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Abstract

:

Land-use change has a significant impact on the structure and function of ecosystems and is an important reason for the imbalance between the supply and demand of ecosystem services. Pollination services are indispensable functions of ecosystems. In recent years, land-use change has caused a decline in the abundance of pollinators, thereby affecting the supply of pollination services, which has been a major concern for governments and scholars. Currently, there is an insufficient exploration of the impact mechanism of land-use change on pollination services. The application of a pollination service evaluation model based on land-use data uses a large amount of empirical data, which greatly affects the accuracy of regional evaluation results. This study uses Huizhou as a representative example. Remote sensing images from 2015 and 2019 were used to interpret the land-use data of the region, and the spatiotemporal changes in the land use were then analyzed. Due to their high pollination dependence, litchi and longan were selected as the research objects. Basic data such as the main pollinator species of litchi and longan and floral plant species were obtained through field sampling surveys. The InVEST model was used to evaluate the abundance of pollinators in litchi and longan orchards, and the abundance of pollinators was used to represent the value of pollination services in litchi and longan orchards. Then, the Hotspot analysis method was used to analyze the change in the spatial pattern of the pollinator abundance in litchi and longan orchards. The main influencing factors of pollination service in litchi and longan orchards were analyzed by a Geographical detector. Finally, we have explored the impact mechanism of land-use change on pollination services. The following are the results of this research. The pollinator abundance in the orchards of litchi and longan and their buffer zones in Huizhou decreased by 6.64% and 13.94% from 2015 to 2019, respectively. The wild bee abundance in forest land and rainfed cropland decreased by varying degrees. The spatial aggregation characteristics of pollinator abundance in litchi and longan orchards demonstrated an increase in cold spots, whereas the hot spots decreased and were more dispersed. In the study area, the area change and land-use change of natural or semi-natural habitats, such as forest land, rainfed cropland, and grassland, affected the pollination services for litchi and longan orchards. Within the types of changing land-use, the change of forest land has the greatest impact on litchi and longan pollination services. The impact degrees of Forest land area, rainfed cropland area, area under litchi and longan orchards, and forest landscape fragmentation on the pollination services for litchi and longan orchards were 0.20, 0.16, 0.21, and 0.26, respectively.
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1. Introduction


Ecosystem services are the benefits obtained by human beings from ecosystems, and they form the basis of human survival. They are also closely related to human well-being [1,2,3]. The results of the Millennium Ecosystem Assessment [4] showed that the Earth’s natural ecosystems provide services worth approximately 15 trillion pounds per year to humans. Pollination is a basic ecosystem service that plays an important role in crop yields and food security [5]. Globally, 85% of flowering plants require animal pollination [6]. Pollinator-dependent crop production in global agriculture has increased by 300% in the last 50 years, making human survival more reliant on the food supply brought about by pollination [7].



In recent years, an increasing number of international organizations and scholars have begun to study the impact of land use and its changes on pollination services. Globally, numerous cases have demonstrated that land-use change, intensive agricultural management, pesticide use, environmental pollution, invasive alien species, pathogens, and climate change have the most negative impacts on pollinators [8]. In response to the decline in the number of pollinators and the loss of pollination services, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), a follow-up to the Millennium Ecosystem Assessment (MEA) and a policy driven by the United Nations Environment Programme (UNEP), have taken up ‘pollinator, pollination, and food production assessment’ as a top priority for rapid assessments in the program of work from 2014–2018, with ‘multiple threats, drivers, and mitigation measures such as land-use change’ as the main component in 2013.



Studies have found that the habitat loss and fragmentation caused by land-use change are the most important factors driving the decline of pollinators [9,10,11]. In terms of the impact of land-use change on pollination services, some scholars have emphasized habitat factors and studied pollination services from the perspective of habitat isolation [12] and habitat fragmentation [13]. For example, Ricketts et al. conducted a meta-analysis of 23 studies on 17 crops across five continents [12]. The results showed that habitat isolation had a significantly negative impact on the abundance of wild bees. Tscharntke et al. found that habitat allocation in broken landscapes only affected populations in simple landscapes, but not those in complex landscapes [13]. Other scholars have studied the impacts of landscape heterogeneity, habitat type, habitat loss, and different degrees of disturbance on pollinators in forest land, and have proposed countermeasures such as improving the diversity of the habitat types of pollinators, adopting low-intensity habitat management methods, and planning the landscape heterogeneity of different geomorphologic types [14,15,16,17].



Using the concept model of land-use and pollination service evaluation proposed by Kremen et al. [18], the pollination module of the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model has been widely used. The research focus has shifted from land-use change and the spatialization of pollination services to a quantitative relationship between land-use change and pollination services [11,19,20,21]. Based on the land-use map, this module derives an index of the abundance of wild bees in the region by using the nesting preference of wild bees for different land-use types, the availability of floral resources for different land-use types, and the foraging distances of wild bees. The index of the abundance of wild bees was used to represent the value of pollination services in litchi and longan orchards.



Currently, there are some shortcomings with respect to the impact of land-use changes on pollination services. For example, when relevant data, such as the pollinator species and floral plant species, are applied to different regions using large amounts of empirical data, the accuracy of calculating the pollinator abundance index is reduced, which will cause the evaluation results of land-use change on pollination service to be inconsistent with reality. Additionally, research on the influence mechanism of land-use change on pollination services is currently insufficient. Based on land-use and related biophysical data, this study used the InVEST model to evaluate the regional pollination services quantitatively and spatially. Furthermore, this study explored the influence mechanism of land use and its change on the pollination services for longan and litchi. Through remote sensing interpretation and field investigation, further basic data, such as litchi and longan orchard patches, the pollinator species of litchi and longan, and the number of pollinators and flowering plants with different land-use types, were obtained to improve the accuracy of the evaluation of the pollination services.




2. Materials and Methods


2.1. Study Area


Huizhou is located between 22°24′–23°57′ N and 113°51′–115°28′ E and belongs to the subtropical monsoon humid climate zone in South China (Figure 1). The annual average temperature is 22 °C, the annual average precipitation is 1770 mm, and the frost-free period lasts up to 350 days. Forest land accounts for 63.67% of the area of Huizhou, with a forest coverage rate of 90.4%, and is mainly distributed in the eastern and northwestern regions. Irrigated cropland and rainfed cropland are more contiguous, accounting for 16.01% and 7.29% of the area, respectively. Construction land accounted for 7.5% and is primarily distributed in the southwest and central areas. Various land types in the region are conducive to the development of agriculture and forestry. Litchi and longan are highly dependent on pollination. In this study, the relevant biophysical parameters of pollination service evaluations of longan and litchi orchards in the villages, such as the species and number of pollinators for litchi and longan as well as the species of flowering plants and their vegetation coverage, were obtained from a field sampling survey of four typical villages. The villages are located in the town of Jimei, Boluo County. The land-use types and planting structure of the villages are consistent with the overall scenario of Huizhou.




2.2. Data Sources


2.2.1. Remote Sensing Interpretation of Longan and Litchi Orchards


According to the data released by Huizhou Natural Resources Department, litchi and longan orchards accounted for 22.54% of all orchards in Huizhou in 2019. The dependence of litchi and longan on insect pollination was 0.97 and 0.81, respectively [22]. Therefore, the pollination services of insects have an important impact on the yield of litchi and longan. We could more effectively study the impact of land-use change on pollination services in litchi and longan orchards in across a large-scale area. Referring to Wang et al. [23], this study used Sentinel-2A optical images to identify the samples of litchi and longan orchards (Table S1) in Huizhou. Sentinel-1A radar images were used to calculate the backscattering and coherence coefficient of the land class to improve its classification accuracy. Images were obtained from the Copernicus Open Access Hub (previously known as Sentinel Scientific Data Hub) (https://scihub.copernicus.eu/, accessed from May to December 2015 and from March to December 2019). The preprocessed images were first fused, and the classification and information extraction of litchi and longan orchards in Huizhou was realized using the support vector machine (SVM) classification according to the number of samples and their attribute characteristics (Figure 2). The overall accuracy of the classification in 2015 and 2019 was 92.61% and 93%, respectively, and the Kappa coefficients were 0.88 and 0.89, respectively. The classification accuracies for the litchi and longan orchards were 79.79% and 83.72%, respectively, and the classification accuracy for other land types was more than 70%.




2.2.2. Biophysical Data for the Evaluation of Pollination Services


The population data of pollinators for litchi and longan were obtained by field surveys using the sweeping net method [24,25]. The biophysical parameters of wild bees, such as the body length of wild bees, the activity of wild bees in different seasons, and the preference of wild bees for nesting in different land-use types, come from the literature, books [26,27], and the China Bee Database, Institute of Zoology, Chinese Academy of Sciences (http://www.zoology.csdb.cn/dba/cnbee, accessed on 29 May 2022).



The nesting suitability of the land-use types was expressed by the diversity of pollinators within the land-use types. The diversity data of pollinators in the land-use types were obtained using the trap method through field sampling surveys [28]. The data on species and vegetation coverage of floral plants were obtained using the two-point sampling method and five-point sampling method [29]. Data on the ability of the plants to provide nectar and pollen were obtained from relevant books [30].




2.2.3. Land-Use Data


The data for remote sensing interpretation of the land use were obtained from the Resource and Environment Science and Data Center, Chinese Academy of Sciences (http://www.resdc.cn/, accessed in 2015 and 2020), with an accuracy of 30 × 30 m. In this study, five first-class classifications were reserved for forest land, grassland, water bodies, construction land, and unutilized land, and two second-class classifications for irrigated cropland and rainfed cropland.





2.3. Methods


2.3.1. InVEST-Pollination Module


The Pollination module of the InVEST model first simulates the nesting suitability and availability of floral resources of land-use types in the landscape by using the nesting preference of wild bees, the abundance of flowering plants, and the biophysical parameters of wild bees such as in different land uses. The biophysical parameters are the activity of wild bees in different seasons, their foraging distance, and the relative abundance of wild bees. The module then estimates the abundance index of wild bees. The abundance index is between 0 and 1, and a higher value, which means closer to 1, indicated higher wild bee abundance. The abundance index of wild bees is used to represent the value of pollination services, to quantitatively evaluate the regional pollination service [31]. The abundance index of wild bees is expressed by the following equation [32]:


   P  x β   =  N j      ∑   m = 1  M   F  j m    e    −  D  m x      α β          ∑   m = 1  M   e    −  D  m x      α β         



(1)







In this equation,    P  x β     is the abundance index of wild bees;    N j    is the nesting suitability of land-use type j, and    F j    is the availability of floral resources of land-use type j;    D  m x     is the Euclidean distance between the grid unit m and x; and    α β    is the expected foraging distance of wild bee β.



In this study, the main pollinators of litchi and longan referred to the results of field sampling surveys, as shown in Table S2 in the Supplementary Materials, including 16 pollinators. The Pollination module sets wild bees as important pollinators, without considering cultivated bees. Therefore, this paper only studies the pollination services of litchi and longan of six main wild bees.



Foraging distance, the seasonal activity of the six main wild bees, and the proportion of wild bees are shown in Table S5 in the Supplementary Materials. The foraging distance of the pollinators was calculated according to Gathmann [33]. The seasonal activity index of wild bees was found to be between 0 and 1, and a higher value indicated stronger activity. The proportion of wild bees was obtained from field sampling surveys.



Table S6 in the Supplementary Materials shows the nesting suitability and availability of floral resources of land-use types. The nesting suitability index ranged from 0 to 1, and the larger the value, the more suitable it was for wild bee nesting. The availability index of floral resources ranges from 0 to 1, and the greater the value, the more floral resources.




2.3.2. Hotspot Analyses


Hotspot analyses are widely applied in ecological analyses, and they were used to identify the locations of statistically significant hotspots and cold spots. Hotspots and cold spots are statistically significant spatial clusters of high values and low values, respectively [34]. The    G i ∗      index is the coefficient for Hotspot analyses. It is based on partial spatial autocorrelation using a distance weighted matrix, which can detect aggregates of high-value areas and low-value areas [20]. The    G i ∗      can be standardized to   Z    G i ∗    .   The    G i ∗    and   Z    G i ∗        index are expressed by the following equation [35]:


   G i ∗  =     ∑  j n   w  i j    x j      ∑  j n   x j     



(2)






  Z    G i ∗    =    G i ∗  − E    G i ∗        V A R    G i ∗         



(3)







In these two equations, n is the total amount of the spatial unit,    x j    is the attribute value of the spatial unit in a partial spatial area,    w  i j     is the distance weight between units i and j,   E    G i ∗        is the mathematical expectation of    G i ∗   , and   V A R    G i ∗      is the variance of    G i ∗    [20].



In addition, <−1.65 or >+1.65, <−1.96 or >+1.96, and <−2.58 or >+2.58 are critical   Z    G i ∗     -scores for 90, 95, and 99% confidence levels, respectively.




2.3.3. Geographical Detector (Geodetector)


Geodetector (http://www.geodetector.org/, accessed in 2015) was created by Wang et al. [36] and used in this study to detect the main influencing factors of the pollination services for litchi and longan orchards and to reveal the underlying driving mechanism. The Geodetector uses q-statistics to measure the impact degree of independent variable X (influencing factors) on dependent variable Y (pollination service). Q-statistic was calculated as follows [37]:


  q = 1 −     ∑   h = 1  L   N h   σ h 2    N  σ 2     



(4)




where h = 1, 2, …, L is a given class (stratum) of an independent variable; L is the number of classes;    N h    and N are the numbers of samples in class h and entire study area, respectively; and    σ h 2    and    σ 2    are the variance of dependent variable in class h and the entire study area, respectively. Ranging from 0 to 1, the higher the q value is, the stronger the influence of this factor on the dependent variable. Otherwise, the influence is weaker [38]. By estimating the value of q-statistic corresponding to the interaction of two independent variables, Geodetector can also quantify the degree of the interactive impact of each pair of conditioning factors on the dependent variable [39]. As is shown in Table 1, based on the comparison of this value with the individually estimated values, the type of interaction can be then determined.






3. Results


3.1. Land Use and Its Change in Huizhou


3.1.1. Characteristics of Land-Use Changes


During 2015–2019, the area of the land-use types suitable for nesting by pollinators and that of the land-use types with floral resources demonstrated a downward trend. Specifically, the irrigated cropland area decreased by 22.11 km2, and the forest land and rainfed cropland decreased by 16.9 km2 and 15.42 km2, respectively (Table 2, Figure 3). Forest land was still dominant in Huizhou, whereas the construction land area exceeded that of rainfed cropland, increasing by 65.48 km2 (8.39%). The increased area of construction land is primarily attributed to the transfer of forest land, irrigated cropland, and rained cropland (the transferred areas are 25.20 km2, 24.35 km2, and 18.40 km2, respectively), which are concentrated in the central and southwestern regions of the study area. The area of the constructed land converted to forest land was 8.85 km2, which was distributed in the central region. Due to the implementation of ecological restoration in large quarries, the forest land resources have increased to some extent.




3.1.2. Longan and Litchi Orchards and Their Characteristics


Longan and litchi orchards in Huizhou are mainly distributed in the low-altitude areas. Along with the rural residential areas and farming areas, they have a zonal distribution, which is widely dispersed and fragmented (Figure 4). The orchards are densely distributed in the central, western, and southwestern regions, and are rarely distributed in the northern Luofu and Nankun Mountains, the central Xiangtou Mountain, and the eastern Lianhua Mountain.



In terms of quantity, during 2015–2019, the area of the orchards decreased by 31.72 km2, which is a reduction of 12.22%. In terms of spatial distribution, the decreasing areas of the orchards were concentrated in the central, western, and southwestern regions. The overlap ratio of the reduction in the area of the orchards and that of rural expansion reached 33.86%, which was primarily distributed in the western and urban regions of the study area, and adjacent to the economically developed areas. The overlap area between the area of reduction of the orchards and the planting area of cultivated land was as high as 15.06 km2, and the scale ratio was as high as 47.48%. This is primarily distributed in the agricultural counties of the study area.





3.2. Characteristics of the Spatiotemporal Change of Wild Bee Abundance of Litchi and Longan in Huizhou


3.2.1. Characteristics of Quantitative Change of the Wild Bee Abundance of Litchi and Longan


Since the foraging distance of wild bees is 1000 m, the research scope was set to litchi and longan orchards and their outward extension area (buffer zone). Then, the abundance of wild bees in litchi and longan orchards and their buffer zone was counted. As is shown in Table 3, the results demonstrated that the total wild bee abundance in the buffer zone decreased by 13.94% between 2015 and 2019, whereas the abundance decreased by 6.64% in the litchi and longan orchards. The wild bee abundance in forest land or rainfed cropland in the buffer zone and the entire region decreased by varying degrees. However, the rate of change of wild bee abundance in forest land in the buffer zone was greater than that in the whole region, and that in rainfed croplands in the whole region was greater than that in the buffer zone.




3.2.2. Changes in the Spatial Pattern of Wild Bee Abundance for Litchi and Longan Orchards in Huizhou


As is shown in Figure 5, the hotspots of wild bee abundance decreased significantly from 2015 to 2019, whereas the cold spots increased slightly. From the perspective of spatial distribution, the hotspots are closely related to the distribution of litchi and longan orchards. These orchards were mostly located at the foot of the mountain and adjacent to the forest land, which provided suitable nesting sites. The cold spot areas were mainly distributed in farming and built-up areas. The hotspots of wild bee abundance become dispersed in the midwestern and southwestern regions. In the central region, some cold spots were converted to hot spots.




3.2.3. Influencing Factors Analysis of Pollination Service for Litchi and Longan Orchards


The results of the Geodetector analyses are shown in Table 4. The forest land area, rainfed cropland area, litchi and longan orchards area, and forest landscape fragmentation were the dominant influencing factors of the pollination services for litchi and longan orchards, whose impact degrees on the pollination services were 0.20, 0.16, 0.21, and 0.26, respectively. Other Influencing factors did not have a significant effect on the pollination services. Forest land area and litchi and longan orchards area jointly affected the pollination services for litchi and longan orchards, and the degree of the interactive impact of these two factors on the pollination services was 0.50, which was the maximum interactive impact degree.





3.3. Effects of Land-Use Change on the Pollination Services for Litchi and Longan Orchards


As shown in Table 5, the abundance index of wild bees in forest land decreased by 2.03 as the forest land area decreased by 16.90 km2. As shown in Table 6, the conversion of forest land to irrigated cropland per 1 km2 reduced the abundance index of wild bees by 1.55. The reasons for the decrease in wild bee abundance in the orchards may be summarized as follows. First, the large-scale decrease in the litchi and longan orchards led to a reduction in the nectar-pollen resources in the region. Second, a large amount of construction land occupied suitable nesting sites for wild bees and floral resources. The superposition of the two reasons resulted in a decrease in the wild bee abundance of litchi and longan in forestland. Moreover, the litchi and longan orchards are primarily distributed along the foot of the mountain, and the decrease in their area has a greater impact on the wild bee abundance in the adjacent forest land. Therefore, the rate of change in the wild bee abundance of litchi and longan in the buffer zone was greater than that in the whole region (Table 3).



From the perspective of spatial distribution (Figure 5), the hotspots are closely related to the distribution of litchi and longan orchards. These orchards were mostly located at the foot of the mountain and adjacent to the forest land, which provided suitable nesting sites. The abundance of wild bees was extremely high considering the large number of nectar-pollen resources in the orchards. The cold spot areas were mainly distributed in farming and built-up areas. Here, the wild bee abundance of the litchi and longan orchards was low due to the flat terrain, the cross-distribution of cultivated and construction lands, and the penetration of water areas. The hotspots of wild bee abundance become dispersed in the midwestern and southwestern regions. These two regions were the main areas with a reduction in the litchi and longan orchards, and the main areas where forestland and rainfed cropland were converted to construction land. The primary reasons for this may be a reduction in the nectar-pollen plant resources and habitat fragmentation. In the central region, some cold spots were converted to hot spots because of the ecological restoration carried out in this region. Construction land was converted to forest land, resulting in an increased habitat for wild bees, thereby increasing the abundance of the wild bees of the litchi and longan orchards.



A summary of this section is as follows: The areas where the pollination services decreased and increased significantly were mainly concentrated in the central, southwestern, and southeastern parts of the study area. The reason for the decrease was that forest land and rainfed cropland were converted to construction land, and the reason for the increase was that construction land was converted to forestland and rainfed cropland. Among the forest land, grassland, and rainfed cropland, the wild bee abundance for litchi and longan orchards decreased in forest land and was the highest for every unit reduction.




3.4. Influence Mechanism of Land-Use Change on the Pollination Services for Litchi and Longan Orchards


The Pollination module of the InVEST model estimates the abundance index of wild bees by using the nesting preference of wild bees, the abundance of flowering plants in different land uses, and the foraging distances of wild bees. The abundance index of wild bees was used to represent the value of pollination services for litchi and longan orchards. Therefore, the change in land-use types will directly affect the results of the abundance index of wild bees. In the study area, the land-use types with a high nesting suitability and availability of floral resources are converted to the land-use types with low nesting suitability and availability of floral resources, such as forest land converted to construction land, which will reduce the nesting suitability and availability of floral resources. The results will reduce the abundance of wild bees. In the study area, the area change and land-use change of natural or semi-natural habitats, such as forest land, rainfed cropland, and grassland, affected the pollination services for litchi and longan orchards. The reduction of forest land area and the conversion of forest land to construction land have the greatest impact on the pollination service of litchi and longan orchards (Table 5 and Table 6). In the study area, the impact degrees of forest land area and forest landscape fragmentation on the pollination services of litchi and longan orchards were 0.20 and 0.26, respectively (Figure 6). The degree of the interactive impact of forest land area and litchi and longan orchards area on the pollination services was 0.50 and that of forest fragmentation degree and litchi and longan orchards area on the pollination services was 0.44. It is again confirmed that in the change of land-use types, the change of forest land had the greatest impact on the pollination service of litchi and longan orchards in the study area.





4. Discussion


4.1. Comparison of the Results with Other Studies


Our research shows that the change of forest land has the greatest impact on the pollination service of litchi and longan orchards in the study area. However, Groff et al. suggested that the proportion of deciduous/mixed forest was positively correlated with bee abundance, while the proportion of coniferous forest was negatively correlated with bee abundance [40]. This paper did not consider that the effects of different types of forest land on pollination services in litchi and longan orchards might be different. In future studies, the assessment results of pollinator abundance can be more comprehensive by refining the land classification.



This paper shows that area change and land-use change of natural or semi-natural habitats affect the pollination services for litchi and longan orchards in the study area, which is consistent with the research results of many scholars [18,21,41,42]. However, our research does not consider the climatic factors. According to the research results of Polce et al. [43], the climate is one of the most important factors affecting the distribution of the pollinators. Therefore, the determination of a method for incorporating climate factors into the assessment system based on the InVEST model is an important research direction. Another analysis result of this paper is that landscape fragmentation has a great impact on the pollination services in the study area, which is consistent with the research results of Garibaldi et al. [44] and Tscharntke et al. [13]. However, Kennedy et al. found that the effects of landscape configuration on bee abundance were weak [42]. The difference between the results of this study and that of Kennedy et al. may be related to the scale of the study area.




4.2. Methods Application and Improvement


In this study, further basic data for the pollination service evaluation were obtained through remote sensing interpretation and field investigation, and the accuracy of the pollination service evaluation was improved. This study used the InVEST model to evaluate the regional pollination services quantitatively and spatially. Furthermore, the influence of land use and its change on the pollination services for litchi and longan was discussed using the Geodetector. However, a limitation of this study is that although some important parameters (such as the population data of pollinators in litchi and longan orchards) were derived from the survey, several parameters (such as the foraging distance of the pollinators) were derived from empirical values, which require further validation. Groff et al. evaluated the InVEST Crop Pollination model performance with parameters informed by four approaches and found that uninformed optimization improved model performance by 29% compared to an expert opinion-informed model, while a sensitivity-analysis informed optimization improved model performance by 54% [40]. In future studies, we can learn from their proposed methods to obtain these parameters and improve the credibility of pollination service assessment results. Polce et al. integrated a species distribution model (SDM) with a pollination service model (PSM) to derive the availability of pollinators for crop pollination and combined the Lonsdorf model [32] to derive the pollination services [43]. One of the innovations in their approach was the application of pollinator records data rather than expert knowledge to predict the pollinator occurrence [43], which can improve the accuracy of pollination service evaluations. In this study, further basic data—such as the pollinator species of litchi and longan, and the number of pollinators and flowering plants with different land-use types—for the pollination service evaluation were obtained through the field sampling survey, and the accuracy of the pollination service evaluation was improved. When there is a lack of pollinator records, the field sampling survey method used in this paper is of reference value for other studies. Another innovation in their methods is their inclusion of the managed pollinator supply. In contrast, our study only considers the pollination services of wild bees for litchi and longan orchards and not those of domesticated bees, which will inevitably affect the authenticity of the pollination service assessment results. The impact of managed honeybees on pollination services in litchi and longan orchards should be considered in future research. Local farm management and landscape structure are two drivers which influence wild bee abundance [18]. This paper does not include agricultural management in the assessment of the pollination services for litchi and longan orchards. In the future, we must consider the influence of field type and field diversity [42] on pollination services in litchi and longan orchards.



The InVEST-pollination module represents pollination services based on the abundance of pollinators and has not yet been able to evaluate the quantity of the supply capacity of pollination services. Future research may further realize the conversion from assessments of pollinator abundance to assessments of the quantity of pollination services. At the same time, due to the lack of influencing factors outside the study area on pollination services, pollination services around the region may be underestimated. Future research may address this issue by expanding the study area outward (buffer zone) and incorporating it into the assessment.





5. Conclusions


	(1)

	
The area of land use types suitable for nesting by pollinators and the area of land-use types with nectar-pollen plant resources demonstrated a downward trend from 2015 to 2019. Forest land and rainfed cropland were reduced by 16.9 km2 and 15.42 km2, respectively, primarily due to the conversion of these lands to construction land. The reduced area was concentrated in the central and southwest regions. Owing to ecological restorations, 8.848 km2 of construction land was converted to forest land. The area of litchi and longan orchards decreased by 31.72 km2, which is a reduction of 12.22%. The reduction areas were primarily concentrated in the central, western, and southwestern regions.




	(2)

	
The pollinator abundance in the litchi and longan orchards and their buffer zones decreased by 6.64% and 13.94%, respectively, between 2015 and 2019. The pollinator abundance in forest land and rainfed cropland decreased to varying degrees. The cold spots increased in space, whereas the hot spots decreased in size and became more dispersed. The decrease in the pollinator abundance was mainly concentrated in the midwestern and southwestern regions. The main reasons for this may be the decrease in the area of litchi and longan orchards, forest lands, and rainfed croplands, as well as landscape fragmentation.




	(3)

	
Forest land area, rainfed cropland area, litchi and longan orchards area, and forest landscape fragmentation were the dominant Influencing factors of the pollination services for litchi and longan orchards, whose impact degrees on the pollination services were 0.20, 0.16, 0.21, and 0.26, respectively. Forest land area and litchi and longan orchards area will jointly affect the pollination services for litchi and longan orchards, and the degree of the interactive impact of these two factors on the pollination services is 0.50, which is the maximum interactive impact degree. In the study area, the area change and land-use change of natural or semi-natural habitats, such as forest land, rainfed cropland, and grassland, affected the pollination services for litchi and longan orchards. The reduction of forest land area and the conversion of forest land to construction land have the greatest impact on the pollination services of litchi and longan orchards.
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Figure 1. Location of the study area. 
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Figure 2. Spatial distribution of longan and litchi orchards in the study region in 2015–2019. (a) 2015; (b) 2019. 
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Figure 3. Spatiotemporal distribution of the main land-use conversions in the study region from 2015 to 2019. 
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Figure 4. Spatiotemporal distribution of the main conversions of the longan and litchi orchards in the study region from 2015 to 2019. 
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Figure 5. Spatial distribution of hotspots of the wild bees of longan and litchi in the study region in 2015–2019. (a) 2015; (b) 2019. 
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Figure 6. Influence mechanism of land use and its change on the pollination services for litchi and longan orchards. (Note: the influencing factors of the two types shown in the figure are the area of land use type and the landscape fragmentation of land use type. Numbers indicate their respective impact degrees on the pollination services of litchi and longan orchards, ranging from 0 to 1. (+) indicates positive impact, and (−) indicates negative impact). 
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Table 1. Types of interaction between independent variables.
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	Description
	Interaction Type





	q(X1∩X2) < Min[q(X1), q(X2)]
	Nonlinear-weaken



	Min[q(X1), q(X2)] < q(X1∩X2) < Max[q(X1), q(X2)]
	Univariate-weaken



	q(X1∩X2) > Max[q(X1), q(X2)]
	Bivariate-enhanced



	q(X1∩X2) = q(X1) + q(X2)
	Independent



	q(X1∩X2) > q(X1) + q(X2)
	Nonlinear-enhanced
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Table 2. Land-use Areas and their Proportions in Huizhou, 2015–2019.
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Land-Use Types

	
2015

	
2019

	
2015–2019




	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)

	
Changing Range (km2)






	
Irrigated cropland

	
1827.77

	
16.21

	
1805.66

	
16.01

	
−22.11




	
Rainfed cropland

	
837.41

	
7.43

	
821.99

	
7.29

	
−15.42




	
Forest land

	
7197.46

	
63.82

	
7180.56

	
63.67

	
−16.90




	
Grassland

	
265.45

	
2.35

	
263.74

	
2.34

	
−1.71




	
Water bodies

	
367.07

	
3.25

	
357.72

	
3.17

	
−9.35




	
Construction land

	
780.73

	
6.92

	
846.21

	
7.50

	
65.48




	
Unutilized land

	
1.51

	
0.01

	
1.52

	
0.01

	
0.01
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Table 3. Abundance of wild bee in litchi and longan orchards and their buffer zones in Huizhou, 2015–2019.
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	2015
	2019
	Rate of Change





	Total in the buffer zone
	116,830.28
	100,530.53
	−13.94%



	Total in litchi and longan orchards
	442.33
	412.93
	−6.64%



	Average in rainfed cropland of the buffer zone
	0.0063
	0.0057
	−9.52%



	Standard deviation in rainfed cropland of the buffer zone
	0.0026
	0.0024
	−0.08%



	Average in rainfed cropland of the whole region
	0.0059
	0.0053
	−10.17%



	Standard deviation in rainfed cropland of the whole region
	0.0028
	0.0026
	−0.07%



	Average in the forest land of the buffer zone
	0.0214
	0.0196
	−8.41%



	Standard deviation in the forest land of the buffer zone
	0.0038
	0.0036
	−0.05%



	Average in the forest land of the whole region
	0.0218
	0.0202
	−7.34%



	Standard deviation in the forest land of the whole region
	0.0039
	0.0037
	−0.05%







Unit: pixel 900 m2.
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Table 4. Interaction between influencing factors on the pollination services for litchi and longan.
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	Influencing Factors
	Forest Land Area
	Grassland Area
	Rainfed Cropland Area
	Litchi and Longan Orchards Area
	Forest Fragmentation

Degree
	Grass

Fragmentation

Degree
	Rainfed Cropland

Fragmentation Degree





	Forest land area
	0.20
	
	
	
	
	
	



	Grassland area
	0.34 *
	0.02
	
	
	
	
	



	Rainfed cropland area
	0.39 *
	0.19
	0.16
	
	
	
	



	Litchi and longan orchards area
	0.50 *
	0.25 *
	0.27
	0.21
	
	
	



	Forest fragmentation degree
	0.36
	0.32 *
	0.37
	0.44
	0.26
	
	



	Grass fragmentation degree
	0.29 *
	0.05
	0.19
	0.23
	0.30
	0.03
	



	Rainfed cropland fragmentation degree
	0.30
	0.12
	0.22
	0.26
	0.32
	0.14
	0.10







* indicates that the interaction between the factors is a nonlinear enhancement type, while the others are a double-factor enhancement type.
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Table 5. Land-use types and wild bee abundance index for litchi and longan in the buffer zone of Huizhou, 2015–2019.
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Land-Use Types

	
Area Change

2015–2019 (km2)

	
Wild Bee Abundance Index (sum) in Land-Use Types




	
2015

	
2019

	
Abundance Index Change of Wild Bee






	
Irrigated cropland

	
−22.11

	
0.00

	
0.00

	
0.00




	
Rainfed cropland

	
−15.42

	
7.04

	
6.32

	
−0.72




	
Forest land

	
−16.90

	
23.82

	
21.78

	
−2.03




	
Grassland

	
−1.71

	
10.63

	
9.60

	
−1.03




	
Water bodies

	
−9.35

	
0.00

	
0.00

	
0.00




	
Construction land

	
65.48

	
0.00

	
0.00

	
0.00




	
Unutilized land

	
0.01

	
0.00

	
0.00

	
0.00




	
Litchi and longan orchards

	
31.72

	
1.70

	
1.84

	
0.14
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Table 6. Correlation between land-use conversion and the change in wild bee abundance index for litchi and longan in the buffer zone from 2015 to 2019.
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	Types of Land-Use

Conversion
	Area Change (km2)
	Abundance

Index Change of Wild Bee
	Abundance

Index Change of Wild Bee per Unit Area





	Construction land to Rainfed cropland
	14.68
	11.93
	0.81



	Forest land to Construction land
	20.95
	−18.40
	−0.88



	Rainfed cropland to Construction land
	16.94
	−5.56
	−0.33



	Forest land to Irrigated cropland
	3.19
	−4.95
	−1.55



	Irrigated cropland to Forest land
	3.08
	2.92
	0.95



	Irrigated cropland to Construction land
	19.29
	−0.12
	−0.01



	Water bodies to Construction land
	7.59
	−0.08
	−0.01
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