from wind-pollinated trees when

nectar-sources are present, producing potential synergies when they

co-occur: our observation of Quercus-foraging by a bumblebee was

made within metres of a flowering Sorbus aucuparia tree on which

many bumblebees were feeding; observations by Raw (1974) using

cut flowers, indicate that O. bicornis will take nectar from other plants

during bouts of Quercus-pollen collection, and Coudrain et al. (2016)

found that more Quercus pollen was collected when (nectar-produc-

ing) Salix stands were nearby.

Future directions

In order to make inferences of pollen collection by female bumblebees

in the canopy, a better characterisation of early-season pollen diets of

different species is needed. In Europe, only the early-season diet of

B. terrestris has been well-characterised (Bertrand et al., 2019;

Eckerter et al., 2020; Kämper et al., 2016), with high levels of Acer

pollen-collection demonstrated. Bumblebees are much less numerous

early in the season, and greater effort is required to collect their pol-

lens in an unbiased manner. However, the few individuals active early

in the season could be vital to colony establishment and success

(Mola et al., 2021). Accordingly, significant early-season pollen collec-

tion from canopy-tree taxa in additional bumblebee species would

indicate an important role for the woodlands that contain these trees

in supporting bumblebee populations.

To achieve more accurate representations of bee communities in

the canopy, and increase sampling of solitary bees relative to bumble-

bees, pan traps could be used in conjunction with BVTs. Given that

pollen collection from wind-pollinated trees is widespread among soli-

tary bees (Saunders, 2018), vertically stratified patterns of abundance

in this group could be particularly well developed. Future studies will

benefit from canopy sampling throughout the season to investigate

potential responses in bee activity as different canopy-tree species,

such as Tilia cordata and Castanea sativa, come into flower later in the

season. It would be informative to sample woodlands of higher tree

density, which may be more representative of those found in most

European agricultural landscapes (Bartual et al., 2019). The indepen-

dence of canopy and understory processes demonstrated in North

American studies (Campbell et al., 2018; Ulyshen et al., 2020; Urban-

Mead et al., 2021) would suggest that the canopies of these wood-

lands would still harbour bees, but this needs direct investigation.

Although extensively addressed in North America, the factors

affecting a woodland understory’s capacity to support bees is an area

of investigation largely neglected in Europe (though see Korpela

et al., 2015 for an example). Given the relatively high understory

abundance of bees in woodland interiors demonstrated in the present

study, it would seem to be an important area of investigation—

managed woodlands could be highly beneficial to farmland bee com-

munities. Observational methods, comparing bee activity between

woodlands and open farmland through the season, could be used to

establish the relative frequency of nesting, foraging and commuting

behaviours within these habitats, while avoiding the potential problem

of high floral resources reducing trap-catch rates.

CONCLUSIONS AND IMPLICATIONS FOR
CONSERVATION

To our knowledge, this is the first UK study to sample bees of the

woodland canopy, and, as such, novel discoveries have been made.

We have shown that the canopy of mature woodlands is visited by a

diversity of bee species in late spring; that it can harbour a potentially

significant proportion of a woodland’s overall bee abundance; and

that, relative to the understory, at least one common bumblebee spe-

cies is more abundant here. We have also shown that canopy activity

in woodland interiors is greatly increased when nearby

A. pseudoplatanus trees are in flower. Finally, and in contrast to the
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prevailing evidence in Europe, we have demonstrated that several

species are as abundant in woodland interiors as they are at woodland

edges. These findings suggest a more significant role for woodlands in

European bee conservation than may currently be supposed; they

indicate that ground-level woodland surveys may not be enough to

characterise the full abundance and diversity of bees; and they open

avenues for the management of woodland interior canopies to sup-

port bee populations.

AUTHOR CONTRIBUTIONS

Guthrie Allen: Conceptualization (equal); data curation (lead); formal

analysis (lead); investigation (lead); methodology (equal); visualization

(lead); writing – original draft (lead); writing – review and editing (lead).

Richard Davies: Conceptualization (equal); methodology (equal);

supervision (lead); writing – review and editing (supporting).

ACKNOWLEDGEMENTS

The authors thank Sir Nicholas Bacon for permitting access to his

land; Nick Owens for identifying all non-Bombus specimens; Bryony

Allen, Joss Allen and Feadora Morris for help with trap rigging; and

Jeff Ollerton for advice during planning of the study.

CONFLICT OF INTEREST

There are no conflicts of interest to be declared among the authors of

the manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Guthrie Allen https://orcid.org/0000-0002-1218-3583

Richard G. Davies https://orcid.org/0000-0002-0145-0818

REFERENCES

Acharya, R.S., Burke, J.M., Leslie, T., Loftin, K. & Joshi, N.K. (2022) Wild

bees respond differently to sampling traps with vanes of different

colors and light reflectivity in a livestock pasture ecosystem. Scientific

Reports, 12, 9783.

Alison, J., Botham, M., Maskell, L.C., Garbutt, A., Seaton, F.M., Skates, J.

et al. (2022) Woodland, cropland and hedgerows promote pollinator

abundance in intensive grassland landscapes, with saturating benefits

of flower cover. Journal of Applied Ecology, 59, 342–354.
Ayasse, M., Paxton, R.J. & Tengö, J. (2001) Mating behavior and chemical

communication in the order hymenoptera. Annual Review of Entomol-

ogy, 46, 31–78.
Bailey, S., Requier, F., Nusillard, B., Roberts, S.P., Potts, S.G. & Bouget, C.

(2014) Distance from forest edge affects bee pollinators in oilseed

rape fields. Ecology and Evolution, 4, 370–380.
Bak-Badowska, J. (2012) Spatial diversification of bee (Hymenoptera:

Apoidea: Apiformes) assemblages in forest communities of the

Suchedni�ow-Oblegorek Landscape Park. Journal of Apicultural Sci-

ence, 56, 89–106.
Banaszak, J. & Cierzniak, T. (1994) Spatial and temporal differentiation of

bees (Apoidea) in the forests of Wielkopolski National Park, Western

Poland. Acta Universitatis Lodziensis, Folia Zoologica, 2, 3–28.

Barto�n, K. (2020) MuMIn: multi-model inference. R package version

1.43.17. Available at: https://CRAN.R-project.org/package=

MuMIn

Bartual, A.M., Sutter, L., Bocci, G., Moonen, A.C., Cresswell, J., Entling, M.

et al. (2019) The potential of different semi-natural habitats to sus-

tain pollinators and natural enemies in European agricultural land-

scapes. Agriculture, Ecosystems & Environment, 279, 43–52.
Baude, M., Kunin, W.E., Boatman, N.D., Conyers, S., Davies, N.,

Gillespie, M.A.K. et al. (2016) Historical nectar assessment reveals

the fall and rise of floral resources in Britain. Nature, 530, 85–88.
Bednarska, A.J., Mikołajczyk, Ł., Zi�ołkowska, E., Kocjan, K., Wnęk, A.,

Mokkapati, J.S. et al. (2021) Effects of agricultural landscape struc-

ture, insecticide residues, and pollen diversity on the life-history

traits of the red mason bee Osmia bicornis. Science of the Total Envi-

ronment, 809, 151142.

Bertrand, C., Eckerter, P.W., Ammann, L., Entling, M.H., Gobet, E.,

Herzog, F. et al. (2019) Seasonal shifts and complementary use of

pollen sources by two bees, a lacewing and a ladybeetle species in

European agricultural landscapes. Journal of Applied Ecology, 56,

2431–2442.
Bogdziewicz, M. (2021) How will global change affect plant reproduction?

A framework for mast seeding trends. New Phytologist, 234, 14–20.
Brooks, M.E., Kristensen, K., Van Benthem, K.J., Magnusson, A., Berg, C.

W., Nielsen, A. et al. (2017) glmmTMB balances speed and flexibility

among packages for zero-inflated generalized linear mixed modeling.

The R journal, 9, 378–400.
Campbell, J.W., Vigueira, P.A., Viguiera, C.C. & Greenberg, C.H. (2018) The

effects of repeated prescribed fire and thinning on bees, wasps, and

other flower visitors in the understory and midstory of a temperate

forest in North Carolina. Forest Science, 64, 299–306.
Cole, L.J., Kleijn, D., Dicks, L.V., Stout, J.C., Potts, S.G., Albrecht, M. et al.

(2020) A critical analysis of the potential for EU Common Agricultural

Policy measures to support wild pollinators on farmland. Journal of

Applied Ecology, 57, 681–694.
Collado, M.Á., Sol, D. & Bartomeus, I. (2019) Bees use anthropogenic habi-

tats despite strong natural habitat preferences. Diversity and Distribu-

tions, 25, 924–935.
Coudrain, V., Rittiner, S., Herzog, F., Tinner, W. & Entling, M.H. (2016).

Landscape distribution of food and nesting sites affect larval diet and

nest size, but not abundance of Osmia bicornis. Insect Science, 23,

746-753.

Cullen, N., Xia, J., Wei, N., Kaczorowski, R., Arceo-G�omez, G., O’Neill, E.

et al. (2021) Diversity and composition of pollen loads carried by pol-

linators are primarily driven by insect traits, not floral community

characteristics. Oecologia, 196, 131–143.
Cunningham-Minnick, M.J. & Crist, T.O. (2020) Floral resources of an inva-

sive shrub alter native bee communities at different vertical strata in

forest-edge habitat. Biological Invasions, 22, 2283–2298.
Donkersley, P. (2019) Trees for bees. Agriculture, Ecosystems & Environ-

ment, 270, 79–83.
DoPI (The Database of Pollinator Interactions). (2022) Available at:

https://www.dopi.org.uk/search [Accessed May 2022].

Eckerter, P.W., Albus, L., Natarajan, S., Albrecht, M., Ammann, L., Gobet, E.

et al. (2020) Using temporally resolved floral resource maps to

explain bumblebee colony performance in agricultural landscapes.

Agronomy, 10, 1993.

Else, G.R. & Edwards, M. (2018) Handbook of the bees of the British Isles –
volume 2. London, UK: The Ray Society.

Ewers, R.M., Bartlam, S. & Didham, R.K. (2013) Altered species interactions

at forest edges: contrasting edge effects on bumble bees and their

phoretic mite loads in temperate forest remnants. Insect Conservation

and Diversity, 6, 598–606.

Falk, S. (2015) A field guide to the bees of Great Britain and Ireland. London,

UK: Bloomsbury Wildlife.

12 ALLEN AND DAVIES

 17524598, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/icad.12606 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [14/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1218-3583
https://orcid.org/0000-0002-1218-3583
https://orcid.org/0000-0002-0145-0818
https://orcid.org/0000-0002-0145-0818
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://www.dopi.org.uk/search%3e


Free, J.B. & Williams, I.H. (1970) Preliminary investigations on the occupa-

tion of artificial nests by Osmia rufa L. (hymenoptera, Megachilidae).

Journal of Applied Ecology, 7, 559–566.
Goulson, D. (2010) Bumblebees: behaviour, ecology, and conservation.

Oxford, UK: Oxford University Press.

Haider, M., Dorn, S., Sedivy, C. & Müller, A. (2014) Phylogeny and floral

hosts of a predominantly pollen generalist group of mason bees

(Megachilidae: Osmiini). Biological Journal of the Linnean Society, 111,

78–91.
Hanula, J.L., Ulyshen, M.D. & Horn, S. (2016) Conserving pollinators in

North American forests: a review. Natural Areas Journal, 36,

427–439.
Hartig, F. (2019) DHARMa: residual diagnostics for hierarchical (multi-

level/mixed) regression models. R package version 0.2.4. Available

at: https://CRAN.R-project.org/package=DHARMa

Hausmann, S.L., Petermann, J.S. & Rolff, J. (2016) Wild bees as pollinators

of city trees. Insect Conservation and Diversity, 9, 97–107.
Inari, N., Hiura, T., Toda, M.J. & Kudo, G. (2012) Pollination linkage

between canopy flowering, bumble bee abundance and seed produc-

tion of understorey plants in a cool temperate forest. Journal of Ecol-

ogy, 100, 1534–1543.
Joshi, N.K., Otieno, M., Rajotte, E.G., Fleischer, S.J. & Biddinger, D.J.

(2016) Proximity to woodland and landscape structure drives pollina-

tor visitation in apple orchard ecosystem. Frontiers in Ecology and

Evolution, 4, 38.

Kallioniemi, E., Åström, J., Rusch, G.M., Dahle, S., Åström, S. & Gjershaug, J.

O. (2017) Local resources, linear elements and mass-flowering crops

determine bumblebee occurrences in moderately intensified farm-

lands. Agriculture, Ecosystems & Environment, 239, 90–100.
Kämper, W., Werner, P.K., Hilpert, A., Westphal, C., Blüthgen, N., Eltz, T.

et al. (2016) How landscape, pollen intake and pollen quality affect

colony growth in Bombus terrestris. Landscape Ecology, 31, 2245–
2258.

Kells, A.R. & Goulson, D. (2003) Preferred nesting sites of bumblebee

queens (Hymenoptera: Apidae) in agroecosystems in the UK. Biologi-

cal Conservation, 109, 165–174.
Korpela, E.L., Hyvönen, T. & Kuussaari, M. (2015) Logging in boreal field-

forest ecotones promotes flower-visiting insect diversity and mod-

ifies insect community composition. Insect Conservation and Diversity,

8, 152–162.
Kraemer, M.E. & Favi, F.D. (2005) Flower phenology and pollen choice of

Osmia lignaria (Hymenoptera: Megachilidae) in central Virginia. Envi-

ronmental Entomology, 34, 1593–1605.
Kratschmer, S., Petrovi�c, B., Curto, M., Meimberg, H. & Pachinger, B.

(2020) Pollen availability for the horned mason bee (Osmia cornuta)

in regions of different land use and landscape structures. Ecological

Entomology, 45, 525–537.
Kreyer, D., Oed, A., Walther-Hellwig, K. & Frankl, R. (2004) Are forests

potential landscape barriers for foraging bumblebees? Landscape

scale experiments with Bombus terrestris agg. and Bombus pascuorum

(Hymenoptera, Apidae). Biological Conservation, 116, 111–118.
Larue, C., Austruy, E., Basset, G. & Petit, R.J. (2021) Revisiting pollination

mode in chestnut (Castanea spp.): an integrated approach. Botany

Letters, 168, 348–372.
Lenth, R. (2021) emmeans: estimated marginal means, aka least-squares

means. R package version 1.6.2-1 Available at: https://CRAN.R-

project.org/package=emmeans

Lihoreau, M., Raine, N.E., Reynolds, A.M., Stelzer, R.J., Lim, K.S., Smith, A.

D. et al. (2012) Radar tracking and motion-sensitive cameras on

flowers reveal the development of pollinator multi-destination routes

over large spatial scales. PLoS Biology, 10, 1001392.

Lüdecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P. & Makowski, D.

(2021) Performance: An R package for assessment, comparison and

testing of statistical models. Journal of Open Source Software, 6,

3139.

MacIvor, J.S., Cabral, J.M. & Packer, L. (2014) Pollen specialization by

solitary bees in an urban landscape. Urban Ecosystem, 17,

139–147.
Mallinger, R.E., Gibbs, J. & Gratton, C. (2016) Diverse landscapes have a

higher abundance and species richness of spring wild bees by provid-

ing complementary floral resources over bees’ foraging periods.

Landscape Ecology, 31, 1523–1535.
Mandelik, Y., Winfree, R., Neeson, T. & Kremen, C. (2012) Complementary

habitat use by wild bees in agro-natural landscapes. Ecological Appli-

cations, 22, 1535–1546.
Met Office. (2021) Available at: https://www.metoffice.gov.uk/about-us/

press-office/news/weather-and-climate/2021/cool-wet-may-

concludes-spring-of-marked-contrasts [Accessed July 2021].

Mola, J.M., Hemberger, J., Kochanski, J., Richardson, L.L. & Pearse, I.S.

(2021) The importance of forests in bumble bee biology and conser-

vation. Bioscience, 71, 1234–1248.
Norfolk County Council. (2021) Norfolk Trees and Hedges Available at:

https://norfolkcc.maps.arcgis.com/apps/webappviewer/index.html?

id=bc454c4b70bc481fbcd7bf11adeea099 [Accessed March 2021].

Ollerton, J. (2017) Pollinator diversity: distribution, ecological function,

and conservation. Annual Review of Ecology, Evolution, and Systemat-

ics, 48, 353–376.
Past Weather. (2021) Past Weather, Beccles, England, United Kingdom.

Available at: https://www.timeanddate.com/weather/@2656067/

historic?month=5&year=2021 [Accessed July 2021].

Persson, A.S., Mazier, F. & Smith, H.G. (2018) When beggars are

choosers—how nesting of a solitary bee is affected by temporal

dynamics of pollen plants in the landscape. Ecology and Evolution, 8,

5777–5791.
Pfeiffer, V., Silbernagel, J., Guédot, C. & Zalapa, J. (2019) Woodland and

floral richness boost bumble bee density in cranberry resource pulse

landscapes. Landscape Ecology, 34, 979–996.
Pires, J.P.D.A., Silva, A.G.D. & Freitas, L. (2014) Plant size, flowering syn-

chrony and edge effects: what, how and where they affect the repro-

ductive success of a Neotropical tree species. Austral Ecology, 39,

328–336.
Prendergast, K.S., Menz, M.H., Dixon, K.W. & Bateman, P.W. (2020) The

relative performance of sampling methods for native bees: an empiri-

cal test and review of the literature. Ecosphere, 11, 03076.

Proesmans, W., Bonte, D., Smagghe, G., Meeus, I., Decocq, G., Spicher, F.

et al. (2019) Small forest patches as pollinator habitat: oases in an

agricultural desert? Landscape Ecology, 34, 487–501.
Raw, A. (1974) Pollen preferences of three Osmia species (Hymenoptera).

Oikos, 25, 54-60.

Requier, F. & Leonhardt, S.D. (2020) Beyond flowers: including non-floral

resources in bee conservation schemes. Journal of Insect Conserva-

tion, 24, 5–16.
Roswell, M., Dushoff, J. & Winfree, R. (2019) Male and female bees show

large differences in floral preference. PLoS One, 14, 0214909.

Roulston, T.A.H., Cane, J.H. & Buchmann, S.L. (2000) What governs pro-

tein content of pollen: pollinator preferences, pollen–pistil interac-
tions, or phylogeny? Ecological Monographs, 70, 617–643.

Ruddle, N., Elston, C., Klein, O., Hamberger, A. & Thompson, H. (2018)

Effects of exposure to winter oilseed rape grown from

thiamethoxam-treated seed on the red mason bee Osmia bicornis.

Environmental Toxicology and Chemistry, 37, 1071–1083.
Saunders, M.E. (2018) Insect pollinators collect pollen from wind-

pollinated plants: implications for pollination ecology and sustainable

agriculture. Insect Conservation and Diversity, 11, 13–31.
Schüepp, C., Herrmann, J.D., Herzog, F. & Schmidt-Entling, M.H. (2011)

Differential effects of habitat isolation and landscape composition on

wasps, bees, and their enemies. Oecologia, 165, 713–721.
Senapathi, D., Goddard, M.A., Kunin, W.E. & Baldock, K.C. (2017) Land-

scape impacts on pollinator communities in temperate systems: evi-

dence and knowledge gaps. Functional Ecology, 31, 26–37.

WOODLAND CANOPY SAMPLING OF BEES 13

 17524598, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/icad.12606 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [14/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cran.r-project.org/package=DHARMa
https://cran.r
http://project.org/package=emmeans
https://www.metoffice.gov.uk/about-us/press-office/news/weather-and-climate/2021/cool-wet-may-concludes-spring-of-marked-contrasts%3e
https://www.metoffice.gov.uk/about-us/press-office/news/weather-and-climate/2021/cool-wet-may-concludes-spring-of-marked-contrasts%3e
https://www.metoffice.gov.uk/about-us/press-office/news/weather-and-climate/2021/cool-wet-may-concludes-spring-of-marked-contrasts%3e
https://norfolkcc.maps.arcgis.com/apps/webappviewer/index.html?id=bc454c4b70bc481fbcd7bf11adeea099
https://norfolkcc.maps.arcgis.com/apps/webappviewer/index.html?id=bc454c4b70bc481fbcd7bf11adeea099
https://www.timeanddate.com/weather/@2656067/historic?month=5%26year=2021%3e
https://www.timeanddate.com/weather/@2656067/historic?month=5%26year=2021%3e


Smith, C., Harrison, T., Gardner, J. & Winfree, R. (2021) Forest-associated

bee species persist amid forest loss and regrowth in eastern North

America. Biological Conservation, 260, 109202.

Sobek, S., Tscharntke, T., Scherber, C., Schiele, S. & Steffan-Dewenter, I.

(2009) Canopy vs. understory: does tree diversity affect bee and

wasp communities and their natural enemies across forest strata?

Forest Ecology and Management, 258, 609–615.
Sõber, V., Leps, M., Kaasik, A., Mänd, M. & Teder, T. (2020) Forest proxim-

ity supports bumblebee species richness and abundance in hemi-

boreal agricultural landscape. Agriculture, Ecosystems & Environment,

298, 106961.

Somme, L., Moquet, L., Quinet, M., Vanderplanck, M., Michez, D.,

Lognay, G. et al. (2016) Food in a row: urban trees offer valuable flo-

ral resources to pollinating insects. Urban Ecosystem, 19, 1149–1161.
Timberlake, T.P., Vaughan, I.P. & Memmott, J. (2019) Phenology of farm-

land floral resources reveals seasonal gaps in nectar availability for

bumblebees. Journal of Applied Ecology, 56, 1585–1596.
Ulyshen, M.D., Horn, S. & Hanula, J.L. (2020) Effects of Chinese privet on

bees and their vertical distribution in riparian forests. Forest Science,

66, 416–423.
Ulyshen, M.D., Soon, V. & Hanula, J.L. (2010) On the vertical distribution

of bees in a temperate deciduous forest. Insect Conservation and

Diversity, 3, 222–228.
Urban-Mead, K.R., Muñiz, P., Gillung, J., Espinoza, A., Fordyce, R., van

Dyke, M. et al. (2021) Bees in the trees: diverse spring fauna in tem-

perate forest edge canopies. Forest Ecology and Management, 482,

118903.

Venables, W.N. & Ripley, B.D. (2002) Modern applied statistics with S, 4th

edition. New York, NY: Springer.

Vicens, N., Bosch, J. & Blas, M. (1994) Biology and population structure of

Osmia tricornis Latreille (Hym., Megachilidae). Journal of Applied Ento-

mology, 117, 300–306.
Wang, Y.I., Naumann, U., Wright, S.T. & Warton, D.I. (2012) mvabund – an

R package for model-based analysis of multivariate abundance data.

Methods in Ecology and Evolution, 3, 471–474.
Watson, J.C., Wolf, A.T. & Ascher, J.S. (2011) Forested landscapes pro-

mote richness and abundance of native bees (Hymenoptera: Apoi-

dea: Anthophila) in Wisconsin apple orchards. Environmental

Entomology, 40, 621–632.
Whittle, L. (2021) Available at: https://naturescalendar.woodlandtrust.org.

uk/blog/2021/oak-masting-2021/ [Accessed November 2021].

Williams, N.M. & Kremen, C. (2007) Resource distributions among habitats

determine solitary bee offspring production in a mosaic landscape.

Ecological Applications, 17, 910–921.

Winfree, R., Griswold, T. & Kremen, C. (2007) Effect of human disturbance

on bee communities in a forested ecosystem. Conservation Biology,

21, 213–223.
Wood, T.J., Ghisbain, G., Rasmont, P., Kleijn, D., Raemakers, I., Praz, C.

et al. (2021) Global patterns in bumble bee pollen collection show

phylogenetic conservation of diet. Journal of Animal Ecology, 90,

2421–2430.
Wood, T.J., Kaplan, I. & Szendrei, Z. (2018) Wild bee pollen diets reveal

patterns of seasonal foraging resources for honey bees. Frontiers in

Ecology and Evolution, 6, 210.

Wood, T.J. & Roberts, S.P. (2017) An assessment of historical and contem-

porary diet breadth in polylectic Andrena bee species. Biological Con-

servation, 215, 72–80.
Yourstone, J., Karlsson, M., Klatt, B.K., Olsson, O. & Smith, H.G. (2021)

Effects of crop and non-crop resources and competition: high impor-

tance of trees and oilseed rape for solitary bee reproduction. Biologi-

cal Conservation, 261, 109249.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Table S1. Summary of woodland site locations and characteristics;

trap positions; ground flora and shading estimates; nearby nectar-

producing trees; and trap catches.

Table S2. Summary of tests for spatial autocorrelation on univariate

model residuals.

Table S3. Summary of abundance by sex, and canopy/understory

presence, for all species caught in all traps.

Tables S4 to S11. Summaries of statistical models.

Appendix S1. Understory floral resources and shading—methods,

results, and interpretation.

How to cite this article: Allen, G. & Davies, R.G. (2022)

Canopy sampling reveals hidden potential value of woodland

trees for wild bee assemblages. Insect Conservation and

Diversity, 1–14. Available from: https://doi.org/10.1111/icad.

12606

14 ALLEN AND DAVIES

 17524598, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/icad.12606 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [14/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://naturescalendar.woodlandtrust.org.uk/blog/2021/oak-masting-2021/%3e
https://naturescalendar.woodlandtrust.org.uk/blog/2021/oak-masting-2021/%3e
https://doi.org/10.1111/icad.12606
https://doi.org/10.1111/icad.12606

	Canopy sampling reveals hidden potential value of woodland trees for wild bee assemblages
	INTRODUCTION
	METHODS
	Sampling sites
	Bee sampling regime
	Bee taxonomy
	Surveying nearby nectar-producing trees and ground flora
	Statistical analyses
	Univariate count models-Construction and fit
	The effect of habitat on total and individual species' trap catches
	Differences in sex ratio between understory and canopy
	The influence of flowering trees on canopy activity

	RESULTS
	The effect of habitat on total trap catches and individual bee species' abundance
	Sex-ratio differences between the understory and canopy
	The influence of flowering A. pseudoplatanus on canopy activity

	DISCUSSION
	Canopy and understory bee abundance
	The influence of flowering A. pseudoplatanus on canopy activity
	The effect of habitat on species' abundance
	Canopy sex ratios
	Canopy communities and foraging potential
	Future directions

	CONCLUSIONS AND IMPLICATIONS FOR CONSERVATION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


