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Bees provide key pollination services for a wide range of crops. Accumulating evidence
shows the effect of semi-natural habitats at the landscape level and local management
practices on bee diversity in fields. However, most of the evidence is derived from
studies in North America and Europe. Whether this paradigm is applicable in China,
which is characterized by smallholder-dominated agricultural landscapes, has rarely
been studied. In this study, we aimed to investigate how bee diversity affected apple
production, and how landscape and local variables affected bee diversity and species
composition on the Northern China Plain. The results showed that bees significantly
increased apple fruit set compared to bagged controls. Wild bee diversity was positively
related to apple seed numbers. Higher seed numbers reduced the proportion of
deformed apples and thus increased fruit quality. Wild bee abundance was positively
correlated with flowering ground cover, and both the abundance and species richness
of wild bees were positively affected by the percentage of semi-natural habitats. We
conclude that apple quality can benefit from ecological intensification comprising the
augmentation of wild bees by semi-natural habitats and flowering ground cover. Future
pollination management should therefore reduce the intensification level of management
at both the local and landscape scales.

Keywords: deformation, flowering ground cover, landscape composition, pollinators, seed number

INTRODUCTION

Pollinators provide essential pollination services to 75% of major global crops (Klein et al., 2007)
and 87.5% of wild plants (Ollerton et al., 2011). Pollinators not only increase crop yield (Hoehn
et al., 2008; Garibaldi et al., 2011; Woodcock et al., 2019) but also improve food quality and nutrient
content (Eilers et al., 2011; Chaplin-Kramer et al., 2014; Smith et al., 2015). Among pollinators, bees
(Hymenoptera: Apoidea) are important pollen vectors of flowers due to their universality, species
diversity, and specific pollen-carrying body structures (Michener, 2007).
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Unfortunately, dramatic declines are reported in both
honeybee colonies and wild bee diversity, which seriously
threaten the provision of pollination services (Biesmeijer et al.,
2006; Potts et al., 2010). The reasons for the decline in wild
bees are mainly attributed to local agricultural intensification
and landscape simplification (Potts et al., 2010; Tscharntke et al.,
2012). Wild bees need continuous floral and nest resources
during their life history to grow and reproduce, but agricultural
habitats cannot meet their full resource demands due to the
short crop flowering period and frequent human disturbance
(Mandelik et al., 2012). Wild bees have to forage for resources
in other surrounding habitats. As a result, the composition and
configuration of different habitat types may drive the dispersal
and distribution of bees in the whole landscape, which further
affects wild bee diversity and associated pollination services to
crops (Williams and Kremen, 2007; Tscharntke et al., 2012).

Semi-natural habitats are often the population source for
wild bees to disperse into surrounding fields due to the diverse
available resources, and it is therefore encouraged that such
habitats should be protected to improve bee diversity and
associated crop pollination services (Öckinger and Smith, 2007;
Klein et al., 2012). In contrast, the contribution of agricultural
habitats to bee resources is uncertain. Previous studies have
shown that a large percentage of agricultural habitats in
landscapes may decrease pollinator resources and associated
pollination services due to pollinator dilution (Holzschuh et al.,
2016; Proesmans et al., 2019). However, other studies suggested
that flowering crops may provide important floral resources for
wild bees, and mass flowering crops therefore enhance wild bee
densities at the landscape scale (Westphal et al., 2003; Holzschuh
et al., 2012). Furthermore, the evidence for landscape structure
affecting wild bee diversity is mainly derived from Europe and
North America, which are characterized by large field sizes
(Steward et al., 2014). Our understanding of the relationship
between landscape variables and bee diversity in smallholder
agricultural landscapes has remained very limited (Zou et al.,
2017; Wu et al., 2021), but it is urgent to consider this scenario
because approximately 2.5 billion people depend on smallholder
agriculture for survival worldwide (IFAD and UNEP, 2013).

In addition to landscape structure, local management practices
may also affect bee diversity, such as pesticide application (Park
et al., 2015; Sgolastra et al., 2020) and flowering ground cover
(Campbell et al., 2017; Wu et al., 2019). A growing number of
studies have shown that local management practices can interact
with landscape variables, and they may counteract the negative
effects of each other (Rundlöf et al., 2008; Park et al., 2015;
Wu et al., 2019). Landscape complexity can also constrain the
effectiveness of local management practices (Batary et al., 2011;
Concepcion et al., 2012). However, the consistency of local and
landscape scales and their interactions across global agricultural
landscapes still need further verification due to the limited
number of studies (Kennedy et al., 2013). In particular, evidence
from Asian smallholder farming landscapes is needed (Steward
et al., 2014), as most results are drawn from studies in Europe
and North America (Archer et al., 2014).

China is the most important producer of crops profiting
from pollination, accounting for 30–50% of global pollination

benefits (Lautenbach et al., 2012), and is generally characterized
by small field sizes (Cui et al., 2018). China has also faced
agricultural intensification and landscape simplification in recent
decades, inducing the loss of wild bee diversity and pollination
services (Meng et al., 2012). Few studies have been conducted to
investigate pollinator diversity and pollination services in China
and how local and landscape variables affect the diversity and
species composition of pollinators (Garibaldi et al., 2013; Zou
et al., 2017; Wu et al., 2019).

To narrow the knowledge gap, we focus on the pollination
services of apple (Malus domestica), a self-incompatible fruit
crop. Apple is cultivated worldwide, half of which is produced in
China (United States Department of Agriculture [USDA], 2019).
However, it has been reported that apple is experiencing global
pollination deficits due to insufficient pollinators (Garratt et al.,
2014; Pardo and Borges, 2020; Wu et al., 2021). Previous research
(Pardo and Borges, 2020) and our preliminary investigations
have shown that bees are the main pollinators of apple. In this
study, we attempted to answer the following questions: (1) What
is the dependence of Fuji apple production on pollination
services provided by bees? (2) How does bee diversity affect
apple quality and quantity in natural pollination? (3) How
do wild bee diversity and species composition respond to
local and landscape variables? We hypothesized that (1) bees
provide important pollination services for apples, (2) apple
quality and quantity are positively affected by bee diversity,
and (3) improving habitat quality at local and landscape scales
increases wild bee assemblages and associated pollination services
in apple orchards.

MATERIALS AND METHODS

Study Sites
The study was conducted in Changping District (40◦2′–40◦23′
N, 115◦50′–116◦29′ E), one of the major apple-producing areas
in China, in the northwest suburbs of Beijing (Figure 1).
The altitude ranges from 30 to 1,400 m. The local climate is
continental, with an average annual temperature of ∼12◦C and
an average annual rainfall of ∼550 mm. The mountainous area
dominated by shrublands and orchards accounts for 59% of the
total area of the district. The plain area, lying southeast of the
district, is dominated by orchards, urban areas, and woodlands.

“Fuji” is the main cultivated apple variety in this study
area. Twelve apple “Fuji” orchards were selected, surrounded
by different landscape contexts that varied with structural
complexity within a 1-km radius. The orchards were at least 2 km
apart from each other to reduce possible autocorrelation between
landscape structure and bee samples.

Pollination Treatments
In each orchard, three rows of apple trees were selected, with
intervals of at least one row and at least 5 m away from the
edge. Within each row, five trees with intervals of one tree were
selected. On each tree, two branches and, on each branch, two
inflorescences were randomly chosen to count the number of
flower buds before bloom. One inflorescence on each branch
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FIGURE 1 | The distribution of sampling sites.

was covered with nylon mesh (1 mm width) bags as a pollinator
exclusion treatment, and the other inflorescence was freely
exposed to pollinators as a natural pollination treatment. In total,
30 inflorescences were covered, and the other 30 inflorescences
were uncovered at each site. After the flowers faded, bags were
removed, and all inflorescences were marked with colored tabs
for later harvest.

Bee Sampling
Apple is self-incompatible, and previous research and our
preliminary field investigation have shown that bees are its
main pollinator (Pardo and Borges, 2020). Pollinating bees were
sampled continuously during the whole apple flowering period
using pan traps (April1 4–28, 2015). At each site, within each
selected row, three colored pan traps (blue, yellow, and white
following Westphal et al., 2008, with 21 cm diameter and 10 cm
depth) were placed at a height of 1.5 m above the ground
and 10 m apart from one another. Pan traps were filled with
approximately 300 mL of detergent water solution (two drops
of detergent per 5 L of water) and then emptied and refilled
every 2 days. All bee specimens were collected and preserved in
75% alcohol and then pinned for subsequent identification to the
species level. Bee data from nine traps per orchard were pooled
for the entire sampling period, and bee abundance refers to total
bee individuals collected by pan traps per orchard.

Local Management Survey
To protect bees, no pesticides or fungicides were applied by
farmers during the apple flowering period, and flowering ground
cover was the main local factor affecting bee diversity within
orchards. We placed five 1 m × 1 m quadrats at the four
corners and the center of the bee sampling area during the apple
bloom. Species richness and coverage of ground flowering plants
in five quadrats were recorded and averaged to achieve mean
values at each site.

Landscape Parameters
The land cover types in selected landscapes were classified into
shrubland, woodland, wasteland, orchard, urban area, water area,
and other. Shrublands are mainly distributed in mountains and
are characterized by large areas of natural shrub species, such as
Vitex negundo var. cannabifolia and Cotinus coggygria. The main
habitat types in the plain area are woodland, orchards, wasteland,
and urban areas. The dominant tree species of woodland
are Pinus tabuliformis, Ginkgo biloba, Populus × tomentosa,
Platycladus orientalis, and Robinia pseudoacacia. Wasteland was
defined as areas where plants naturally generated with limited
human disturbances. We defined the combination of shrubland,
woodland, and wasteland as a semi-natural habitat. Land use
maps within a radius of 1 km surrounding the study sites were
digitized according to the extensive field inspections (resolution
of 2 m) based on Online Bing Maps of the landscapes.1 We
chose this spatial scale because the foraging distance of most
wild bees was less than 1 km (Gathmann and Tscharntke, 2002;
Zurbuchen et al., 2010). The landscape metrics and area percent
of each habitat within a 1-km radius of the study sites were
calculated at the class level using FRAGSTATS 4.2 (McGarigal
et al., 2002). The area percentage of the semi-natural habitats
was further calculated by summing the area percentage of the
corresponding habitats.

Pollination Services
Fruit set, seed number, and deformation were measured to reflect
the degree of pollination services. Framers usually thin the fruit
clusters if there are multiple apples on one inflorescence. One
week after flowers faded and before hand thinning in early
May, we recorded the number of set apples on the marked
inflorescences, although we were missing the data in two orchards
where hand thinning was conducted by farmers before our visit.
Approximately 6 1/2 months after the flowers faded, apples

1http://www.arcgis.com/home/webmap/viewer.html
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were ripe. In the middle of October, we picked all ripe apples
from the marked inflorescences prior to commercial harvest and
then labeled them by the treatment, tree, row, and orchard.
Because of the low self-fertilized fruit set, only nine apples
grew ripe on the pollinator-excluded inflorescences. The seed
number of each fruit was counted. Therefore, we have fruit set
data from 10 orchards and other apple quality parameters from
12 orchards. The deformation of each apple was determined
visually by the same investigator. After placing each apple
horizontally, if the shape of the apple was severely skewed to
one side, it was deformed; if the apple shape was normal, it
was not deformed.

Statistical Analysis
First, to investigate the effects of pollination treatment on fruit
set, the generalized linear mixed effects model (glmer, in lme4
package, Bates et al., 2015) was computed with binomial error
distribution. The fixed effect was pollination treatment, and the
random effect was inflorescences nested within trees within rows
within orchards.

Second, we analyzed the effects of bee diversity on pollination
service parameters in the open pollination treatment at the
site level. Fruit set, seed number, and deformation were
added into the full linear models as the response variables,
respectively. Honeybee abundance and one of wild bee variables
[wild bee abundance, wild bee species richness, or wild
bee diversity (Shannon–Weaver index, the diversity function,
R package “vegan,” Oksanen et al., 2019)] were added as
explanatory variables (Table 1), considering the significant
positive relationship between abundance and species richness of
wild bees (Pearson’s r = 0.90, p < 0.001). The correlation among
bee variables was tested according to correlation test (the cor.test
function, R package “stats,” R Core Team, 2018).

Third, we used generalized linear models to assess the effects
of the local management practice and landscape composition
parameters on bees. In the case of overdispersion, generalized
linear models with a negative binomial distribution (glm.nb,

R package “MASS,” Ripley et al., 2018) were used. Flowering
ground cover, percent of semi-natural habitats, percent of
orchards, and the two-way interaction between the local
management practice and landscape composition variables
were included in full models as explanatory variables, and
honeybee abundance as well as abundance, species richness,
and diversity of wild bees were included as the response
variables, respectively.

In the second and the third analyses, we used the dredge
function in MuMIn package (Barton, 2018) to select the best-
fitting models for each response variable based on AICc (Akaike’s
information criterion). If 1AICc < 2, the model containing
more explanatory variables was chosen, and we used the rsq
function (R package “rsq,” Zhang, 2020) to calculate adjusted
R2 for generalized linear models. Spatial autocorrelation of the
final model residuals was tested for each response variable
using the “ncf” package (Bjornstad, 2019), and no significant
spatial autocorrelation was detected in any case. The models
were further validated based on visual inspection of the plotted
residuals versus the predicted values (Zuur et al., 2009). All of
the above analyses were performed using R (version 3.5.1, R Core
Team, 2018).

Finally, redundancy analyses (RDA) was conducted to assess
the effects of local and landscape variables on the species
composition of wild bees in Canoco 5 (Šmilauer and Lepš,
2014). The percentage of semi-natural habitats and flowering
ground cover were the environmental variables. Prior to analyses,
species data were Hellinger-transformed to allow the use of the
ordination method, due to the presence of many zero values
(Legendre and Gallagher, 2001).

RESULTS

Bee Diversity and Composition
In total, 1,616 bee individuals were collected. Wild bees
accounted for 53.1% (858) of all individuals and represented 43

TABLE 1 | Results from linear models (lm) indicating the effects of bees on apple fruit set (a), seed numbers (b), and deformation (c), and the effect of seed numbers on
deformation (c).

Response variables Explanatory variables AICc of optimal Explanatory variables

in full models models in optimal models Estimate Std. Error t value Pr (>|t|)

(a) Fruit set Ahoney + Dwild −0.8 Intercept 0.74 0.74 12.66 < 0.001

Ahoney + Awild −0.8 Intercept 0.74 0.74 12.66 < 0.001

Ahoney + Rwild −0.8 Intercept 0.74 0.74 12.66 < 0.001

(b) Seed numbers Ahoney + Dwild 39.7 Intercept 2.32 2.13 1.09 0.302

Dwild 2.38 1.04 2.30 0.045

Ahoney + Awild 41.1 Intercept 7.18 0.32 22.17 < 0.001

Ahoney + Rwild 41.1 Intercept 7.18 0.32 22.17 < 0.001

(c) Deformation Seed numbers 103.3 Intercept 88.24 26.28 3.36 0.007

Seed −8.84 3.62 −2.44 0.035

Ahoney + Dwild 105.2 Intercept 24.83 4.68 5.30 < 0.001

Ahoney + Awild 105.2 Intercept 24.83 4.68 5.30 < 0.001

Ahoney + Rwild 105.2 Intercept 24.83 4.68 5.30 < 0.001

Ahoney, honeybee abundance; Awild, wild bee abundance; Rwild, species richness of wild bees; Dwild, wild bee diversity.
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species (Supplementary Table A1). The most abundant wild bee
species were Andrena minutula and Andrena hebes, accounting
for 17.8 and 6.2% of the total bees, respectively. In addition, 758
honeybees (Apis mellifera) were collected.

Relationships Between Bee Diversity and
Pollination Services
There were 3,082 flowers and 216 ripe apples measured, and only
nine ripe apples were collected in the pollinator-excluded control.
The fruit set in the open pollination treatment was significantly
greater than that in the bagged control (z = 9.017, p < 0.0001,
Figure 2). The fruit set in the open pollination treatment was not
related to honeybee abundance or abundance, species richness, or
diversity of wild bees (Table 1). The number of seeds in naturally
pollinated apples increased with wild bee diversity (t = 2.30,
R2
= 0.28, p = 0.045, Figure 3A) and was negatively correlated

with the apple deformation (t = −2.44, R2
= 0.31, p = 0.035,

Figure 3B).

Effects of Local Management and
Landscape Composition on Bees
Wild bee abundance increased with flowering ground cover
within orchards (z= 2.63, R2

= 0.35, p= 0.009, Figure 4A). Both
the abundance (z = 3.22, R2

= 0.35, p = 0.001, Figure 4B) and
species richness (z = 2.23, R2

= 0.33, p = 0.026, Figure 4C) of
wild bees were positively correlated with the percentage of semi-
natural habitats. Wild bee diversity did not significantly respond
to local or landscape predictors (Table 2).

The RDA results showed that the percentage of semi-
natural habitats explained the greatest percentage of all variance
(Explains = 25%, pseudo-F = 3.3, p = 0.004), and significantly
affected wild bee species composition. The effect of flowering
ground cover was marginal and explained 11.9% of the variation
(pseudo-F = 1.7, p = 0.076). Most species were positively
affected by the percentage of semi-natural habitats, except for
Andrena solidago (AndSol) and Lasioglossum sp2 (LasSp2).
The effect of flowering ground cover on Lasioglossum vulsum
(LasVul) was negative, but it was positive on other wild bee
species (Figure 5).

FIGURE 2 | The difference in apple fruit set between bagged and open
treatments. ***p < 0.001.

DISCUSSION

In this study, we found that bees significantly improved apple
fruit set and provided critical pollination services for apple
production. Seed number increased with wild bee diversity.
A higher seed number reduced the proportion of deformed
apples and thus increased fruit quality. Flowering ground cover
positively affected wild bee abundance. Both the abundance and
species richness of wild bees benefited from semi-natural habitats.
Implementing measures of ecological intensification at both local
and landscape scales therefore improves wild bee diversity and
associated pollination services in Chinese agricultural landscapes.

Apple is a self-incompatible fruit crop and thus needs
pollinators to transport pollen among different varieties (Ramírez
and Davenport, 2013; Pardo and Borges, 2020). Our results
showed that pollinators significantly increased apple fruit set
compared with the exclusion control. Previous studies have
shown that honeybees and wild bees are the most important
pollinator groups of apples (Pardo and Borges, 2020). Our
results suggested that wild bee diversity significantly increased
apple seed numbers, which further decreased the proportion of
deformed apples, but without a relationship between honeybees
and apple pollination predictors. Similar to the findings in
American and Hungarian apple orchards (Mallinger and Gratton,
2015; Földesi et al., 2016), apple pollination was more strongly
related to wild bee diversity than honeybees. Because of their
greater complementarity with ecological traits and resource use
(Hoehn et al., 2008; Fruend et al., 2013), wild bee assemblages
could promote the spatial and temporal stability of pollination
services (Garibaldi et al., 2011) and buffer environmental
disturbances (Williams et al., 2010) as well as climate change
(Bartomeus et al., 2013). In contrast, honeybees sometimes rob
nectar from an apple flower without pollinating it (Delaplane
and Mayer, 2000) and may be low-efficacy pollinators for
apples (Ramírez and Davenport, 2013). However, in intensive
agricultural landscapes, the number of honeybees may far exceed
that of wild bees due to the lack of semi-natural habitats (Rollin
et al., 2013). In this case, farmers have to rely on honeybees, and
honeybees may provide important pollination services for crops
(Breeze et al., 2011), although their pollination efficiency may
be low (Garibaldi et al., 2013; Pérez-Méndez et al., 2020), and
their population is at risk of decline (Biesmeijer et al., 2006; Potts
et al., 2010). Therefore, wild bees may provide a more reliable
contribution to pollination services in changing environments
than honeybees, which cannot be replaced but only supplemented
by honeybees (Garibaldi et al., 2013).

However, there was no significant relationship between bees
and fruit set, possibly due to the limitations of pan trap sampling.
Although pan traps are effective, make it easier to sample
several sites simultaneously, and lack collector bias (Westphal
et al., 2008), they represent a passive sampling method, are not
restricted to apple flower visitors, and have difficulty catching
certain taxa (e.g., large bumblebees) (Popic et al., 2013). On the
other hand, instead of wild bee species richness or diversity index,
functional diversity of pollinators (Gagic et al., 2015) or trait
matching of pollinators and crops (Garibaldi et al., 2015) might
provide better prediction of the relationship between pollinators

Frontiers in Ecology and Evolution | www.frontiersin.org 5 March 2021 | Volume 9 | Article 621469

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-621469 March 8, 2021 Time: 11:9 # 6

Wu et al. Conserve Bees for Apple Pollination

FIGURE 3 | Responses of seed number to bees (A) and the effect of seed number on deformation (B). R2 means adjusted R-squared of the final model.

FIGURE 4 | Effects of flowering ground cover and landscape composition on abundance (A,B) and species richness (C) of wild bees. R2 means adjusted R-squared
of the final model.

TABLE 2 | Results from general linear models (or those with a negative binomial distribution) indicating the effects of landscape variables, flowering ground cover, and
their interaction on the abundance (a), species richness (b), and diversity (c) of wild bees, as well as honeybee abundance (d). FGC = flowering ground cover, SNH =
percentage of seminatural habitats.

Response variables (model) AICc of optimal models Explanatory variables in optimal models Estimate Std. Error z value p value

(a) Wild bee abundance (glm.nb) 126.2 Intercept 2.44 0.41 5.97 < 0.001

FGC 0.0074 0.0028 2.63 0.009

SNH 0.035 0.011 3.22 0.001

127.6 Intercept 2.96 0.48 6.12 < 0.001

SNH 0.036 0.014 2.67 0.008

(b) Wild bee species richness (glm) 70 Intercept 2.22 0.212 10.48 < 0.001

SNH 0.013 0.0056 2.23 0.026

71.7 Intercept 2.1 0.23 9.27 < 0.001

FGC 0.0023 0.0016 1.4 0.16

SNH 0.011 0.0056 1.99 0.047

(c) Wild bee diversity (glm) 7.5 Intercept 2.04 0.08 25.52 < 0.001

(d) Honeybee abundance (glm.nb) 129.0 Intercept 4.15 0.29 14.52 < 0.001
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FIGURE 5 | RDA biplot showing the effects of flowering ground cover (FGC)
and percent of semi-natural habitats (SNH) on wild bee species composition.
The first 15 species with the highest fit in the ordination plot are displayed.
AndSol = Andrena solidago, LasSp2 = Lasioglossum sp2,
LasPro = Lasioglossum proximatum, HalPse = Halictus pseudovestitus,
AndMin = Andrena minutula, LasSp1 = Lasioglossum sp1,
AndKag = Andrena kaguya, TetJac = Tetralonia jacoti, HalSp = Halictus sp,
OsmJac = Osmia jacoti, LasSp3 = Lasioglossum sp3,
LasHof = Lasioglossum hoffmanni, CerFla = Ceratina flavipes,
TetChi = Tetralonia chinensis, LasVul = Lasioglossum vulsum.

and pollination services; these approaches require more efforts
and biological knowledge about the functional traits of all species,
which are currently unavailable in our research region.

Wild bees benefited from flowering ground cover in our
study, possibly due to additional pollen and nectar provided
by the floral vegetation for wild bees during apple blooming.
The apple flowering period is short and pulsed, but the demand
of wild bees for foraging resources is long term to meet their
needs for growth and reproduction. Similar positive effects of
flowering ground cover on wild bees were also detected in apple
orchards in United Kingdom (Campbell et al., 2017), China (Wu
et al., 2019), and United States (Kammerer et al., 2016), and
other fruit crops [such as mango in South Africa (Carvalheiro
et al., 2012), sweet cherry in Germany (Holzschuh et al., 2012),
and blueberry in the United States (Blaauw and Isaacs, 2014)],
using sown flower strips or wild flowering vegetation within
orchards. However, ground cover often promotes the abundance
of wild bees, not species richness or diversity (Campbell et al.,
2017; Wu et al., 2019). In orchards, flowering ground cover
diversity is relatively low due to frequent disturbance and is

even limited by agricultural practices, such as plowing, mowing,
and application of pesticides and herbicides, resulting in an
average of only 3.1 species per site in our study. Low diversity
of floral vegetation may decrease their attraction to diverse
wild bees, which may result in wild bee diversity or species
richness not responding to flowering ground cover. Therefore,
keeping or growing diverse flowering plant species within
orchards may be more conducive to attracting richer wild bee
species into orchards to provide pollination services for crops
(Burkle et al., 2020).

Furthermore, the available floral resources provided by
flowering ground cover may buffer the effect of the percentage
of orchards on bees, resulting in no significant relationship
between the percentage of orchards and bees in this study.
Our results showed that semi-natural habitats promoted
both the abundance and species richness of wild bees, and
they therefore may contribute more to protecting wild bee
resources than flowering ground cover in orchards. Different
plant species possess various flowering phenologies, and rich
flowering plant resources in semi-natural habitats, which not
only meet the needs of wild bees for different nutrition
statuses but also increase the possibility of acquiring resources
during different periods of their life history (Ogilvie and
Forrest, 2017). Moreover, the low level of human disturbance
provides high-quality nesting sites for wild bees. Therefore, the
restoration of diverse and high-quality semi-natural habitats is
vital to improve wild bee diversity and associated pollination
services in agricultural landscapes (Öckinger and Smith, 2007;
Klein et al., 2012).

Previous studies have shown that local management may
interact with landscape variables (Kennedy et al., 2013). For
example, natural habitat modulated the effect of pesticide use
in American apple orchards (Park et al., 2015), and flowering
ground cover buffered the negative effects of plantation forests
with intensive management and distance from natural shrubland
in Chinese apple orchards (Wu et al., 2019). In our study,
we did not find an effect of interactions between local and
landscape scales on bees, but contrasting responses of different
wild bee species to these environmental variables were detected
based on the RDA analysis. For example, A. solidago benefited
from flowering ground cover and negatively responded to the
percentage of semi-natural habitats. Contrary to A. solidago,
L. vulsum showed opposite responses to these two spatial
scale factors. Bee species responded differently to local and
landscape variables, possibly due to their specific resource
requirements (Aguirre-Gutiérrez et al., 2016), but available
resources were relatively scarce at the local and landscape
scales in intensive agricultural landscapes. For example, although
the average flowering ground cover is approximately 68%,
the species richness of flowering vegetation is only 3.1 in
our study. Low richness of flowering ground cover may
increase the possibility that some wild bees dislike this pollen
and nectar due to their unique requirements for foraging
resources (Potts et al., 2003; Cusser and Goodell, 2013).
Furthermore, various resource requirements among bee species
result in local and landscape factors that may change bee
functional diversity by mediating their species composition,
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such as foraging behavior, dietary specialization, and pollination
efficiency, and further affect associated pollination services
(Tscharntke et al., 2008; Forrest et al., 2015; Martins et al., 2015).
We should therefore restore various high-quality semi-natural
habitats at the landscape scale and improve the flowering
vegetation diversity within orchards, to maximize the benefit to
pollinators with diverse functional traits, other beneficial insects,
and associated multifunctional ecosystem services (Tscharntke
et al., 2008; Westphal et al., 2015; Albrecht et al., 2020).

CONCLUSION

Our findings demonstrate that bees provide important
pollination services for apples in Chinese smallholder farming
agricultural landscapes. Wild bees improve apple quality by
increasing seed number. Wild bees could benefit from flowering
vegetation resources in orchards and the surrounding complex
landscapes. Future pollination management should therefore
avoid intensification management at both the local and landscape
scales and implement ecological intensification measures to
improve wild pollinator diversity and maximize pollination
services in agricultural landscapes.
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