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Bees provide important pollination services for crops, but pollination limitation is a common problem in agri-
cultural landscapes worldwide. To promote ecological intensification in fruit production, more knowledge is
needed concerning the interacting effects of insect pollination services and soil fertility on crop quality and
quantity. We investigated the effects of three pollination treatments (open, self and hand pollination) on apple
quantity and quality parameters. We also analyzed the effects of bee abundance (wild bees and managed hon-
eybees (Apis mellifera)) and soil nitrogen on fruit quantity and quality, and the responses of bee abundance and
species richness to landscape metrics. Apple fruit set and yield of open pollinated flowers increased by 57 % and
25 t/ha (compared to bagged controls), respectively. Hand pollination further enhanced yields by 7 t/ha
(compared to open pollination; i.e. to 39 t/ha), indicating pollination limitation in the orchards. Seed number
was highest in open pollinated fruits, and increased with bee abundance if soil nitrogen was low, but decreased
with bee abundance at high nitrogen levels, possibly due to higher flower density resulting in pollinator dilution
effects. Higher seed numbers reduced the proportion of deformed apples and thus increased fruit quality. The
percent of surrounding semi-natural habitats positively affected species richness of wild bees in apple orchards.
We conclude that yield and quality of apples may benefit from ecological intensification comprising the
augmentation of wild bees by semi-natural habitat and lowering of fertilizer inputs.

1. Introduction

Pollinators provide important crop pollination services (Klein et al.,
2007). Growing evidence suggests that pollinators not only increase
crop yield (e.g. Hoehn et al., 2008), but also improve quality traits, such
as oil contents of oilseed rape (Bartomeus et al., 2014), shape, color,
sugar-acid ratios and shelf life of strawberries (Klatt et al., 2014; Wietzke
et al., 2018), sweetness of passion fruit (Junqueira and Augusto, 2017),
and seed number and fruit size of apples (Sapir et al., 2017). Pollinators
therefore create enormous economic value which has been estimated at
$235—577 billion globally in 2015 (Lautenbach et al., 2012).

However, pollination deficits have been detected worldwide due to
declines of wild and managed pollinators (Potts et al., 2010). These
changes are driven by multiple drivers, including climate change, and

* Corresponding author.
E-mail address: liuyh@cau.edu.cn (Y. Liu).

https://doi.org/10.1016/j.agee.2020.107168

spread of pathogens and invasive species (Schweiger et al., 2010; Van-
bergen and the Insect Pollinators Initiative, 2013), but the most
important drivers are agricultural intensification and the loss and frag-
mentation of semi-natural habitats (Tscharntke et al., 2012). Interacting
effects of multiple drivers can reinforce pollinator declines but such
interactions are rarely studied (Tylianakis et al., 2008; Gonzalez-Varo
et al., 2013). With respect to more sustainable agricultural production,
more knowledge is needed on potential cascading effects of soil nutrient
levels on botanical traits of crops and how they affect pollinator com-
munities and pollination services (David et al., 2019). Case studies on
few crops show that pollination benefits may be maximized at inter-
mediate or low nitrogen levels (Tamburini et al., 2017; Ramos et al.,
2018), because nitrogen enrichment can increase flower abundance
(apple, Hill-Cottingham, 1963; pumpkin, Hoover et al., 2012), and affect
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the onset of flowering (pumpkin, Hoover et al., 2012), potentially
altering flower visitor community composition or behavior (pumpkins,
Hoover et al., 2012; common bean, Ramos et al., 2018) and even crop
yield and quality (oilseed rape, Marini et al., 2015; sunflower, Tam-
burini et al., 2017). Ecological intensification is therefore proposed to
improve pollinator diversity and associated pollination services through
reduction of agrochemical inputs and the protection of semi-natural
habitats in agricultural landscapes (Bommarco et al., 2013; Kleijn
et al., 2019).

How to improve pollinators and associated pollination services in
agricultural landscapes is increasingly studied in North America and
Europe (Steward et al., 2014). Wild bees and honeybees represent two
important groups of pollinators worldwide (Klein et al., 2007; Hein,
2009; Breeze et al., 2014), and they respond to different landscape and
management variables (Rollin et al., 2013). For example, wild bees
benefit from rich floral and nest resources in semi-natural habitats
(Tscharntke et al., 2012), while abundance of honeybees is strongly
related to managed beehives (Cunningham et al., 2016). However, our
understanding of the links between wild and managed bees and land-
scape variables has remained very limited for China’s
smallholder-dominated landscapes (Steward et al., 2014; Zou et al.,
2017).

Local management practices, such as flowering ground-cover
(Blaauw and Isaacs, 2014), use of pesticides (Park et al., 2015),
organic cropping (Holzschuh et al., 2008), and beehive management
(Liu and Li, 2014), impact wild and managed bees and associated
pollination services (Kennedy et al., 2013; Westphal et al., 2015).
However, few studies have investigated effects of soil nutrients and their
interactions with bees on pollination services (Burkle and Irwin, 2010),
especially for China with nitrogen inputs now at the levels of dimin-
ishing returns for crop yield and increasing environmental pollution (Ju
et al., 2009; Zhang et al., 2015). In our study area, excessive nitrogen
fertilizer is applied in apple orchards (Yang et al., 2017; Chen et al.,
2018), and apple growers frequently control ground-cover weeds by
mowing, plowing or herbicides. It is poorly understood how these local
management practices alone and in interaction with landscape affect
bee diversity and their influence on fruit yield and quality.

In this study, we are interested in quantifying the contribution of
bees and local management to apple pollination, and determine how
local and landscape variables influence bee diversity in intensive agri-
cultural landscapes. Apple is the selected crop, because it is pollinator-
dependent and China harbors the world’s largest apple planting area
in the world (Chen et al., 2010). Previous research (Pardo and Borges,
2020) and our preliminary investigations have shown that bees (both
managed honeybees, Apis mellifera, and wild bees) are the main visitors
of apple flowers. We hypothesized that 1) pollination services by bees
enhance yields and fruit quality of apples; 2) there is pollination defi-
ciency for apples in intensive agricultural landscapes; 3) apple yield and
quality are related to bee abundance and diversity, soil nutrients and
their interactions; and 4) wild bee diversity positively responds to sur-
rounding semi-natural habitats, whereas honeybee abundance decreases
with distance to beehives.

2. Materials and methods
2.1. Study area

We conducted this study in Luochuan County (109°13'14"-
109°45'47"'N, 35°26'29"-36°04'12"E, altitude 650—1481 m) in Shaanxi
Province on the Loess Plateau, a location with sustainability challenges
due to long-term soil erosion due to climate changes, population growth
and deforestation (Zhao et al., 2013). The local climate is a warm
temperate semi-humid continental monsoon climate, with an average
annual rainfall of ~662 mm and an average annual temperature of ~9.2
°C. Since the 1970s, as an important measure to alleviate soil erosion on
the Loess Plateau, Robinia pseudoacacia has been artificially planted in
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ravines and abandoned fields in “Three North Shelterbelt Program”
(1978-2050) and the “Grain for Green Project” (2000—2020). The
resulting forests are characterized by little human disturbance and
dominance of the flowering tree species R. pseudoacacia, and are the
main semi-natural habitat in this region. To reduce soil erosion and
increase economic income, apples are planted on the tableland (i.e. on
the plateau) and have developed into one of the largest apple growing
regions in China. Commercial beekeepers are attracted by the nectar and
pollen resources of R. pseudoacacia and apple flowers to release honey-
bees during their blooming period.

2.2. Bee sampling

Fuji is the most common apple variety in the study area, and a total of
15 Fuji apple orchards (mean size 0.39 + 0.14 (SD) ha) located along a
landscape gradient were selected for this study (Fig. 1, Table A1). Pan
traps were used to sample bees (Hymenoptera: Apoidea) continuously
during the apple blooming period (20th to 29th April) in 2017. Three
parallel transect lines of 40 m long and 10 m apart were established in
each orchard, with a distance to the orchard edges of at least 15 m. Metal
stakes, each supporting one pan trap (yellow, white or blue, following
Westphal et al., 2008, with 21 cm diameter and 10 cm depth) at a height
of about 1.3 m, were placed at 20 m intervals along each transect. Each
pan trap was filled with about 400 ml water and two drops of detergent
per five liters of water. Traps were emptied and refilled every three days.
We identified all bee specimens to species level (Wu, 1965 and 2000),
and bee data from the nine traps per orchard were pooled for the entire
sampling period.

2.3. Three apple pollination treatments

Three pollination treatments were set up to compare the contribution
of pollinators to Fuji apple pollination, including open pollination
allowing access to flowers by all pollinators, bagged controls preventing
insects to visit flowers, and hand pollination using a small paint brush to
pollinate apple flowers with a purchased pollen mixture of three other
apple cultivars (Qinguan, Hongxing and Gala) for cross-pollination.

In each orchard, a total of 15 apple trees, distributed over three rows,
were selected in the bee sampling area (20 m x 40 m). On each tree, two
branches and, on each, three inflorescences (average 5.2 flowers per
inflorescence) were randomly chosen and marked to count the number
of flower buds before bloom. Two inflorescences on each branch were
covered with nylon mesh (1 mm width) bags, one as pollinator exclusion
treatment, and the other as hand pollination treatment. The third
inflorescence on each branch remained uncovered as open pollination
treatment. Thus, in total, each pollination treatment was applied to
thirty inflorescences per site. For hand pollination, one flower on each
inflorescence was selected for supplementing pollen, and the remaining
flowers (average 4.07 flowers) in the same inflorescence were removed
because it was impossible to hand-pollinate all the flowers in an inflo-
rescence due to the short and different flowering periods of flowers in
the same inflorescence. All flowers on the other two inflorescences on
each branch were retained until the fruit was formed to determine fruit
set. After seven days, when the flowers were fading, bags were removed,
and all small green fruits were counted to determine fruit set. At the
same time, we thinned the fruit clusters of the self and open pollination
treatments to ensure only one apple was kept per inflorescence if there
were multiple apples on one inflorescence. These apples were labeled for
later testing and subsequently managed conventionally by farmers, such
as commercial bagging and pesticides application to prevent pest and
pathogen. After apples were ripe in October 2017, we picked all marked
apples before commercial harvest. To assess the quantity and quality of
the produced apples, we determined for each apple in each treatment
the fresh weight (g), seed number, firmness (kg/cm?, using GY-1 pene-
trometer, Fengshen, China), sugar content (%, using PAL-1 digital
refractometer, Atago, Japan) and deformation (determined by visual
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Fig. 1. The distribution of sampling sites in Luochuan County, Shaanxi Province, China.

inspection). We used 31.5 t/ha as mean yield of all orchards in the open
pollination treatment based on the yield investigation in this region in
2017 by Xia et al. (2018). Following the method proposed by Garratt
et al. (2014a), average yields of each orchard of different pollination
treatments (t) was estimated as:

0, =Y X8 xW, (@D)]

where O; represents the average apple yield per hectare of orchard i
under the open treatment. Y represents the average yield per hectare of
all orchards (31.5 t/ha) under open pollination, and S; and W; are the
ratio of average final fruit set and fruit weight of orchard i compared
with average weight and final fruit set of all orchards in the open
pollination treatment, respectively.

Final fruit set S; in each orchard in the open pollination treatment
was calculated as

S; =F,/N; 2)

where F; and Nj are the ratio of the average number of harvested fruits
and the average number of flowers in each inflorescence of orchard i
compared with the average number of harvested fruits and the average
number of flowers in each inflorescence of all orchard under open
pollination treatment, respectively.

The yield of each orchard in treatment t (bagged or hand-pollinated)
was calculated as:

Yi=0;XS8; x Wy 3

where Y;; represents average yield per hectare of orchard i under treat-
ment ¢ (bagged controls or hand pollination). S; and W;; are the ratio of
final fruit set and fruit weight in orchard i in pollination treatment t
compared with average final fruit set and average weight of the corre-
sponding orchard i in the open pollination treatment, respectively.
Final fruit set S;; in orchard i in treatment t was calculated from the
data using Eq. (2) with the data for the respective treatment substituted:

Sti = Fri/Nri (4)
where F;; and Ny are the ratio of the average number of harvested fruits

and the average number of flowers in each inflorescence of orchard i in
pollination treatment t compared with the average number of harvested

fruits and the average number of flowers in each inflorescence of cor-
responding orchard i under open pollination treatment, respectively.

2.4. Local management survey

All orchards were conventionally managed. Flowering ground-cover
within the orchards was recognized as the main local management that
may directly affect bees during the apple blooming period, considering
farmers are not applying any pesticides or fungicides in this period to
protect bee pollination for apples. We established five 1 m x 1 m plots in
the four corners and the center of the bee sampling area (20 m x 40 m)
covered by three transects. In each plot, we recorded flower proportion
of each insect-pollinated herb species, and added them together to
calculate the total flower coverage, subsequently averaged as the mean
value for each site.

Apple farmers in the area commonly apply fertilizer three times a
year, in March, June and November. Each apple tree receives the same
amount of fertilizer, and the fertilization is applied near the base of each
apple tree at a distance of approximately 40 cm from the trunk. Farmers
mainly use urea as nitrogen fertilizer. Previous studies have shown that
the average amount of nitrogen fertilizer used in apple orchards of this
region is about 1200 kg N/ha, which far exceeds the recommended
dosage of 240—360 kg N/ha (adjusted according to apple yield, Zhao
etal., 2012; Yang et al., 2017). We randomly selected five apple trees in
each orchard, and took one soil sample (5 cm diameter; 0—20 cm depth)
near each selected apple tree at harvest in October 2017. The location of
the soil sample was at the outer edge of the apple tree crown projected
on the ground. The five random samples were mixed to measure soil
total nitrogen (including both the organic and inorganic fraction,
hereafter “soil nitrogen”) using the Kjeldahl method (Gregorich and
Carter, 2007) in each orchard.

2.5. Landscape parameters

Solitary bees dominated wild bee assemblages in our study, and their
dispersal distance is usually less than 1 km (Steffan-Dewenter et al.,
2002; Zurbuchen et al., 2010). We mapped land use surrounding the
focal orchards at radius of 1 km in ArcGIS 10.2 (ESRI, 2014) based on
Gaofen-2 satellite imagery (at 0.8 m resolution on 21th May 2016) and
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ground truthing in May 2017. Habitats were classified into seven cate-
gories, including ‘Robinia forest’, ‘grassland’, ‘orchard’, ‘arable crop
field’, ‘built-up area’, ‘water’ and ‘other’ (Table Al). The first two
habitat types were summed as semi-natural habitat in subsequent
analysis to assess their aggregate effect on bees. ‘Grassland’ comprised
both abandoned fields and natural grassland. Apples were the main crop
in the study region, but there were also a few maize fields.

2.6. Data analysis

Firstly, we compared apple quantity and quality parameters among
the three pollination treatments with generalized linear mixed-effects
models (glmer function, R package “lme4”, Bates et al., 2015), using
branches as a random variable nested within trees, within rows, and
within sites. Response variables included fruit set, sugar content and
deformation (Binomial distribution), fruit weight (Gamma distribution),
firmness and yield (Gaussian distribution), and seed number (Poisson
distribution). For continuous response variables, including fruit weight,
firmness and yield, we fitted both Gamma and Gaussian distribution
using the maximum likelihood estimation with the function fitdist in the
R package “fitdistrplus” (Delignette-Muller and Dutang, 2014), and then
chose the error distribution of each response variable based on the
goodness-of-fit plots. The distributions of other response variables were
chosen based on their data types (Zuur et al., 2009). Distribution as-
sumptions were verified by evaluation of the residuals following
response model estimation, using protocols of Zuur et al. (2009).

Secondly, we determined if soil nitrogen affected the response of
apple quantity and quality parameters to pollination treatments (open,
bagged and hand-pollinated) at the site level. All response variables or
the log transformation followed the normal distribution, and we used
linear models (Im function, R package “stats”, R Core Team, 2018). For
open pollination, total bee abundance or species richness (wild bees and
managed honeybees (A. mellifera)), and its two-way interaction with soil
nitrogen were also added into the full linear model as explanatory var-
iables. Effects of seed number on apple pollination indices of the open
pollination treatment were analyzed using linear models (Im function, R
package “stats”, R Core Team, 2018).

Thirdly, to assess the optimal spatial scale where wild bees respon-
ded to percent of semi-natural habitat, we select three radii, 200, 500
and 1000 m using the “Connecting Analysis” tools to construct land-
scape models in ModelBuilder in ArcGIS 10.2 (ESRI, 2014). The spatial
scale of 500 m was selected as the optimal scale for each response var-
iable in the following analysis, based on the smallest value of AICc
(corrected Akaike Information Criterion) obtained at this scale
(Table A2). Distance from the center of each site to the nearest honeybee
hive was calculated using the “Near Tool” of “Analysis Tools” in ArcGIS
10.2. Percent of semi-natural habitat was correlated with soil nitrogen
(according to spearman rank correlation test, p-values = 0.01, r= -0.64,
see Table A3), we therefore constructed different generalized linear
models to analyze their effects on abundance or species richness of wild
bees. Percent of semi-natural habitat or soil nitrogen, flowering
ground-cover and their interaction were included as explanatory vari-
ables in full models, with abundance or species richness of wild bees as
the response variable. In case of overdispersion, generalized linear
models with a negative binomial distribution (glm.nb, R package
“MASS”, Ripley et al., 2018) were used. We also used glm.nb models to
analyze the response of honeybee abundance to the distance to honey-
bee hives, soil nitrogen, flowering ground-cover and their interaction.

In the second and the third analyses, the dredge function (R package
“MuMIn”, Barton, 2018) was used to select the best fitting models for
each response variable based on AICc (Burnham and Anderson, 2002).
The results showed that the optimal models were the null model only
with the intercept and/or one single model with other explanatory
variables for each response variable (Table A2, Table A5) based on
AAICc < 2. Spatial autocorrelation of the final model residuals was
tested for each response variable using the “ncf” package (Bjornstad,
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2019), and no significant spatial autocorrelation was detected in any
case. The models were furthermore validated based on visual inspection
of the plotted residuals versus the predicted values (Zuur et al., 2009).
All analyses were performed using R (version 3.5.1, R Core Team, 2018).

3. Results
3.1. Three apple pollination treatments

In total, there were 5099 flowers and 787 ripe apples measured for
fruit set and apple quantity and quality parameters, respectively. Polli-
nation treatments significantly influenced apple quantity and quality
parameters (Fig. 2, Table A4). Hand pollination showed the highest fruit
set (89.5 + 1.5 %) and yield (39.0 + 1.8 t/ha), followed by open
pollination (fruit set 63.8 & 1.3 %, yield 31.7 + 1.7 t/ha), and finally by
bagged controls (fruit set 7.2 + 0.6 %, yield 7.5 + 1.0 t/ha). Bagged
controls had lower fresh weight of individual apples (183.1 + 4.6 g) than
the open (202.3 + 2.8 g) and hand pollinated treatments (201.6 + 2.7 g),
while there was no significant difference between the latter. Open
pollination increased seed number per apple (5.4 + 0.2) compared to
bagged controls (3.2 + 0.4) and hand pollination (3.4 + 0.1). Hand
pollination showed the lowest proportion of deformed fruit (24.2 + 2.3
% of the apples), followed by open pollination (31.3 + 2.5 %), and
finally by bagged controls (42.7 &+ 5.3 %). Bagged controls had higher
firmness (8.8 £ 0.5 kg/cmz) than the open (7.7 £+ 0.2 kg/cmz) and hand
pollination treatments (7.6 + 0.2 kg/cm?), while there was no signifi-
cant difference between the latter. Sugar content was not significantly
different among the three pollination treatments (hand pollination 12.6
=+ 0.1 %, bagged 12.5 + 0.1 %, open 12.8 £ 0.1 %).

3.2. Effects of bee abundance, soil nitrogen and their interaction on apple
pollination

In total, we collected 1619 wild bees representing 42 species and
4783 honeybees (A. mellifera) using pan traps. The most abundant spe-
cies of wild bees was Lasioglossum tessaranotatum, accounting for 33.0 %
of all wild bee individuals caught, followed by Eucera chinensis (25.5 %).

Bee abundance effects on pollination in the open pollination treat-
ment interacted with the effect of soil nitrogen. At low levels of soil
nitrogen (N < 1.5 g/kg), we found a positive effect of bee abundance on
seed numbers whereas seed numbers declined with bee abundance at
high levels of nitrogen (N > 1.5 g/kg, Fig. 3a, Table 1). Furthermore,
with increasing seed numbers the proportion of deformed apples
diminished (Fig. 4a, Table A6). Soil nitrogen positively affected sugar
content in both the open (Fig. 3b, Table 1) and hand pollination treat-
ment (Fig. 4b, Table A7). Other apple quality parameters, including
apple weight, fruit set, yield and firmness, were not affected by bees or
soil nitrogen (Tables A5 and A7).

3.3. Responses of bees to local and landscape variables

The percent of semi-natural habitats in the landscape had a positive
effect on the species richness of wild bees (Fig. 5a, Table 2), but not on
wild bee abundance (Table A2). Honeybee abundance decreased with
increasing distance to beehives (Fig. 5b, Table 2).

4. Discussion

In this study, we found that bee abundance significantly improved
apple pollination and yield in the open pollination treatment. The pos-
itive effect of bees on seed number was greatest at low soil nitrogen
content and reduced fruit deformation. The two important pollinator
groups of apples, wild bees and honeybees, benefited from high amounts
of semi-natural habitats in the surrounding landscape and nearby bee-
hives, respectively.

Apples are self-incompatible and need pollinators to transfer pollen,
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Table 1

Results from simple linear models (Im) on the effects of bees, soil nutrient and
their interaction on a) seed number and b) sugar content in open pollination
treatment.

Estimate Std.Error z value Pr(>|z|)
a) Seed number
(Intercept) —25.22 8.81 —2.86 0.015
Bee abundance 0.066 0.017 4.01 0.002
Soil nitrogen 25.14 6.84 3.68 0.004
Bee abundance: soil nitrogen —0.056 0.013 —4.24 0.001
b) Sugar content
(Intercept) 9.57 1.15 8.29 <0.001
Soil nitrogen 2.52 0.90 2.79 0.015
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Fig. 4. The effect of seed number on the proportion of deformed apples in open
pollination (a) and the effect of soil nitrogen on sugar content in hand polli-
nation (b).

typically from trees of another apple variety, for fertilization (Ramirez
et al., 2013). In accordance with our first hypothesis, apple quantity and
quality were higher in open pollination than with pollinator exclusion.
However, higher fruit set (25.7 %) and yield (7.3 t/ha) with hand

pollination in comparison to open pollination highlighted that there was
still pollination deficiency in this study area, possibly due to insufficient
pollinators. A pollination deficit of apples was also reported in UK
(Garratt, et al., 2014a), USA (Blitzer et al., 2016) and other regions in
China (Wang et al., 2018), which suggests that the deficiency of polli-
nators in the apple system may be a global phenomenon, and highlights
the importance to enhance pollinator populations in agricultural
landscapes.

Hand pollination is an important local measure to reduce fruit
pollination deficits in some regions of China where pollinators are
severely missing (Liu and Li, 2014). Our results indicated that hand
pollination is still an option to decrease apple deformation and increase
apple fruit set and yield, although seed numbers were higher under open
pollination in our study. Higher seed number with open pollination than
with hand pollination may be due to pollen quality, which may well
differ between insect deposited pollen and the commercial pollen used
for hand pollination. Negative effects of hand pollination on apple seed
number were also reported by Visser and Verhaegh (1980), but the
physiological basis is not clear. Firmness was lower with hand and open
pollination than in bagged controls, possibly because apples with low
level of pollination matured later than those with higher level of polli-
nation, and firmness generally declines during fruit maturation (Volz
etal., 2003; Garratt et al., 2014b). Sugar content may be mainly related
to other factors, such as soil nutrients in our study, thus it did not vary
among different pollination treatments (Garratt et al., 2014a). Bee
pollination may be better for farmers’ profit in regions where labor is
seriously scarce and expensive, because hand pollination costs 50 times
more than releasing honeybees (565.8 RMB/t vs 11.3 RMB/t) in China
(Liu and Li, 2014).

In this study, we did not detect an effect of soil nitrogen on apple
yield, possibly because of the excessive nitrogen amounts applied by
farmers in this area (farmers apply ~1200 kg N/ha versus a recom-
mended dose of 240—360 kg N/ha, Zhao et al., 2012; Yang et al., 2017).
Excessive soil nitrogen may not significantly improve crop yield due to
the limited demand of crop growth but it will increase agricultural
production costs and spillover to the environment (Ju et al., 2009). We
found that soil nitrogen interacted with the effect of bees on apple seed
numbers related to deformation, possibly because high soil nitrogen
decreased bee visitation rate by increasing the flower number. Increased
flower numbers in response to high nitrogen levels have already been
observed for apples (Hill-Cottingham, 1963) and pumpkins (Hoover
et al., 2012). Higher numbers of flowers may decrease the flower visi-
tation rates and consequently the seed numbers per individual fruit. This
will be especially true at times of synchronous crop flowering, due to the
dilution of the bee populations (Veddeler et al., 2006) and subsequent
decrease of seed number in focal plants (Holzschuh et al., 2011). Pre-
vious studies have shown that soil nitrogen can affect pollinator
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Table 2

Results from generalized linear models (or with a negative binomial distribu-
tion) on the effects of landscape variables, soil nitrogen, flowering ground-cover
and their interaction on a) species richness of wild bees (glm) and b) honeybee
abundance (glm.nb). Model coefficients are not presented for wile bee abun-
dance, because the best fitting model only included the intercept.

Estimate Std.Error z value Pr(>|z|)
a) Wild bee richness
(Intercept) 2.57 0.086 29.94 <0.001
Percent of semi-natural habitats 0.0071 0.0031 2.28 0.023
b) Honeybee abundance
(Intercept) 6.13 0.21 29.39 <0.001
Distance to beehive —0.23 0.10 —2.23 0.026

visitation by changing the characteristics of flowers. For example, high
nitrogen accelerates the onset of flowering (pumpkins, Hoover et al.,
2012), and changes nectar chemistry (Agrostemma githago, Gardener and
Gillman, 2001; pumpkins, Hoover et al., 2012), and affects the species
composition and behavior of pollinators (common beans, Ramos et al.,
2018). Hence, pollination benefits may be maximized at the low or in-
termediate nitrogen level (Tamburini et al., 2017; Ramos et al., 2018).
However, other studies found opposite effects of soil nitrogen on
non-crop plant species. For example, nitrogen addition delayed the onset
of flowering (Heteropappus altaicus, Xia and Wan, 2013; Anemone trulli-
folia and Caltha scapose, Liu et al., 2017). In Potentilla, nitrogen addition
decreased flower production, and there were no effects of nitrogen
addition on the pollinator visitation rates to Potentilla flowers at the
flower level (Burkle and Irwin, 2010). Interspecies differences and soil
nitrogen levels may be the possible reasons for contrasting responses of
different plant species to soil nitrogen. Future research should therefore
confirm the role of different soil nitrogen levels in altering
plant-pollinator interactions based on a wide range of plant species to
efficiently manage soil nutrients and pollination services (David et al.,
2019).

The exclusion treatment showed that pollinators contributed sub-
stantially to apple yield, but the regression analysis across sites did not
find a relationship between bee abundance or species richness and apple
yield in the open pollination treatment. One possible reason is the lim-
itations of the pollinator sampling method. While there is no doubt that
pan traps do give information on pollinator abundance and diversity,
direct observations on bee visitation are the most direct method to
investigate the true pollinator species. The choice of method needs to
consider sample coverage, collector bias and the short flowering period
of crops and find a suitable compromise between demands and possi-
bilities (Westphal et al., 2008; Nielsen et al., 2011). Future studies
therefore need to compare the effectiveness of these two methods in
investigating true apple pollinators.

A reason why bee diversity did not affect apple pollination in this
study, could be that few dominant bee species provided most of the
pollination services, e.g. A. mellifera, L. tessaranotatum and E. chinensis in

our study area, while rare species contribute more to species diversity
than to service provision (Kleijn et al., 2015; Winfree et al., 2015).
Nevertheless, high bee diversity may provide temporal and spatial
complementarity of services, and thus compensate for the negative ef-
fects of environmental changes, such as large field size, excessive fer-
tilizer, pesticides and climate changes, thus supporting more reliable
and stable pollination services (Garibaldi et al., 2016; Fijen et al., 2018).

As two important pollinator groups, wild bees and honeybees, both
contribute to apple pollination, increasing total bee abundance is
important to reduce fruit pollination deficits (Martins et al., 2015).
Honeybees have been proven to be capable of providing pollination
services to apples, although their pollination efficiency per individual is
generally lower than that of wild bees (Garratt et al., 2016). The Chinese
government recommends famers use managed honeybees to pollinate
fruit crops, and it has established 20 demonstration sites (5419 hm?) in
14 provinces since 2014 to demonstrate the role of honeybees in crop
pollination to farmers (Zhao et al., 2015), such as releasing A. mellifera
in apple orchards (Liu and Li, 2014). So far, there are not many farmers
that rent or raise honeybees in the study area, due to lack of knowledge
of honeybee management and pollination (Liu and Li, 2014). Beekeepers
in the study region prefer that honeybees collect honey of
R. pseudoacacia, rather than that of fruit crops, thus the beehives are
often placed near the semi-natural habitat. These practices result in a
mismatch between the demand and supply of honeybees. A mutually
beneficial relationship therefore should be established among different
stakeholders in crop pollination to decrease the distance between bee-
hives and orchards for fruit pollination (Kleinman and Suryanarayanan,
2019).

Compared to honeybees, previous studies suggested that wild bees
may be more efficient pollinators than honeybees for apples (Garratt
et al.,, 2016) and other pollinator-dependent crops (Garibaldi et al.,
2013), due to their temporal and spatial complementarity in pollination,
such as various foraging periods and locations, different preferences for
plant varieties or species (Hoehn et al., 2008; Brittain et al., 2013) and
high tolerance under changing weather conditions (Vicens and Bosch,
2000). The low efficiency of honeybees in apple pollination (Garratt
et al., 2016) and their dominance may be one of the main reasons for
apple pollination limitation (Martins et al., 2015). However, China lacks
policies to protect wild pollinators in agricultural landscapes, although
protecting wild bees in agricultural landscapes may be more important
than considering only honeybees.

Our results indicate that wild bee diversity in orchards was positively
affected by semi-natural habitats, such as Robinia forests, the main semi-
natural habitat type in this area. Diverse flowering species and little
human disturbance made this habitat rich in floral and nest resources for
pollinators. This supports findings that reforestation can positively
affect biodiversity if associated with diverse natural plants and little
human disturbance (Zou et al., 2015). In contrast, plantation forests in
other regions of China showed negative effects on wild bees in sur-
rounding apple orchards if anemochorous tree species and intensive



P. Wu et al.

habitat management were used (Wu et al., 2019). For high pollinator
resources and associated pollination services in agricultural landscapes,
future restoration of semi-natural habitats should therefore consider
diverse flowering tree species and pollinator-friendly management.

We did not detect any effect of flowering ground-cover within or-
chards on bees in the orchard, possibly due to the highly intensive
management within orchards. In our study area, farmers frequently
controlled weed growth to prevent competition with apple trees for
nutrients and water by mowing, plowing and herbicide application,
which resulted in orchards lacking rich wild floral (only 4.3 % flower
cover by weeds) and nesting resources for bees. However, previous
studies showed a positive effect of flowering ground-cover on honeybees
(Foldesi et al., 2016) and wild bees (Campbell et al., 2017; Wu et al.,
2019) in apple orchards. The flowering ground-cover in our orchards
appeared to be too low to be influential. Pollinator-friendly management
therefore should be used in both local orchards and surrounding semi-
natural habitats for more diverse pollinator diversity in orchards and
whole agricultural landscapes (Kennedy et al., 2013; Westphal et al.,
2015).

5. Conclusions

Our findings demonstrate the importance of pollination services to
produce high quantity and good quality of apple fruits in Chinese or-
chards which were shown to suffer from considerable pollination limi-
tation. Fruits in open pollinated flowers had higher seed numbers,
leading to higher quality fruits with a lower rate of deformation than
self-pollinated flowers, whereas the positive relationship between bee
abundance and seed numbers was counteracted by high soil nitrogen.
These observations highlight the potential of ecological intensification
(Bommarco et al., 2013), with reduced external inputs of fertilizer and
enhanced pollination services, resulting in a more environmentally
friendly management approach in apple production. Pollination services
can be promoted through the restoration of semi-natural habitats, in
case of pollination limitation due to wild bee declines, and managed
honeybees could be introduced to the orchards to further supplement
natural pollination services by wild bees.
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