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Abstract

The loss of flower-rich habitats and agricultural intensification have resulted in significant losses of wild bee diversity
from agricultural landscapes that is increasingly threatening the pollination of zoochorous agricultural crops and
agricultural sustainability. However, the links of different wild bee functional trait groups with habitat types and
plant resources in agricultural landscapes remain poorly understood, thus impeding the formulation of effective
policies for bee conservation. We therefore analyzed how bees representing different functional groups responded
to variations in habitat type, vegetation composition and plant diversity. Natural shrubland sustained the highest
diversity in bees overall, in large-sized bees, solitary bees and belowground-nesting bees, while each habitat
harbored unique species. In half of the functional bee groups, species were negatively linked to tree coverage
and herb coverage, respectively, while plant diversity was positively related to all functional groups except large-
sized bees and aboveground-nesting bees. Overall bee abundance was positively related to abundance of plants
in the Sympetalae, and negatively related to abundance of plants in the Archichlamydeae. Different bee functional
groups showed distinct preferences for different plant communities. In order to conserve the diversity of wild bees
across functional groups to optimize associated pollination services, a diverse habitat mosaic, and particularly plant
species in Sympetalae need to be promoted in agricultural landscapes. Future studies should aim to enhance our
understanding of plant-pollinator associations and specific food requirement of different wild bee species for their
effective conservation.
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Pollination is a crucial ecosystem service for many agricultural crops
and wild plants alike (Biesmeijer et al. 2006), with an estimated 87.5%
of all flowering plants (Ollerton et al. 2011) and 75% of the world’s
leading food crops (Klein et al. 2007) depending on pollinators to
various degrees. Bees (Hymenoptera: Apoidea), including managed
honey bees and wild bees, are believed to be the most effective polli-
nators because of their specific pollen-carrying body structures, with
wild bees representing the main pollinators for a large number of
agricultural crops (Biesmeijer et al. 2006). However, with the acute
declines in managed honey bee and wild bee populations over recent
decades, there are great concerns about the loss of pollination ser-
vices from these key providers (Biesmeijer et al. 2006, Stokstad 2007,
Hayes et al. 2008, Potts et al. 2010, Meeus et al. 2018).

In comparison to honey bees, wild bees are considered to be more
reliable pollinators (Kremen et al. 2004, Garibaldi et al. 2013) with

a great adaptability and species diversity (Kremen et al. 2002) asso-
ciated with a large variation in a number of their traits like nest loca-
tion (Cane et al. 2006, Jha and Vandermeer 2010), social behavior
(Jha and Vandermeer 2009, 2010), dispersal ability (Zurbuchen et al.
2010), tongue length (Miller-Struttmann et al. 2015) or their body
size. This influences their use of resources like nectar and pollen, and
their response to disease and environment changes such as changes
to their habitats and climatic conditions (Henle et al. 2004, Miller-
Struttmann et al. 2015). For example, belowground-nesting bees
often have higher thermal requirements for flight activity and com-
monly require bare ground (Osborne et al. 1991, Cane and Tepedino
2001). Large-sized bees, with a higher requirement for energy and a
high pollination efficiency, may be more sensitive to habitat loss than
smaller species (Cane et al. 2006). If these functional traits that are
sensitive to environment changes are also those that affect ecosystem
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services, then tailored conservation policies will be required that rely
on a thorough understanding of response patterns in the different
functional groups to environmental change (Lavorel and Garnier
2002, Forrest et al. 2015) to effectively tackle the decline in polli-
nation services for many agricultural crops and wild plants that is
linked to the decline of wild bee diversity (Biesmeijer et al. 2006,
Potts et al. 2010).

In fragmented agricultural landscapes, habitat diversity is often
considered as a basis for bee species diversity, because different habi-
tats often provide different floral resources, nest sites and nest materi-
als for wild bee species (Westrich 1996, Steffan-Dewenter et al. 2002),
with habitat diversity additionally linked to a more continuous provi-
sion of floral resources throughout the seasons when bees are active
(Wojcik et al. 2008, Potts et al. 2010). Habitat quality, linked, e.g.,
to the complexity of the vegetation structure and composition, is
another factor impacting wild bee diversity (Klein et al. 2003, Potts
et al. 2003, Miiller et al. 2006). Alongside species richness, functional
group diversity represents a second important component of bee
diversity (Tilman et al. 1997, Scherber et al. 2006, Hoehn et al. 2008),
and it has been shown to better predict pollination effectiveness than
species diversity (Hoehn et al. 2008, Friind et al. 2013). Nonetheless,
knowledge gaps persist in relation to the distribution of wild bees
and bee trait groups across different habitats in fragmented agricul-
tural landscapes (Mendenhall et al. 2011), as well as to the relation-
ship between wild bee diversity and the composition and diversity
of the vegetation. With modern, intensive agricultural practices often
resulting in a dramatic loss of flower-rich habitats and a decrease in
habitat quality (Newbold et al. 2015), these knowledge gaps need to
be urgently addressed to allow for a better conservation of wild bees
and the important ecosystem services they provide.

China harbors rich wild bee resources, with more than 1,000 spe-
cies known to science (Xu et al. 2009), and the estimated total spe-
cies richness exceeding 3,000 species of Apoidea (Wu 1965). With
the country’s rapid economic development and greatly improved
living standards, the demand for crops heavily relying on pollinators
like many fruits is increasing (Aizen and Harder 2009). To meet the
associated increased demand on pollination service, a sound knowl-
edge on wild bee diversity, their distribution patterns among differ-
ent habitats in the agricultural landscape and their associations with
the vegetation are essential—especially for functional groups with a
high pollination efficiency.

In this study, we therefore aim to investigate the distribution
pattern of different functional trait groups in wild bees between

different habitat types to establish how habitat type, vegetation com-
position, and plant diversity influence the abundance and diversity of
species within these functional groups. We hypothesize that 1) wild
bees are more diverse in remaining pristine habitat types than in
other semi-natural and in heavily managed habitats; 2) overall wild
bee diversity is strongly impacted by the composition and diversity
of the vegetation, and particularly by the diversity of pollen- and
nectar-providing flowering plants; 3) different wild bee functional
groups show diverging response patterns to habitat type, vegetation
composition and diversity in agricultural landscapes due to their
traits being linked to different requirements of food sources, nest
sites, and different dispersal abilities.

Materials and Methods

Study Area and Site Selection

The study was conducted in Changping district (40°2'-40°23" N,
115°50'-116°29” E, 1,352 km?) in the northwestern suburbs of
Beijing City, China. The local climate is continental with an aver-
age annual temperature of ~12°C and an average annual rainfall
of ~550 mm. The area is located in the transitional zone between
the Yan and Taihang Mountains and the north China Plain, with
an altitudinal range from 30 to 1,400 m. The mountains, located
in the western and northern parts of the study region, are dom-
inated by natural forest and shrubland habitats and account for
about 48% of the total area in the region. The plain area located
in the southeastern parts of the region is dominated by urban
spaces (29%), planted woodland (12%), and fruit orchards (7%),
with abandoned fields and other land-use types accounting for
about 4%.

Six distinct habitat types were selected for bee sampling in
2016. They consisted of 1) natural shrubland in the mountainous
areas, 2) planted woodland, 3) abandoned fields representing previ-
ously cultivated, naturally regenerating grassland habitats, 4) apple
orchards, 5) cherry orchards, and 6) peach orchards in the plain area
(Fig. 1). In each habitat, five study sites were established at distances
of at least 1 km from each other.

Bee Sampling and Classification of Functional Groups

At each study site, three parallel 50 m transects were set at distances
of 10 m. Along each transect, wild bees were sampled using sweep
nets at monthly intervals from April to September. We defined ‘wild
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Fig. 1. The distribution of sampling sites in Changping district, Beijing.
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bees’ as all bees not belonging to Apis spp. (Hymenoptera: Apidae),
excluding the latter from the analysis. All sites were sampled dur-
ing three to four consecutive days during each sampling run. Bee
sampling took place between 0830 and 1730 hours during sunny,
partially cloudy, or bright, overcast days with a wind velocity <2.5
m/s and an air temperature > 15°C. In each sampling run, bees were
netted for total of 10 min along each transect, excluding the time to
transfer specimens from the net into a polypropylene centrifugal tube.
All wild bees were identified to species level and divided into small
(£7.5 mm), medium (>7.5 and <11.5 mm) and large (>11.5 mm) spe-
cies according to their averaged body size (Wu 19685, Tscheulin et al.
2011), measured using a vernier caliper or based on the literature.
Bees were also categorized into social (primitively social to eusocial),
solitary or parasitic (cleptoparasitic) bees according to social behav-
ior (Wu 1965, Kremen and M’Gonigle 2015). We furthermore
classified bees according to their nest location as aboveground- or
belowground-nesting (Wu 1965, Kremen and M’Gonigle 2015).

Plant Sampling

The vegetation was surveyed separately in May and September. At
each sampling site, a 20 x 40 m block was set up for vegetation
investigation. Five 5 x 5 m plots were then established in the four
corners and the center of each block for tree and shrub layer sam-
pling, while one 1 m? plot was set up within each of the 5 x § m plots
for herb species sampling. The percentage coverage of each plant
species, separated into tree layer, shrub layer, and herb layer, was
recorded for each sampling plot. Vascular plant data from the two
records of the same plot were pooled, and the maximum coverage
recorded for each species on the plot was used for analysis.

Statistical Analyses

Wild bee data from the six sweep netting samples of the same plot
were pooled for analysis. The subsequent analysis strongly focuses
on abundances because these are considered to be crucial for the
delivery of ecosystem services (Naeem and Wright 2003).

Total species richness was estimated based on the Chao 1 spe-
cies richness estimator calculated in Past3 (Hammer et al. 2001) to
account for the differences in sample sizes that result from the var-
ied shapes of investigated habitats, localized weather patterns and
arrangements of pan traps. To determine habitat-specific differences
in wild bee abundances and their estimated species richness, a one-
way ANOVA was calculated using Duncan’ test as post-hoc test in
the base package in R 3.2.5 (R Core Team 2016).

Four parameters: coverage of herbaceous, coverage of flower-
ing herbs, coverage of trees, and overall plant species richness, were
used as independent parameters to reflect the vegetation compos-
ition. To investigate the effects of vegetation composition on wild
bee functional groups, we used linear mixed effect models with fixed
variance (gls, nlme package version 3.1-128) (Pinheiro et al. 2017).
The coverage of herbs (or of zoochorous herbs), trees and plant spe-
cies richness were not significantly correlated (Spearman correlation,
P > 0.36 in all cases, Table 1) with each other, and were hence used
as fixed variables, with wild bee abundance included as a depend-
ent variable. The selected gls model was optimized using the step-
AIC function in the MASS package (Venables and Ripley 2002).
Transformations were applied for response variables to meet nor-
mal distribution requirements where necessary. To account for spa-
tial autocorrelation, we fitted gls models to response variables with
Gauss—Kriiger coordinates treated as spatial covariates, assuming a
spherical spatial correlation structure (Pinheiro and Bates 2000). All
analysis was performed in R 3.2.5 (R Core Team 2016).

In order to investigate the effects of plant species composition on
different wild bee functional groups, vegetation data based on the
coverage of each plant species at each site was firstly condensed by
means of principal components analysis (PCA) using PAST version 3
(Hammer et al. 2001). Then, multiple linear regression (MLR) mod-
els were used to investigate how the abundance of different wild bee
functional groups was linked to the vegetation composition, with
the principal components (PCs) used as independent variables. We
applied the dredge function in the MuMIn package (Barton et al.
2016) to compute models with all possible combinations with no
more than four predictors (k < 7/3), and then ranked the models
using the corrected version of Akaike’s information criterion (AICc)
to account for the small sample size shared by all plots (7 = 30). For
each functional group, the model with the lowest AICc was retained
as the best-fitted model.

Results

Bee Diversity and Functional Group Composition

In total, 561 wild bee specimens representing 76 species, 25 genera
and six families were collected, and 130 plant species were recorded.
Overall bee abundance was highest in shrubland habitats followed
by abandoned fields, but overall differences between these and the
other habitat types were not significant. The estimated species rich-
524 = 2.76, P = 0.042)
and was significantly higher there than in all other habitat types

ness again peaked in natural shrubland (F

except the abandoned fields (Fig. 2). Similarly, the abundance
of medium-sized bees (F,, = 4.34, P = 0.006) and solitary bees
(Fi524 = 317, P = 0.024) and the diversity of large bees (F;,, = 5.22,
P = 0.002), belowground-nesting bees (F5.4 = 2.68, P = 0.046) and
524 = 2.80, P = 0.040) all peaked in natural shrub-
land habitats, while small-sized bees showed the higher abundance
soq = 2.89, P = 0.035). The differences
between habitats for the other trait groups and measures were non-
significant, although a trend for highly diverse assemblages encoun-
tered at shrubland habitats was visible across all groups. In contrast,

solitary bees (F,

in planted woodland (F,

social bees were particularly abundant at woodland habitats and
abandoned fields, with parasitic bees also showing a high abundance
at woodland habitats.

The number of species uniquely encountered in plots of a sin-
gle habitat type again peaked in natural shrubland (10 species),
followed by abandoned fields (eight species), apple orchards (three
species) and peach orchards (two species), while only one species
was uniquely encountered in planted woodland and cherry orchard
habitats, respectively.

Effects of Vegetation Composition on

the Abundance Patterns of Different Bee
Functional Groups

The models revealed that the abundance of bees overall (F,
P = 0.002), of medium-sized bees (F,
itary bees (F
<F(3,27
tree coverage (Fig. 3). Abundance of overall bees (F,
P <0.0001), large-sized bees (F, =178.53,P <0.0001), solitary bees
(F 55 = 76.54,P <0.0001) and aboveground-nesting bees (F,, ,, = 5.51,
P = 0.03) in contrast was negatively linked to herb coverage. When
overall herb coverage was replaced by the coverage of potentially nec-
tar-producing herbs, chiefly excluding the grasses, as explanatory var-

1= 1148,
12y = 18.11, P = 0.0002), sol-
42g = 093, P = 0.02) and belowground-nesting bees
, = 11.01, P = 0.003) was negatively correlated with overall
g = 132.84,

iable, there was no significant correlation with the abundance of any
of the functional groups (P > 0.085 in all cases). In contrast, overall
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Fig. 2. Individuals and diversity (+SE) of each bee functional group in habitats. Chao 1 is the species richness estimator.

plant species richness showed positive links to the abundance of bees
overall (F,, =20.57, P = 0.0001), and to all functional groups except
for large-sized bees and aboveground-nesting bees.

Effects of Plant Species Composition on Abundance

of Bee Functional Groups

In the PCA, the first nine PCs jointly explained 80.5% of the total
variance in the plant dataset (Supp. Table S1) and were hence selected

as predictors in the subsequent analysis, with the 10th PC only add-
ing a further 2.7% toward the explained variance. In the context of
this analysis, the PCs indicate the main trends in the distribution of
the different plant species, and hence describe the main shifts in the
community composition of the vegetation.

The MLR models comprising the nine PCs as independent
parameters showed that only the PCs 1 and 3-7 were signifi-
cantly linked to the abundance of the different wild bee func-
tional groups (Table 2). Abundance of overall bees was associated
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Fig. 3. Effects of vegetation composition on the abundance of each bee functional group.
with PCs 1, 3, 6, and 7, representing plant communities with a high setosum (Willd.) MB. (Campanulales: Compositae), Trigonotis
coverage of Vitex negundo L. (Tubiflorae: Verbenaceae), Artemisia peduncularis (Trev.) Benth. ex Baker et Moore (Tubiflorae:
argyi Lévl. et Van. (Campanulales: Compositae), Digitaria Boraginaceae) and Artemisia capillaris Thunb. (Campanulales:

sanguinalis (L.) Scop. (Graminales: Gramineae), Cirsium Compositae).
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Table 1. Average species richness and coverage (+SD) of the vegetation at the different habitats

Habitats Species richness % Coverage of the respective layer

Herbs Shrubs Trees Overall Herbs Shrubs Trees Overall
Natural shrubland 9.2 +3.0 11.2 £ 3.0 0.4 =0.9 20.8 = 4.4 18.0 = 11.5 86.0 £ 12.5 1.4 =+3.1 92.0 £4.5
Planted woodland 21.8+3.1 0 3.8+13 25624 742 £15.5 0 57.0+17.9 83.0+9.1
Abandoned field 17.0+5.2 0 0 17.0+5.2 82.0 £ 9.1 0 0 85.0=6.1
Apple orchard 16.4 2.7 0 1.0+0 174 2.7 62.0 £19.2 0 63.0 £ 11.0 80.0 £ 9.4
Cherry orchard 16.0 = 1.9 0 1.0+0 17.0 £ 1.9 542 +31.2 0 71.0 £ 6.5 80.0 £ 13.2
Peach orchard 21255 0 1.0+0 22255 77.0 = 20.8 0 64.8 + 18.5 91.0 £ 6.5

Table 2. Effects of plant species on the different bee functional groups

Functional groups Explanatory variables P-value Estimate of PCs Effects of plant species with high
loading in PCs (estimate)
Overall bees PC1 0.005 - Convolvulus arvensis (-), Amygdalus persica (-), Malus
pumila (-)
PC3 0.009 + Vitex negundo (+), Artemisia argyi (+), Cerasus pseu-
docerasus (=)
PCé 0.035 + Digitaria sanguinalis (+), Cirsium setosum (+), Trigonotis
peduncularis (+)
PC7 0.014 + Artemisia argyi (+), Artemisia capillaries (+), Portulaca
oleracea (-)
Small-sized bees PC4 0.038 - Humulus scandens (+), Vitex negundo (-), Amygdalus
persica (-)
PCé 0.008 + Digitaria sanguinalis (+), Cirsium setosum (+), Trigonotis
peduncularis (+)
Large-sized bees PC4 0.036 + Vitex negundo (+), Amygdalus persica (+), Humulus
scandens (=)
Social bees PC6 0.017 + Digitaria sanguinalis (+), Cirsium setosum (+), Trigonotis
peduncularis (+)
Solitary bees PC3 0.003 + Vitex negundo (+), Artemisia argyi (+), Cerasus pseu-
docerasus (=)
Aboveground-nesting bees PC4 0.012 + Vitex negundo (+), Amygdalus persica (+), Humulus
scandens (=)
PCS 0.018 + Cerasus pseudocerasus (+), Humulus scandens (+), Malus
pumila (-)
Belowground-nesting bees PC3 0.010 + Vitex negundo (+), Artemisia argyi (+), Cerasus pseu-
docerasus (-)
PCe 0.010 + Digitaria sanguinalis (+), Cirsium setosum (+), Trigonotis

peduncularis (+)

-, negative effect; +, positive effect.

Small-sized bee abundance was negatively linked to PC 4 and
positively associated with PC 6, representing plant communities
with a high coverage of Humulus scandens (Lour.) Merr. (Urticales:
Moraceae), D. sanguinalis, C. setosum, and T. peduncularis.
Large-sized bees showed the opposite trend in response to PC 4,
hence occurring at sites with a high coverage of V. negundo and
A. persica.

Abundance of social bees positively correlated with PC 6, repre-
senting plant communities with a high coverage of D. sanguinalis,
C. setosum, and T. peduncularis. Solitary bees abundance showed a
positive association with PC 3, representing plant communities with
a high coverage of V. negundo and A. argyi.

Aboveground-nesting bee abundance was positively linked to
PCs 4 and 5, representing plant communities with a high coverage of
V. negundo, A. persica, and C. pseudocerasus. Abundance of below-
ground-nesting bees was positively linked to PCs 3 and 6, represent-
ing plant communities with a high coverage of V. negundo, A. argyi,
D. sanguinalis, C. setosum, and T. peduncularis.

Discussion

Effects of Habitat Types and Vegetation Composition

on Overall Wild Bee Diversity

An ideal wild bee habitat needs to provide foraging resources
throughout the seasonal activity period of bees, sufficient nest sites
and also specific nest materials (Osborne et al. 1991, Grundel et al.
2010). Our results indicate that natural shrubland, the dominant
natural habitat type in the study region, represents such a good wild
bee habitat, providing sufficient quantities of nectar and pollen, suit-
able nest sites, and experiencing low levels of human interference to
satisfy the resource requirement of wild bees. Hence, in support of
our first hypothesis, the highest wild bee diversity was indeed found
in this natural habitat.

Although planted woodlands and abandoned fields also har-
bored diverse plant communities, these plants appeared to provide
lower quantities of suitable nectar and pollen sources, because 21.9
and 25.7% of the herb coverage was linked to anemochorous plants
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in these habitats, respectively. This potentially explains the relatively
low diversity of wild bees in these habitat types in comparison to
natural shrubland. In orchards, fruit trees, such as apple, cherry and
peach, mainly bloomed in April, thus providing a highly ‘pulsed’,
short-term nectar resources during their respective short flowering
periods (Mandelik et al. 2012). Otherwise, they undergo intensive
management such as plowing for soil aeration, weeding and appli-
cation of pesticides and herbicides, that are likely to all contribute
to the low wild bee diversity in these habitats. In accordance with
our second hypothesis, overall plant species richness was strongly
positively correlated with the abundance of overall bees, with diverse
plant species potentially providing a greater diversity and continuity
in nectar and pollen resources throughout the seasons of bee activity
(Wojcik et al. 2008, Potts et al. 2010).

The negative correlation between tree coverage and the abundance
of bees overall could have a number of explanations. Firstly, bees often
prefer to forage in open habitats with high irradiance, which is particu-
larly true for solitary and belowground-nesting bees (McKinney and
Goodell 2010) that have commonly higher thermal requirements for
flight activity and larval development chiefly linked to open or light-
ly-shaded sites (Osborne et al. 1991, Cane and Tepedino 2001). High
tree coverage, in contrast, is generally associated with heavy shading
causing cooler, more humid microclimatic conditions. Furthermore,
a dense tree coverage also leads to less dense undergrowth and a dis-
tinctly lower provision of flowers and florets in the herb and shrub
layers while trees are in foliage, rendering these sites less attractive to
wild bees (Peet 1978, Wulf and Naaf 2009, McKinney and Goodell
2010). It could be argued that the low abundance of wild bees in
habitats with a dense tree coverage could also relate to the sampling
technique, where bees were chiefly sampled close to the ground, but
not within the tree canopies. Nonetheless, most trees, apart from the
fruit trees in the orchards with their aforementioned flowering pulse,
were anemochorous, and may be less attractive to bees. In orchards,
although the fruit trees were entomophilous, the large areas covered
by orchards will have led to a dilutive effect on the density of the lim-
ited number of wild bees present in the area.

There are also several potential explanations for the observed
negative relationship between herb coverage and the overall abun-
dance of bees. Firstly, plant composition of the herb layer and particu-
larly the balance between the area covered by anemochorous versus
zoochorous species could impact the correlation between the herb
layer coverage overall and wild bees. Overall, 62.4,25.7,21.9, 12.6,
11.8, and 8.9% of herb coverage were anemochorous and therefore
potentially less attractive for bees in natural shrubland, abandoned
fields, planted woodland, cherry orchards, peach orchards, and apple
orchards, respectively. If the coverage of zoochorous herbs only was
used as a predictor, there were indeed no significant links between
their coverage and the abundance of overall bees and each functional
group. A dense undergrowth is also often linked to fertile soils where
individual, fast-growing plant species dominate, in turn suppressing
the growth of other species and therefore also the plant diversity and
nectar resources available throughout the season.

Considering the negative links in at least some bee groups with
tree and herbaceous ground cover and the contrasting positive links
between wild bee populations and the plant species richness observed
in this study, vegetation management aimed at reducing the domin-
ant and anemochorous plant species and at increasing overall plant
species richness might benefit bees. For example, reducing fertilizer
applications that favor the aforementioned small set of fast-grow-
ing, dominating plant species might be an effective way to increase
ground cover diversity and enhance the local bee populations (Curry
1994, Steffan-Dewenter and Leschke 2003, Boch et al. 2013).

Effects of Habitat Types and Vegetation Composition

on Different Wild Bee Functional Groups

The strong differences in the distribution patterns of wild bees repre-
senting different functional groups between the varied habitat types
and in response to vegetation composition and plant diversity can
potentially be explained by their different resource requirements and
dispersal ability.

A large body size is commonly associated with a high dispersal
ability, and with a high requirement for energy and hence amount of
foraging (Cane et al. 2006, Westphal et al. 2006, Zurbuchen et al.
2010). Therefore, bees with different body size showed varied dis-
tribution pattern among habitat types with different levels of avail-
able resources. Unlike small- and medium-sized bees, the lack of
significant correlations between large-sized bees and overall plant
species richness is likely linked to their greater foraging radii and
high dispersal rates across the study area, enabling them to flexi-
bly use available resources across the fragmented agricultural land-
scape (Greenleaf et al. 2007, Bommarco et al. 2010, Woodcock et al.
2014)—with variables acting at larger spatial scale like overall land-
scape structure potentially being more important predictors for the
abundance and diversity of large-sized bees (Chapman et al. 2003,
Osborne et al. 2008, Kovacs-Hostyanszki et al. 2011).

Social behavior also affected the distribution of wild bees and
their response to vegetation variables. Living in colonies (Michener
2000) allows social bees to have a prolonged foraging season and
larger dispersal ability in comparison to their solitary cousins
(Osborne et al. 1991, Westphal et al. 2008). They can also gain
warmth from other individuals in their hives or nests (Heinrich and
Esch 1994), and hence allow them the foraging of resources from
across the entire landscape. In contrast, solitary bees have a higher
general thermal requirement that is chiefly provided by habitats with
low tree coverage (Osborne et al. 1991, Klein et al. 2002).

Nest location is shown to be another important factor that is
shown to affect the wild bee distribution and their relationship with
vegetation variables. The diversity of belowground-nesting bees in
our study region peaked in natural shrubland, and their abundance
was negatively related to tree coverage, which is likely due to their
requirement for warm, bare ground and low disturbance levels at
their nesting sites (Williams et al. 2010), while aboveground-nest-
ing bees did not have these requirements. Another difference
from belowground-nesting bees is that aboveground-nesting bees
often possess a high nesting and floral specialization (Kremen and
M’Gonigle 20135, Le Féon et al. 2016), which possibly results in the
lack of correlation between aboveground-nesting bee abundance
and overall plant richness.

Effects of Plant Species Composition on Wild Bee
Diversity

The observed negative influence of the presence of fruit trees on
overall bee abundances is likely related to the short flowering time
of these trees, the competition of managed honey bees and the inten-
sive management of the orchards throughout the year, including the
application of pesticides, and the dilution effect due to large areas of
orchards flowering simultaneously in the study region. In contrast,
the positive relationship between plant communities containing V.
negundo and overall bees and most of the investigated functional
groups with the exception of small-sized bees could be contrib-
uted to that plant species’ long flowering time and the high quality
of both pollen and nectar it provides (Zhang et al. 2010). On the
other hand, a differential preference for different flowering plants is
likely associated with the observed overall variation in associations
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between plant communities and the abundance of the different func-
tional groups of wild bees. These associations are nonetheless to date
poorly known and understood, and further research into this topic is
hence urgently required.

Generally, herb communities which benefited wild bee abundance
contained a large number of species belonging to the Sympetalae,
while herb communities with a high coverage of Archichlamydeae
were negatively associated with bee abundance. The reason could
be that Sympetalae at least partly co-evolved with wild bees, and
hence are a preferred source of nectar and pollen in comparison to
members of the Archichlamydeae (Wernham 1911). Nonetheless,
few studies have to date investigated the potential links between
bee species as pollinators and these two subclasses within the
Dicotyledoneae. However, a sound understanding of these plant-pol-
linator associations is crucial for both the conservation of pollinator
assemblages and the strengthening associated ecosystem services,
with the mutual dependencies between pollinators and plant species
potentially accelerating their parallel declines in response to agricul-
tural intensification (Biesmeijer et al. 2006, Weiner et al. 2014), espe-
cially for those functional groups within the bees that show traits
sensitive to other environment change-related factors.

Conclusions

The different resource requirements and foraging radii of different
wild bee functional groups result in diverging responses to their
environment, including responses to habitat type, vegetation com-
position, and plant diversity. In our study area, protecting natural
shrubland, reducing vegetation coverage to increase overall plant spe-
cies richness, particularly of Sympetalae and coverage of V. negundo,
combined with low intensity of habitat management are likely to be
beneficial in supporting a diversity of wild bees that can effectively
provide pollination services for zoochorous agricultural crops.
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Supplementary data are available at Journal of Insect Science online.
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