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Abstract: Chengdu Plain is one of China’s most important agricultural production zones and has a
large human population. Agricultural crops require insect pollination to increase yield and quality,
which is especially important in plains areas where forest area is small. Homegardens are the
main habitat of pollinators. The present study identified the importance of insect pollination in
homegardens in the Chengdu Plain through field investigations and comparative experiments and
revealed the risk to pollination services caused by the decrease in diversity and population of managed
and wild pollinators. The results showed that (1) prohibiting all insect pollination (treatment A) and
prohibiting managed bee pollination (treatment B) significantly reduced the yield and seed number
of rapeseed and significantly reduced the size, weight, and sweetness of peach fruit, but had no
significant effects on plums; (2) the dependence on insect pollination and the economic values of
insect pollination for rapeseed and peaches are 0.56 and $85.1 million and 0.44 and $31.0 million,
respectively; (3) there were 23 flower-visiting pollinator species at the experimental sites including:
four species of managed bees and 19 species of wild pollinators. The peak time for pollinators to visit
flowers was 11:00 to 15:00, and the managed bees accounted for over 67.55% of these visits; (4) within
a radius of 1000 m from the site, 58.06% of the bees were non-locally managed, and the bee population
managed locally by farmers decreased; and (5) compared with 2008, the number of homegardens
decreased by 17.24%, the managed bees within the homegardens decreased by 62.05%, and the
disappearance and destruction of homegardens led to a significant reduction in wild pollinators.
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1. Introduction

Insect pollination is a very important ecosystem service [1–4] that provides essential support for
food security and ecosystem stability [5]. Approximately 90% of the world’s angiosperms require insect
pollination [4], and 85% of agricultural crops have increased production with insect pollination [2,6,7].
The agricultural economic value of pollination services exceeds 153 billion Euros [6,8]. However,
under the influence of agricultural intensification, climate change, invasion by foreign species, and
pest and disease transmission [9–11], the diversity and abundance of pollinators are decreasing
continuously [12,13]. Therefore, organic farming models and ecological measures are being actively
developed around the world [14,15]; these include AES (agri-environmental schemes ) plans [16],
hedges [17], and flower belts [18,19] to improve landscape heterogeneity and connectivity [20,21],
to protect or restore insect habitat and vegetation diversity [22–24], and to maintain pollination
services [25,26].
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Insect pollination services have not received sufficient attention in many places [27–29].
The Chengdu Plain is one of the most important agricultural production zones in China [30,31].
It is known as the ‘land of abundance’ and has a farming-based civilization thousands of years old [32].
The Chengdu Plain is also one of the most populated areas in China [33]. The homegarden-style
settlements that consist of rural houses with surrounding forests are called ‘Linpan’ [34–37], and
provide a small-scale habitat in a relatively regular shape (most are nearly circular) with high
vegetation coverage [34]. There is a large number of Linpan in the Chengdu Plain, and the density is
high [38]. In Chengdu City, which has a residential population of 3,655,600, there are approximately
121,100 Linpan. The Linpan and farmlands of the Chengdu Plain constitute a unique agricultural
landscape [39,40]. The Linpan not only provide ecological services such as product supply, climate
regulation, and biodiversity conservation [41–45], but also pollination service because it is the main
natural habitat for managed bees and wild pollinators [28].

In recent years, approximately 27% of traditional Linpan have been lost—they have been converted
into construction land or cultivated land—and another 40% have been altered [46,47]. Agricultural
production methods have scaled up and intensified, at the cost of decreasing pollinator diversity
and populations. Therefore, the importance of insect pollination services in the Chengdu Plain
should receive more attention, and this study focused on evaluating (a) pollination status and crop
pollination dependence; (b) the main risks to insect pollination services; (c) suggestions for synergistic
improvement of Linpan protection and farmland pollination services.

2. Study Area

The average density of homegardens per square kilometer is approximately 14.64 in the Chengdu
Plain [38]. The Chengdu Plain is an alluvial plain of the Minjiang and Tuojiang Rivers, between the
Qionglaiand Longquan Mountains. The plain is 200 km long from south to north and 40 to 70 km
wide, comprising an area of approximately 18,800 km2 (Figure 1).
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3. Methods and Data Analysis

3.1. Insect Pollination Experiment

The experimental area comprised a circle with a radius of 1000 m in Xinmin Town, 24.90 km from
downtown Chengdu City (Figure 1). The study area has traditional homegardens, lost homegardens,
and altered homegardens, and it was selected to carry out investigations and experiments because it is
representative of the area [34] (Figure 1). Three typical agricultural crops (rapeseed, peach, and plum)
in the Chengdu Plain were used in this study. To evaluate insect pollination, three treatments were
applied during the flowering period: (1) Nylon mesh covering, excluding all insect pollination (A);
(2) nylon mesh covering, excluding only managed bee pollination (B); and (3) no covering, permitting
all insect pollination (CK) [28,48,49] (Figures 2 and 3). The experimental period was in March to July
2017. Test indicators include:Sustainability 2019, 11, x FOR PEER REVIEW 4 of 15 
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(1) Experimental site selection and layout: A, B, and CK were staggered to reduce the effect of
marginal effects, the distance from homegarden to experiment treatment was greater than 30 m, and
the distance from experimental field edge to experiment treatment was greater than 2.5 m. The test
fields of rapeseed were 3 m × 3 m, the spacing of rapeseed line was 0.40 m × 0.35 m, and the sample
of 3 m × 3 m included 56 rapeseed, which can increase the sample size and reduce the experimental
error. Each treatment had three replicates. Peach and plum were examined on separate side branches
(approximately 50 to 60 flowers), with six replicates per treatment, to ensure enough samples.

(2) Pollinator species: During the pollination period, insects were captured for identification.
Using insect nets to capture different species of insects in the 2 m × 2 m range, all captured insects
were placed in plastic test tubes filled with alcohol, taken back to the laboratory to make specimens,
and their species identified. Each capture session lasted 30 min, and these were performed four times
daily for 3 days (20, 24, and 27 March 2017). The capture time was 9:00 to 09:30, 11:30 to 12:00, 14:00 to
14:30, and 16:30to 17:00 every day.

(3) Pollinator flower-visits: A small sports camera (Ultra F68) was used to record the number of
visits by managed bees and wild insects every hour from 8:00 to 18:00, for a total of 3 days. By adjusting
the height and resolution, the camera screen can capture information such as the species of insects
visited and the number of visits. In order to maintain consistency and improve statistical accuracy,
100 flowers (peach, plum) and 100 inflorescences (rapeseed) closest to the screen were marked as
statistical objects. The video data was then brought back to the lab for playback, statistics, and recording.
An insect staying on the flower for 5 s or more was counted as a flower-visit.

(4) Crop yield and quality: The different treatments of rapeseed were naturally air-dried, shelled,
collected, and dried to be weighed. The seed number of 6 types of rapeseed were randomly selected
from each sample and were counted, and 6 1000-grain weights were weighed for each sample. When
the peach and plum fruits of different treatments were ripe, all were picked, and each fruit was weighed
by an electronic balance, the diameter of each fruit was measured by a vernier caliper, the fruit skin was
cut with a knife, and 2 to 3 drops of juice were taken in a hand-held sweet to measure the sweetness.

3.2. Crop Pollination Dependence (Di)

The economic value of crop pollination in the Chengdu Plain was calculated following the method
of Gallai [6]. Firstly, the economic value of crop with insect pollination (AEV) was calculated as follows:
Indicates the crop yield

AEV = Pi1 ×Qi1 (1)

Pi1 is the crop yield, and Qi1 is the product price. Then, the economic value of crop without insect
pollination (PEV) was calculated as follows: Indicates the crop yield

PEV = Pi2 ×Qi2 (2)

where Pi2 is the crop yield, and Qi2 is the product price. Pi values result from the aforementioned
insect pollination experiment, and Qi values were obtained in a field survey. Based on the obtained
values of PEV and AEV, the dependence of crops on insect pollination was calculated as follows:

Di =
(AEV − PEV)

AEV
× 100% (3)

3.3. Distribution and Number of Managed Bees

An experiment was conducted in a circle with a radius of 1000 m and centered at the rapeseed
test field to record the species, number, and distribution of managed bees within and outside the
homegarden in 2017 [50,51], including the species, number, and management methods of the bees.
Moreover, the species, quantity, and distribution of managed bees within and outside the homegarden
in 2008 was evaluated using a questionnaire survey and interviews.
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3.4. Changes in Insect Habitat Patterns

The changes in the number and areas of homegardens in 2005 to 2015 were identified according to
the relevant reference [47]. A comparative analysis was used to identify the effects of homegarden
composition and structural changes on the distribution of wild insect habitats.

3.5. Data Analysis

The Arcgis 9.3 software was used to organize and calculate spatial data. The SPSS 19.0 software
was used to collate data and perform significance tests. The Sigmaplot 12.0 software was used to
prepare graphs.

4. Results

4.1. Pollinator Species and Number of Flower-Visits

A total of 23 flower-visiting pollinator species, including bees, butterflies, and moths, were
recorded at the experimental sites. Of these 23 species, four were managed bees and 19 were wild
insects. The 8:00 to 19:00 period was the main activity period for flower-visiting insects, and the visits
were especially numerous from 11:00 to 15:00. The numbers of wild insect visits from 8:00 to 10:00 and
17:00 to 19:00 were similar to, or higher than, those of the managed bees, whereas in other periods
(10:00 to 17:00), flower-visits by managed bees were significantly higher than those of wild insects. The
number of visits to peaches (100 flowers) was approximately 8427 per day, with 76.61% of visits made
by managed bees. The number of visits to plums (100 flowers) was approximately 2447 per day, with
67.55% of visits made by managed bees. The number of visits to rapeseed (100 inflorescences) was
approximately 14,726 per day, with 74.66% of visits made by managed bees (Figure 4).
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Figure 4. Monitoring of the pollination activity of managed bees and wild insects. (A) Rape; (B) Peach;
(C) Plum.

4.2. Agricultural Crop Yield and Quality

When compared with the CK treatment, the average seed numbers of rapeseed from treatments A
and B were significantly lower (p < 0.05), and the yield per unit area was significantly reduced, by
40.46% to 47.32% (p < 0.01), but the 1000-grain weight was not affected. There were no significant
differences in fruit size, yield, or sweetness between treatments A, B, and CK in plums. The size and
weight of peach fruit in treatments A and B were significantly (p < 0.05) reduced when compared with
those of CK. The weight of a single fruit was reduced by 28.54% to 36.38% and the fruit sweetness was
significantly (p < 0.01) decreased (Figure 5).
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Figure 5. Effect of pollination on crop yield and quality. A, B, CK indicate different treatments.

4.3. Crop Pollination Dependence (Di)

The calculation of Di showed that the dependence of rapeseed on insect pollination was 0.56.
In 2018, the rapeseed yield in this area was 203,840 tons, and the contribution of insect pollination
was approximately $85.1 million. In contrast, the dependence of plum on insect pollination was low.
The dependence of peach on insect pollination was 0.44. The yield of peach in this area was 67,500 tons,
and the contribution of insect pollination was approximately $31.0 million.

4.4. Survey of Managed Bees

Within the 1000 m circle (Figure 6), there were four species and a total of 186 beehives (the number
of bees per hive is approximately 3 to 4 million) of managed bees. Among them, 74 beehives (39.78%)
were in the homegarden, four beehives (2.16%) were at the new rural community, and 108 beehives
(58.06%) were from external sources, mainly Yunnan Province and Gansu Province, and bees were
present from March to May. In 2008, the number of homegardens in the study area was 17.24% higher
than the number in 2017, 195 beehives of managed bees were in homegardens, there were no external
bees outside the homegardens, and 27.94% of the homegardens had managed bees. Currently, the
abundance of the managed bee species is also decreasing. Therefore, the farmland in the Chengdu
Plain has a high degree of dependence on managed bees from external sources. The number of local
beekeepers is decreasing, especially in the new rural community.
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5. Discussion

5.1. Result Accuracy and Error

The present study identified the importance of insect pollination services in the Chengdu Plain
through comparative experiments and field investigations. We have revealed the risk to pollination
services caused by the decrease in diversity and population of both managed bees and wild insects.
The findings of the impacts of insect pollination services on the yield and quality of rapeseed and
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peach were similar to that previously reported [49,52,53]. Moreover, the price difference caused by
the decrease of crop quality is reflected in the calculation of Di , which makes the results of this study
more accurate. The pod rate and fruit setting rate were not included in this study [52,53], but this did
not affect the conclusion. Plums have a low pollination dependence (0.3), so the impact here was not
significant [54,55]. In fact, the dependence on insect pollination in 60.64% of all global crop varieties
is over 0.5 [4], and therefore the importance of pollination services should not be underestimated.
In this study, 23 species of pollinators were identified, a number significantly lower than that for the
adjacent mountainous areas [56], indicating that species diversity in the plains area is lower [57]. There
is also an error caused by the lack of nighttime survey data. According to the flower-visiting data, bees
accounted for more than 67.55% of the visits, which is not optimal because wild pollinators can provide
a wider and more stable pollination service [1,51,58], but it basically reflects the current agricultural
situation [49]. Insect visits to flowers were mostly between 11:00 to 15:00, which is related to insect
activity rhythm and plant nectar and pollen volume [59], which are based on suitable temperature and
humidity [60]. Bees and other insects have different presence times and peak periods, which may be
related to a high number of bees being able to exclude other insects from visiting flowers [61]. The
number of insect visits to rapeseed, peach, and plum can loosely reflect the differences in pollination of
different crops [59], but these numbers cannot be completely compared because the flowering periods
of the three crops are slightly different and the insect visiting frequencies are linearly correlated with
the flowering coverage area and quantity [62].

5.2. The Importance and Uniqueness of Insect Pollination Services

Importance

The Chengdu Plain is very important for agricultural security [30,31]. It provides agricultural
resources for 82.62 million people, and its agricultural output per unit area is 1.08 times that of the
average for China. The region is rich in water and soil resources, with suitable climate [31]. Have
pollination services become a limiting factor for agricultural development in this area? The answer
is yes. According to the list of pollination dependence provided by the FAO (Food and Agriculture
Organization) [4,6], 53.91% of the crops in the Chengdu Plain require insect pollination, and pollination
dependence is over 0.5. At the same time, insect-pollinated crops can experience significant increases
in micronutrient [63] and seed RNA content [53], thus improving crop quality [64]. The average unit
price of insect pollination-dependent crops is 5.04 times that of non-dependent crops [6,8].

Uniqueness

The homegarden plays an irreplaceable role in insect pollination services in the Chengdu Plain.
First, there are no other large-scale forest resources in the plain areas [65]. The vegetation in the
homegarden can provide habitat [4,22,66] and food sources for pollinators [62,67,68], and the sun and
soil conditions in this semi-natural habitat may be favorable to insect nesting and growth [69–71].
Second, the average density of homegardens in this region is approximately 14.64 km2 [38], which
has better dispersion and edge effects than a smaller forest [72] and is favorable for the formation
of a pollination network with wide coverage [21,73]. This type of nested and asymmetric symbiotic
network has great stability and adaptability [74,75], increasing the efficiency of pollination services
(the optimal radius of insect activity is approximately 750 to 1000 m) [76,77].

Easily Neglected

The importance of insect pollination services has not generated enough attention from the local
farmers. Most farmers believe that improving soil fertility and irrigation conditions is the only way to
increase crop yields and improve quality [8]. More than 40% of the farmers believe that pollination
is not an essential investment in agriculture, and 36.83% of the farmers believe that pollination can
be replaced [57]. In some areas, increased crop yields with decreased pollination services may seem
to validate this conclusion [78]. In fact, the increased yields may be the result of improved cultivars,



Sustainability 2019, 11, 2169 9 of 15

fertilizer inputs, or improved farming techniques. Pollination services are irreplaceable in terms of
production stability and quality assurance [48,51].

5.3. The Main Challenges to Insect Pollination in the Chengdu Plain

Loss of insect habitat

Overall, 27% of the traditional Linpan in the Chengdu Plain have disappeared, and 40% have been
destroyed from 2005 to 2015 [46,47] (Figure 7), resulting in a loss of habitat for wild insects [23,79,80]
and a decrease in the number of managed bees. New rural communities rarely continue to manage
bees [81,82]. The destruction of homegardens leads to a decrease in plant diversity and quantity [34],
which is harmful to the stability of pollination services [25,26]. A large quantity of impervious ground
and brick-concrete houses have replaced soil structures and can also destroy insect nests [83] (Figure 8).
Landscape planning in the Chengdu Plain includes instructions that many homegardens will be
demolished and consolidated, which will increase the average distance between insect habitat and
farmland from 150 to 300 m, thus reducing the benefits of pollination services [84–86]. Even after
the restoration of homegarden vegetation, it is difficult to restore insect diversity and population to
pre-destruction levels in a short time [87].
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High dependence on managed bees

According to the pollinator types and flower-visiting rates, the majority of pollinators in the
Chengdu Plain are managed bees, 58.06% of which are dependent on foreign beekeepers. In terms
of short-term benefits, managed bees can ensure an adequate total number of pollinators. However,
in terms of sustainability, an increased number of managed bees could lead to ecological risks [50].
Wild insects provide a broader and more stable pollination service [1,51], and many crops rely more
on wild insects to maximize their yield and quality [51,58]. Managed bees can disrupt the area and
intensity of wild insect activity [88], leading to a reduction in their population [89–91]. Managed
bees are more susceptible to diseases, pesticides, and other environmental stressors [12], leading to
rapid population declines and transmission of diseases to wild insects [19]. Therefore, maintaining
the diversity of pollinators can improve the synergy among species as well as their temporal and
spatial complementarity [86,90,91], which is very important in improving the quality and stability of
pollination [92].

Agricultural intensification management

Scaled-up and intensified agricultural management has gradually become a trend. Studies have
shown that agricultural intensification can reduce landscape heterogeneity and connectivity [21] and
destroy habitats and is harmful to insect pollination [4,10]. At the same time, mechanized farming
based on cultivated land intensification management could destroy soil-nesting insects and their
eggs [93,94]. Large amounts of pesticides and insecticides could damage the insect life cycle and feeding
behavior [95–99]. For example, pesticide application per unit area in the Chengdu region is 75.13%
higher than the national average, which has increased 24.17% when compared with 20 years ago.

5.4. Insect Pollination Services Improvement Plan

Strengthen homegarden protection and planning

First, insect pollination services need to be taken into consideration when implementing a spatial
protection plan in homegardens. Attention needs to be paid to the scale of the distance during
demolition and consolidation of the homegardens. The size of the new rural community should not
be too large, and the homegardens that are partially demolished or planned to be converted into
cultivated land should instead be retained as ecological lands. Second, the plan enhances protection
of plant diversity and population numbers in the homegarden, increases the numbers of economic
forest grass, ornamental plantations, etc., and promotes an improvement in the synergy between insect
pollination services and product supply, regulation, and landscape services of the ecosystem [100,101].

Organic farming measures

The plan also acts to reinforce the ecological management of farmland in the Chengdu Plain.
For example, farmers should improve agricultural diversity, avoiding single crop varieties, arrange forest
patches [20], flower strips, or hedges around farmland [18,19,102,103], and reduce pesticide inputs [24].
They should also proactively adopt ecological pest control and disease prevention measures [24]. The
plan increases farmer awareness of protecting both the diversity of wild insect species and managed
bees in order to maintain the stability of the pollinator community [104,105].

6. Conclusions

This study shows that insect pollination services are very important for agricultural production
in the Chengdu Plain. In particular, the widely distributed rural homegardens known as ‘Linpan’
are major irreplaceable habitats for insects. However, insect pollination services are at increased risk
because of the small number of pollinators, high dependence on managed bees, reduction of locally
managed bee populations, destruction of Linpan vegetation, and intensified agricultural management.
In view of the high dependence on managed bees and the reduction in wild pollinators in the Chengdu
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Plain, this paper proposes the establishment of a collaborative plan for rural homegarden protection
and organic farming in order to improve the efficiency of insect pollination services.
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