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Abstract

:

Soil and water conservation (SWC) practices on agricultural watersheds have been the most effective practices for preventing soil erosion for several decades. The ecosystem services (ES) protected or enhanced by SWC practices include the comprehensive effects of protecting and conserving water sources, protecting and improving soil, carbon fixation, increasing agricultural production, and so on. Due to the lack of ES evaluation indicators and unified calculation methods in line with regional characteristics, this study proposes a framework of scenario analysis by using ES mapping, ES scoring, and economic analysis technology for ES and economic-benefit trade-offs under different scenarios. The study area was the Xiaoyang catchment located in Ningdu County, Jiangxi Province, which is a typically hilly red-soil region of southern China. From the results of scenario analysis, an obvious phenomenon is that some SWC practices can affect the value of some ES indicators, while some have no clear trend. By computing the ES scores for the four scenarios, the ranking was S3 (balanced), S1 (conservation), S2 (economic), and S0 (baseline). S3 ranks second in net income (with CNY 4.73 million), preceded only by S2 (CNY 6.36 million). Based on the above rankings, S3 is the relatively optimal scenario in this study. The contributions of this study are the method innovation with the localization or customized selection of ES indicators, and scenario analysis with ES scores and economic-benefit trade-offs in different scenarios.
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1. Introduction


The distribution area of red soil in hilly areas of southern China is large. Due to the limited cultivated land resources and the huge demand of local people for living resources, the conflict between humans and land is more prominent in these areas [1,2,3]. As a result, soil erosion has been serious in the hilly red-soil region of southern China over the past several decades. Serious soil erosion also deteriorates rural environments and hinders the implementation of policies aimed at to achieving common prosperity. What is the impact of soil erosion on the environment and economy? It is hard to answer this clearly. Soil and water conservation (SWC) or agricultural best management practices (BMP) can alleviate soil erosion and bring benefits to both humans and the environment [4]. Ecosystem services (ES), the benefits that humans obtain from nature, are of great importance for human well-being, and can ideally be measured by ES assessments [5]. Agricultural conservation practices change soil properties and processes and affect the underlying biodiversity. These changes can, in turn, affect the delivery of ecosystem services [6]. Therefore, scenario analysis technology can help analyze changes in soil properties and biodiversity caused by agricultural conservation practices as viewed from the perspective of ES.



Ecosystem services (ES) are functions provided by the environment that benefit humans; they can be classified as provisioning, regulating, supporting, or cultural services [7]. The provision of food is a primary function and key ecosystem service of agriculture. However, in many cases, people are not aware of the benefits of ES in both environmental and economic contexts. Thus, to better recognize the multiple benefits, several studies have conducted economic and ecological assessments of ES [8,9,10,11]. An important research direction in this field is the monetization of ES and the quantification of environmental benefits. There are three methods for the monetization of ES. One is the revealed-preference approach, such as travel cost, market methods, hedonic methods, and production approaches. The second is the stated-preference approach, such as contingent valuation and conjoint analysis. The last one is a cost-based approach, including replacement and avoidance cost. The individual index-based methods and group-based methods are the methods of non-monetizing valuation or assessment. Spatially explicit functional modeling is a more and more popular method for the environmental quantification of ES. Modeling at a scale appropriate for land management, for instance, farm scales, provides important information about farmer choice and decision making. There are several models and frameworks that can be aggregated and scaled up to cover whole landscapes and regions, as well as on national and global levels. However, no one model or framework will work for all purposes [12].



Land-use change leads to land-cover change, which has important impacts on hydrological processes and water ecology [11,13,14]; thus, many studies focus on the change in ES value caused by land-use change [15,16,17,18,19]. Soil and water conservation (SWC) practices can reduce soil erosion and water runoff, thus conserving soil, and those practices include buffer strip, conservation tillage (reduced tillage or no-till), permanent organic soil cover by retaining crop residues, crop rotations, cover crops, and other structural practices [20]. Like the land-use change, the change of ES is most likely to be affected by SWC practices. Some practices can decrease ES delivery (tradeoffs); others can enhance or maintain ES (synergies) [6]. It is important to understand the relationship between SWC and ES, which is increasingly recognized by scientists and policymakers [21,22]. Therefore, it is necessary to map ecosystem services on these conservation practices [23]. However, this is not a small challenge due to the complexity of ES trade-offs as well as spatial and temporal variation in different conservation contexts. There are few studies presented in this field.



Scenario analysis is currently one of the most common methods used in ES trade-off and synergy studies [24,25,26,27]. By setting up alternative land use or climate change scenarios and calculating the changes in and interactions among ES, this method can provide a trade-off of various situations for policymaking [28]. There are some studies on ecosystem service assessment of soil and water conservation using the scenario analysis method [29,30,31,32]. However, there are still some limitations on previous studies. First, the indicators of ES evaluated by the existing model are limited, and it is difficult to calculate those important local ecological service indicators. Second, for the multi-dimensional results reflected by multiple indicators of ES, due to the interaction and mutual restraint between indicators [33], it is difficult to clarify the causal relationship or process of them, but only the correlation. Another challenge is that all too often, the data that are utilized to parameterize ES models represents these processes coarsely, and consequently, the ES services, may be poorly represented [34]. As a result, without validation efforts, it may be difficult for others to accept the simplifying assumptions, thereby failing to meet the needs of scientific decision making [25]. Fourth, due to the difference in regional environment, climatic conditions, and human activities, these general methods still need to be verified, and they need to be constantly revised to adapt to different regions. For example, tillage practices are primarily applied on large-scale, mechanized farms in America, and require large applications of herbicides to control weeds, while in hilly red-soil areas in the south of China, these practices are applied mainly on small-scale, non-mechanized agricultural fields. Decision makers and scientists need to know the specific places where ES trade-offs and synergies occur. However, few studies have improved and applied the general method locally.



Thirty years ago, the policy of SWC changed from production and economy to ecosystem benefits in hilly red-soil regions of southern China. The characteristics of hilly red-soil regions are: (1) high erodibility due to the climatic and environmental conditions, such as extreme rainfall events, geology, topography, vegetation, physical and chemical soil properties, etc.; (2) closely related to local fragile ecology and low economic development; and (3) the regional particularity of soil and water conservation targets, which should not only prevent soil erosion but also take into account ecological protection and economic development. In order to narrow the knowledge gap between ecosystem benefits and conservation decision making, this paper selects the small catchment in Jiangxi Province as the study area, and fully considers the characteristics of hilly red-soil regions of southern China.



Specifically, the main tasks of this paper were to: (1) define a framework of scenario analysis process for ES assessment for the hilly red-soil region of southern China; (2) design scenarios of soil and water conservation unique to the study area; (3) evaluate changes in the local typical ecosystem services in each scenario, such as runoff regulation, soil conservation, and fruit and fishery production; (4) determine the optimal scenario based on ecosystem services and economic-benefit trade-offs in different scenarios.




2. Methods


2.1. Study Area and Data Sources


In this study, a small catchment was selected in the Xiaoyang watershed of Ningdu County, Jiangxi Province, China. The Xiaoyang watershed is downstream of the first tributary of Meijiang River, which is one of the five major rivers in the water system of Poyang Lake. The small catchment, with an area of 0.145 km2, as shown in Figure 1a, is the core demonstration area of Xiaoyang watershed for the soil and water conservation project of efficient development management. The watershed can be divided into several geomorphic categories, including hills, valley plains, and rivers. The terrain fluctuates greatly with an elevation between 259 and 332 m, as shown in Figure 1b. Approximately 50% of land use is forest land, 9.5% is comprised of water bodies, and 21% is farmland and grass (Figure 1c). There are two soil types in the study area, with the soil IDs linked to the Harmonized World Soil Database for soil physico-chemical properties, such as texture, bulk density, organic carbon, and so on (Figure 1d). The annual average temperature is 18.9 °C, with an extreme maximum temperature of 38.6 °C and extreme minimum temperature of –6.3 °C. The annual average precipitation is 1550.6 mm. The annual average evaporation is 1557.8 mm, and the annual average runoff depth is 1032 mm. Precipitation is concentrated from April to August (see Figure 2), and often in the form of storms. For example, the precipitation was 187.4 mm on 18 May 2015. Water erosion is the main type of soil erosion, and the annual soil erosion modulus is 2796 t/km2·a. As the study area is relatively small, it is easier to design spatially fine scenarios using expert knowledge, and it is convenient to map and calculate ES more clearly and locally.



The data used in this study were from official websites and field investigations. The data mainly included: a digital elevation model (DEM), land-use classifications, and precipitation data, obtained from the Resource and Environment Data Cloud Platform (REDCP, http://www.resdc.cn (accessed on 26 February 2022)); soil data were from the Harmonized World Soil Database (http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database (accessed on 26 February 2022)) and economic data of soil and water conservation were collected by field investigations in 2019 and obtained from the local statistical yearbook of 2017. Land use data for scenario design were derived from the digital map of land use in 2015 and aerial image data from UAV (unmanned aerial vehicle) imaging in 2018 and 2019. Soil property data were obtained from laboratory measurements. Local species were obtained from field investigations. Detailed descriptions of the data are shown in Table 1. The DEM and land use map with a grid size of 2 m derived from UAV data were verified by the DEM and land use map with a grid size of 30 m from REDCP to ensure the accuracy of the data. At the same time, the field investigation could also play a role in this regard.




2.2. Soil and Water Conservation Practices


Over the past 30 years, with the great attention paid to soil and water conservation, farmers and technicians have made unremitting efforts to carry out improved management practices locally and have successfully found a way to prevent and control soil erosion under regional characteristics. Abundant experience was accumulated, and several conservation management practices were refined for the study area. These include:



(1) Anti-slope terraces (ASTs), which combine a ridge in front, a ditch behind, and grass planting on the terrace wall of the anti-slope platform. This is a structural practice in sloping farmland or hillsides. Because the area of farmland is limited in the study area, this structural practice is popular for making full use of land resources on hillsides. The intercropping of fruits (navel orange, sweet pomelo, etc.) and grass (Pennisetum, Salvia palmate, Paspalum barnyard, etc.) is carried out to achieve a good effect of soil and water conservation and an increase in income for farmers.



(2) Small reservoirs (SRs), which are barriers that stop or restrict the flow of surface water or underground streams and that can not only suppress floods but also provide water for agricultural water pump irrigation. In addition, fish can also be raised in the pond water to increase the incomes of farmers. Therefore, it is a multi-functional structural practice often located in the narrow area downstream of the valley.



(3) Closing hillside management (CHM), which is the most effective, economical, and scientific choice for vegetation restoration in the area with the characteristic of a long period of high temperature, being rainy and frost-free, and having a strong natural recovery ability of vegetation. By imposing a ban on activities such as mining, deforestation, and reclamation, it can fence, protect, and restore vegetation by relying on the self-repairing ability of nature.



(4) Banded forest (BF), which is the practice name of protective tree rows built in strip form around farmland, grassland, residential areas, reservoirs, rivers, etc. It mainly plays a role in regulating the climate, preventing disasters, improving the environment, and ensuring agricultural and animal husbandry production. For example, BF around rivers is mainly used to hold the riverbank and prevent the bank from collapsing due to water erosion.



(5) Hedgerow combining ditches (HCDs). This practice is used to separate a road from adjoining fields or one field from another in sloping farmland. Hedgerows are lines of closely spaced shrubs and sometimes trees, planted and trained to form a barrier to stop soil sediment transport, and a ditch is often dug along the hedgerow to drain away rainwater. Rainfall, especially short-term rainstorm in the study area, may produce a large amount of surface runoff. This practice can dredge and discharge the runoff in sloping farmland, thus reducing the erosion caused by rainwater.



These management practices were applied in the study area in 2017. CHM is generally applied on hilltops, and it looks like a “hat” capping the hilltop. Navel oranges are planted on the hillside with the practice of AST, and agriculture and fishery farming are in the valley and small reservoir. By the combination of these practices, soil erosion may be inhibited largely on hilltops, along with hillsides and valleys. Meanwhile, the agriculture and fruit industries that are the main or sole source of income of the local people are organically combined on the hillside and valley bottom. Some progress has been made for more than five years and large amounts of data have been collected for the evaluation. The above five practices were selected for scenario design and ecosystem service assessment in this study.




2.3. Scenario Design


2.3.1. Baseline Scenario


Different soil and water conservation practices and land-use strategies will bring different environmental and economic benefits. To figure out these benefits or tradeoffs, the two types of scenarios, a baseline scenario (S0), and three alterative scenarios are introduced. The baseline scenario is the actual or assumed situation or state of soil and water conservation practices, used as the starting point in a comparison or projection exercise. In this study, to be compared to scenarios of different distributions of soil and water conservation, the natural state with traditional farming was used as the baseline scenario, in which no practices have been applied and the soil erosion might be serious due to traditional farming practices.




2.3.2. Alternative Scenarios


Environmental benefits are reflected by the ecological service function of soil and water conservation, and different service functions affect each other [35]. Some studies show that there are conflicts among the ES indicators of soil and water conservation, which is very complex [5,26,28]. How to maximize the ecological service function of soil and water conservation and economic benefits (lower cost and higher income along with the trade-offs) is the main goal of scenario analysis in this study.



To define different possible changes in impacts on ES synergies and trade-offs, three alternative scenarios were designed based on the experts’ experience, namely S1 (conservation), S2 (economic), and S3 (balanced), respectively (see Table 2). The alternative scenarios were designed based on the experts’ experience, namely the scenario of dominant soil and water conservation (S1), the scenario of leading economic development (S2), and the balanced scenario of the two scenarios (S3), considering the environmental and economic trade-offs. There were 10 experts—Fang Haiyan, Cui Ming, Li Zhongwu, Niu Xiang, Wei Wei, Wu Gaolin, Lu Chunxia, Zhuang Li, Li Chaoxia, and Xu Nan—from respected research institutions or universities of China (for detailed information, see Acknowledgements).
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Table 2. The description of baseline scenario and alternative scenarios.
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	ID
	Name
	Objectives
	Practices
	Distribution





	S0
	The baseline scenario
	To compare with S1, S2, and S3
	Traditional farming with no conservation practices (NCP)
	Figure 3a



	S1
	The scenario of dominant soil and water conservation
	To prevent soil loss and water regulation in rainy and dry seasons
	AST, SR, CHM, BF, HCD
	Figure 3b



	S2
	The scenario of leading economic development
	To increase the economic incomes of local farmers
	AST, SR, CHM, BF, HCD
	Figure 3c



	S3
	The scenario of the trade-offs between S1 and S2
	To achieve or balance both objectives of S1 and S2
	AST, SR, CHM, BF, HCD
	Figure 3d












2.4. Evaluation Objectives of the Scenarios


2.4.1. Mapping Ecosystem Services


Ecosystem services are based on functions provided by the environment that benefit humans, and they can be classified as provisioning, regulating, supporting, or cultural services [7]. According to the Millennium Ecosystem Assessment (MEA), The Economics and Ecosystems and Biodiversity (TEEB), and the Common International Classification of Ecosystems Services (CICES), which are widely used for mapping, ecosystem assessment, and natural capital ecosystem accounting [36]; there are more than 24 classes of ecosystem services associated with land-use management. The soil and water conservation practices can also provide many ecosystem services, such as water-yield regulation, sediment retention, landscape biodiversity, carbon storage, aesthetic value, and so on [35]. According to the actual situation and years of experience in the study area, 14 basic ecological indicators were selected to characterize the associated ecosystem services of soil and water conservation practices (Table 3). In the cultural service (CUL), three indicators—the area index, shape index, and diversity index—were selected in this study, because previous research found the highest correlation of the landscape metrics-based assessment with the visual assessment results of the photographs, and they can be applied to the monitoring of landscape aesthetics [37].




2.4.2. Calculating Ecosystem Services


In each scenario, associated ecosystem services are provided according to the designed objectives of soil and water conservation and economic development. Therefore, the practices of soil and water conservation were applied for each scenario corresponding to ES services in multiple dimensions. For example, the practice of AST can provide four categories of ES: regulating service, supporting service, cultural service, and provisioning service. All these practices in each alternative scenario are synthesized to produce a comprehensive effect of ES. Establishing the difference in ES provided by different scenarios is an important issue for decisionmakers. Therefore, each ecosystem service of four categories is characterized by multiple indicators. The following equation is defined to depict each indicator of ES and a comprehensive score of ES for each scenario is given in Table 4.



Since the indicators—LSR, SWCR, RRR_R, and RRR_D—involved the runoff and soil erosion, a distributed watershed model was constructed based on an open-source, modular, and parallelized watershed modeling framework, the Spatially Explicit Integrated Modeling System (SEIMS, https://github.com/lreis2415/SEIMS (accessed on 26 February 2022); [38]), in this study. With a flexible modular structure, a SEIMS-based model can simulate hydrology, soil erosion, plant growth, and nutrient cycling processes at a daily time-step and can evaluate long-term effects of conservation scenarios on mitigating soil erosion [39,40,41]. All the model input parameters were derived from a DEM, a land-use map, a soil-type map, and a hydrologic database, which are shown in Table 1. The observed flow and sediment concentrations at the catchment outlet were used for model calibration. The Nash–Sutcliffe efficiency coefficient was 0.79 for the flow and 0.61 for the sediment concentration, indicating that the model was reasonably able to simulate the event flow and sediment concentration. As the aim of this paper is the ES assessment by 14 indicators, the model setup, parameterization, sensitivity, and uncertainty are not discussed.



In Table 4, the weights of the 14 indicators are listed, which were determined by an analytic hierarchy process (AHP) [42]. First, a set of pairwise comparison matrices was constructed. To make comparisons, we needed a scale of numbers that indicates how many times more important or dominant an element is over another element, for a total of 14 indicators, e.g., 1 for equal importance, 3 for moderate plus, 5 for strong importance, and 7 for very strong importance. Second, the weights of 14 indicators were computed. The weights were obtained in the exact form by summing each row and dividing each by the total sum of all the rows, or approximately by adding each row of the matrix and dividing by their total. Finally, to ensure the correctness and rationality of the obtained weights, a consistency test was also needed. In the consistency test, a consistency ratio needs to be calculated, and a ratio value less than 0.1 would be good enough to consider that the calculated weights are correct and reasonable. Otherwise, it is necessary to readjust the comparison matrix until the consistency test is qualified. The consistency ratio was 0.03 in this study. For detailed information of AHP, see Saaty’s study [43].



For indicator 3 and indicator 4, the rainy season is from April to August, and the other months are defined as the dry season according to the characteristic of monthly average precipitation in this study (see Figure 2). The ecological water demand refers to the ecological water demand of different vegetation types in the studied catchment. The area quota method is one of the most widely used methods to quantify the ecological water demand in a certain area [44].



The cut-off points were determined based on the suitability of the ecological service function of each indicator in the studied catchment, integrating factors of climate, geomorphology, economy, and social society. The cut-off points, e.g., T = acceptable soil loss, e.g., 500 t/(km2·a), were made to give scores to each indicator for the evaluation of the comprehensive score of ES. According to the standards of the Ministry of Water Resources of China, the soil erosion levels were classified as slight, light, moderate, severe, more severe, and extremely severe. The slight soil erosion intensity for indicator 2 refers to the slight level of soil erosion, with a threshold of 500 t/(km2·a). The reason for 60% and 20% cut-offs for indicator 9 is according to the regulations of the local natural resources’ bureau on the vegetation coverage area of ecotourism. For indicator 10, the area index is expressed by patch density (PD). The larger the value, the more patches of heterogeneous landscape elements and the higher the degree of fragmentation of the landscape. If the PD value is low, the landscape elements are too isolated, and the landscape fragmentation is not better the higher it is. It needs to be within a reasonable range. Here, we take PD = 30 and PD = 3 as the standard values. It is considered that when PD ≥ 30, the fragmentation degree is very high, and the score is 0. When PD ≤ 3, the fragmentation degree is too low, and the score is 0. When 3 < PD < 30, the lower the value of PD, the higher the area index. The difference between 30 and 3 is 27. For indicator 11, the shape complexity of a patch is measured by calculating the deviation between the patch shape and the square with the same area. The more irregular the patch shape is, the higher the aesthetic degree is. Therefore, the larger the SI, the higher the score. We believe that when the SI is 20, the landscape complexity and aesthetics can be met. Therefore, taking the shape index SI = 20 as the standard value, the score is 100. For indicator 12, m = 30 is determined according to PD = 30 in indicator 11. Taking m = 30 as the standard value, the standard value of the diversity index (DI) is 3.4, that is, when DI ≥ 3.4, the score is 100; when 0 < DI < 3.4, the greater the diversity index, the higher the score. For indicator 13 and 14, we believe that if the yield reaches twice the regional average, it is very good. The score is 100.



The score of each indicator is calculated separately by the equations as shown in Table 4. When the scores of 14 indicators are calculated, the 4 categories of ES (REG, SUP, CUL, PRO) can be obtained by summing each indicator of the category and dividing by the number of indicators of the category. For example, the score of REG is calculated by the sum of indicator 1 to 5 divided by 5, as shown in Table 3.
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Table 4. The equations for indicators of ES and a comprehensive score of ES.
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	ID
	Indicators of ES
	Equations and Descriptions
	Data and Model
	Weights





	1
	Sediment loss rate (SLR)
	SLR = A/T, SLR is the sediment loss rate, A is the sediment loss (t/(km2·a)), and T is the acceptable soil loss (t/(km2·a)); the MUSLE method is used to calculate A, and T is accessed from the local standard, e.g., 500 t/(km2·a). When A > T, it indicates that the sediment loss of this area cannot meet the local standard, and the score is 0. When 0 ≤ A < T, the score is (1 − A/T) ∗ 100.
	SEIMS model used for computing sediment loss.
	0.08



	2
	Soil and water conservation rate (SWCR)
	SWCR = S1/S ∗ 100. S1 is the soil erosion free area, which refers to the land area with less than slight soil erosion intensity in the region. S is the total area of the region. The standard of soil and water conservation rate (D) is 11.35%. If SWCR ≥ D, the score is 100; if SWCR ≥ 0.9 ∗ D, the score is 90; if SWCR ≥ 0.8 ∗ D, the score is 80; and so on.
	SEIMS model used for computing the area of soil erosion.
	0.08



	3
	Runoff regulation rate in rainy season (RRR_R)
	RRR_R = (Rr1 − Rr2)/Rr1, RRR_R is the regulation rate of runoff in rainy season, Rr2 is the water yield of the study area under SWC practices, and Rr1 is the water yield of the study area without SWC practices. The SCS CN method was used to calculate Rr1 and Rr2. The score is (1 − RRR_R) ∗ 100.
	SEIMS model used for computing runoff in rainy season.
	0.048



	4
	Runoff regulation rate in dry season (RRR_D)
	RRR_D = (Rd1 − Rd2)/Qn, Rd2 is the water yield of the study area under SWC practices and Rd1 is the water yield of the study area without SWC practices. The SCS CN method was used to calculate Rd1 and Rd2. Calculation of ecological water demand (Qn) by area quota method. When RRR_D < 0, the score is 0. When RRR_D > 1, the score is 100. Otherwise, the score is RRR_D ∗ 100.
	SEIMS model used for computing runoff in dry season.
	0.072



	5
	Soil fertility index (SFI)
	Soil fertility index (SFI) = (FTNs ∗ W1 + FTPs ∗ W2 + FTKs ∗ W3 + FSOM ∗ W4)/4, FTNs is the soil total nitrogen content (g/kg), FTPs is the soil total phosphorus content (g/kg), FTKs is the soil total potassium (g/kg) and FSOM is the soil organic matter content (g/kg). W1~W4 are the coefficients of different soil parameters. In this study, the values are 0.5, 10, 5, and 0.025, respectively. When SFI > 1, the score is 100. Otherwise, the score is SFI ∗ 100.
	Soil properties data used in Table 1, and referenced from Wang’s research [45].
	0.06



	6
	Aquatic habitat index (AHI)
	  A H I =  1 5  ×   ∑   i = 1  5  s c o r e  (   A i   )   . AHI is the aquatic habitat index, A1~A5 are the percentages of river water volume in the river channel (%), the water quality score (according to surface water classification standard), the depth:width ratio of the riverbed (%), the riverbank vegetation coverage (%), and the percentage of riverbank human activities (%), respectively. score (Ai) is the score obtained by looking up the table of river habitat quality evaluation index and standard.
	Land-use types derived from the image data of UAV in Table 1, and referenced from Wang’s research [46]
	0.06



	7
	Species richness index (SRI)
	  S R I = −   ∑   i = 1  r   P i  × L n  P i     ,   s c o r e = 100 ×   ∑   i = 1  n   H i  ×  q i   , SRI is the species richness index, r is the number of species, and pi is the proportion of individuals belonging to species i in the sample.
	Local species data in Table 1 and referenced from Shannon-Wiener Index [47]
	0.195



	8
	Carbon sequestration index (CSI)
	CSI = C_above + C_below + C_soil + C_dead, C_above, C_below, C_soil, and C_dead are the carbon density in aboveground mass (Mg/Ha), carbon density in belowground mass (Mg/Ha), carbon density in soil (Mg/Ha) and carbon density in dead mass (Mg/Ha). The average carbon density of the forest ecosystem in Jiangxi Province is 147.57 t/hm2 as the standard (STC). If CSI ≥ 2 ∗ STC, the score is 100; if CSI ≥ 1.5 ∗ STC, the score is 90; if CSI ≥ STC, the score is 80; if CSI ≥ 0.7 ∗ STC, the score is 70; if CSI ≥ 0.6 ∗ STC, the score is 60; and so on.
	Derived from soil sampling data in Table 1 and referenced from InVEST User’s Guide [48]
	0.105



	9
	Forest and grass coverage (FGC)
	The percentage of area of forest land and grassland in the total area of the watershed (FGC). When FGC > 60%, the score is 100; when FGC < 20%, the score is 0; in other case, the score can be calculated by    (  F G C − 0.2  )  / 0.4 × 100  .
	Land-use types derived from the image data of UAV.
	0.04



	10
	Area index (AI)
	The area index is expressed by patch density (PD) = N/A, that is, the number of patches per unit area. N is the total number of patches of a certain type of landscape (vegetation type), and A is the total area of patches corresponding to a certain type of landscape. When PD ≥ 30 and PD ≤ 3, the score is 0. In other cases, the score is calculated by    (  1 −   P D   27    )  × 100  .
	Land-use types derived from the image data of UAV and referenced from Fragstats [49]
	0.0264



	11
	Shape index (SI)
	  Shape   Index   ( S I ) = 0.25 E /  A   , E is the total length of all patch boundaries in the landscape, and A is the total area of landscape patches. When SI ≥ 20, the score is 100. When SI < 20, the score is SI/20 ∗ 100.
	Land-use types derived from the image data of UAV and referenced from Fragstats [49]
	0.0084



	12
	Diversity index (DI)
	  Diversity   index   ( D I ) = −   ∑   i = 1  r   P i  × L n  P i   , m is the total number of patch types in the landscape, Pi is the area ratio of patch type i in the total landscape types. When DI ≥ 3.4, the score is 100. When DI < 3.4, the score is calculated by DI/3.4 × 100.
	Land-use types derived from the image data of UAV and referenced from Shannon–Wiener Index [47]
	0.0252



	13
	Pond fish production (PFP)
	This index is characterized by the pond aquacul-ture output (Fp). The scoring standard value refers to the regional statistical yearbook, and takes twice the average value of pond aquaculture output (2RfP) in the regional statistical yearbook as the standard. When Fp ≥ 2RfP, the score is 100. In other case, the score is calculated by      F p    2  R  f a     × 100  .
	The data of pond aquaculture output by investigation.
	0.064



	14
	Orchard yield (OY)
	Orchard yield (OY) is scored by taking 2 times of the average value of orchard yield (2Roy) in the regional statistical yearbook as the standard. When OY ≥ 2 Roy, the score is 100. In other case, the score is calculated by     O Y   2  R  o y     × 100  
	The data of orchard yield by investigation.
	0.136



	15
	Comprehensive score of ES (ES score)
	Comprehensive score of ES (ES score) is described by the weighted sum value of the above 14 indicators. The ES score is calculated by     ∑   i = 1   14    (   W i  ×  X i   )    in which the Xi is the i-th indicator, and Wi is the weight of the i-th indicator.
	Analytic hierarchy process (AHP) [42,43] used to calculate weights.
	









2.4.3. Estimating Economic Value


Since local governments in China attach great importance to the increase in farmers’ incomes, the direct economic value brought by the implementation of these practices is an important factor in obtaining the support of local farmers and the adoption of soil and water conservation policies by local governments. The economic value estimation can clearly show the benefits of each different scenario relative to the benchmark scenario and take the cost into account so that local farmers can choose the appropriate practice configuration according to the basic conditions of the village. The economic estimation method adopts the cost–output method. In this method, the cost–output per unit area was calculated when an SWC practice was applied; the cost including one-time investment and annual investment is shown in Table 5.



The equation of total cost was as follows:


   V  c o s t   =   ∑  i = 1  5   C  O i  ×  S i  +   n   ∑  i = 1  5   C  A i  ×  S i     











In the formula, COi is the cost of one-time investment for each practice per unit area (CNY/ha), CAi is the cost of annual investment for each practice per unit area (CNY/ha), n is the number of the years, and Si is the area of the field where the i-th practice is applied.



Through field investigation, navel orange is the main cash crop and the main economic source of farmers. Navel oranges are produced from the third year of planting, and yields gradually increase every year in the following 10 years. The data of income of navel oranges over 10 years are showed in Table 6.



The income of the pond culture yield (IPCY) is another variable that increases the local income according to the field investigation. The total income of navel oranges and the pond culture yield for the first 10 years was calculated by:


   V  income   =   ∑  y e a r = 1   10    I N  O  y e a r   ×  S  y e a r   +   I P C Y × 10  








where INOyear is the income of navel oranges for each year during the first 10 years, Syear is the area of navel orange land, and the IPCY is the income of the pond culture yield; IPCY is equal to CNY 8000 here according to the field investigation.





2.5. Framework of Scenario Analysis


For the scenario analysis method applied to ES assessment of SWC, they have both particularity and commonality. In this study, the particularity of the study area determines its adopted SWC practices, available data, and available methods for ES evaluation and economic benefit calculation. For example, the study area located in the hilly red-soil region of southern China determines the practices that can prevent water and soil loss and increase the income of local farmers. According to existing research, the objectives and scenario designs are also different in many studies [50]. In addition, the evaluation methods include the modelling method, indexing method, scoring method, monetization, and unified quantification, which vary directly depending on the purpose of the research [10,51].



From a more general perspective, the scenario analysis as a technology is fundamentally composed of the research objectives, research area, scenario design, scenario evaluation, and trade-off analysis. Figure 4 depicts a framework of the scenario analysis process for ES assessment of SWC practices, based on the abstraction of commonality of this research and existing research. First, research objectives need to be clear and definite, e.g., to find the optimal scenario based on ES scores and economic-benefit trade-offs in this study. Secondly, the study area investigation needs to be carried out for data preparation and the determination of SWC practices. Next, the scenarios must be designed according to the previous two steps. A baseline scenario generally adopts the current land-use status, and the alternative scenarios are designed according to the research objectives and investigation into the study area. The most important part is the scenario evaluation to quantify the ES indicators and economic costs and benefits under different scenarios. The difficulty is considering the availability of data, the rationality of ES index calculation, and the verification of model simulation. Finally, the optimal scenario is found by ES and economic-benefit trade-off analysis, and is determined by whether the research objectives are achieved. If not, it is necessary to redesign the scenario and repeat the process of the whole framework. If yes, the process ends.





3. Results and Discussion


3.1. Indicators of ES for Each Scenario


By calculating the indicators of ES for each scenario, a comparison can be performed to explore the variations in all indicators. Figure 5 depicts the scores of 14 indicators and 4 categories of ES as a whole unit in the study area. To compare S0 (baseline), the increase in most of these indicators was found in S1 (conservation) and S3 (balanced) except DI (diversity) and SI (shape) (Figure 5a). Although the scores of OY (Orchard), PFP (pond fish), and AI (area) in S2 (economic) were much higher than that in S0, the performance of other indicators was similar (Figure 5a). The seven indicators SLR (sediment), SWCR (soil conservation), RRR_D (rainy runoff), SFI (soil fertility), SRI (species richness), CSI (carbon sequestration) and FGC (forest) in S1 received top scores in all four scenarios. The three indicators OY, AI and RRR_R (dry runoff) in S3 were higher than the other three scenarios. The two indicators AHI (aquatic habitat) and PFP in S1, S2 and S3 were very close and better than in S0. Most indicators in S3 ranked second in all scenarios, which indicated that S3 was the trade-off scenario of the four scenarios.



The scores of four categories of ES calculated according to these 14 indicators are shown in Figure 5b. The REG (regulating) and SUP (supporting) in S1 were the first-rate services in all four scenarios. The scores of CUL (cultural) in all four scenarios were very close. The PRO (provisioning) in S2 increased more than that in other scenarios. The three services REG, SUP, and CUL were seen to coincide under S0 and S2, and the PRO score in S0 was the lowest of all scenarios. Most services in S3 ranked second in all scenarios (Figure 5b), which was consistent with the results of 14 indicators (Figure 5a).




3.2. Comprehensive ES Score and Economic Analysis


The comprehensive ES scores of all scenarios are shown in Table 7. The ES scores of S1 (conservation) and S3 (balanced) were very close, and the ranking was S3, S1, S2 (economic), and S0 (baseline). This result was consistent with the result of Figure 5. However, the ranking of the total cost over 10 years was S2, S3, S1, and S0 (Table 7). It should be indicated that while S0 had the lowest total cost, it also achieved the lowest income of all scenarios and gained the smallest ES score (53). The investment of S2 was the largest one (CNY 6.30 million), but the ES score was 71, and ranked third among the four scenarios. Excluding S2, the ES scores of other scenarios, S0, S1, and S3, raised with the increase in monetary investment. The reason might be that the cost of S2 was mainly used for the goal of economic development, while environment goals were less monetized. The highest total income over 10 years is CNY 12.66 million under S2, which might be proof of the above conjecture. The ranking of total income over 10 years was S2, S3, S1, and S0. This was consistent with the ranking of the total cost of 10 years. The ranking of net income was S2, S3, S0, and S1, different from the ranking of total income.



The concept of the income:cost ratio (N) was introduced into this study. The income:cost ratio is an indicator of economic efficiency, defined as the ratio of the income generated after the SWC practices implementation to the practices’ investment of each scenario. It has been used in many studies [52] and is similar to the concept of the input:output ratio or return on investment (ROI), which means the ratio of project input capital to output capital, that is, how many units of capital can be produced by investing one unit of capital. The greater the N, the better the economic efficiency. In Table 7, the greatest N was 3.7 under S0, while the smallest N was 1.5 under S1. The ranking of N was S0, S2, S3, and S1.



Regardless of extreme climate, market supply and demand, and other labor costs, the costs and incomes of each scenario during the 10 years are shown in Figure 6. In the beginning, the cost of all scenarios was large and fell a lot in the second year. From then on, the annual cost of each scenario remained almost the same (Figure 6a). However, the income under all scenarios showed a different performance. In the first three years, the income was very small and close to zero. From the fourth year, the income gradually increased (Figure 6b). The rank of cost and income under all scenarios was consistent with Table 6.



For the purpose of economic development, S2 (economic) was desirable because the value of the income:cost ratio (N) was relatively large. The N of S0 (baseline) was the largest, but the ES score and the total income over 10 years were the lowest. The reason might be that the traditional agricultural development has a serious impact on the environment. Under S1 (conservation), N was the smallest, but its ES score ranked second, very close to S3 (balance), the scenario of the top ES score. In fact, the economic investment of S1 brings indirect value, that is, environmental benefits, which is only reflected in the ES score, not converted into monetary value. This conclusion is consistent with the ranking of net income.



How can we choose the direct economic value or indirect environmental benefits? This involves the implicit value of environmental benefits and how to measure it. In land-use planning and policymaking, many scholars convert the value of ecological services into monetary value [8,51,53], but it is difficult to implement relevant policies because farmers with low local education cannot see the benefits of direct economic investment. With the advocacy that lucid waters and lush mountains are invaluable assets, people have begun to realize that the development of the local economy is as important as the protection of the local environment. How to choose the final scenario depends on the preferences of government decisionmakers and stakeholders. In this study, S3 (balanced) ranks second in net income (with CNY 4.73 million), preceded only by S2 (CNY 6.36 million). It might be the optimal scenario because it combines a variety of ecosystem service trade-offs, and the economic costs and benefits are balanced under different scenarios.




3.3. Discussion and Future Research


For example, S0 has no SR (small reservoir) adopted and the PFP (pond fish) is 0, which is different from the PFP under S1, S2, and S3 (Figure 5a). Another example is that the land-use diversity of S0 is greater than the other three scenarios (Figure 3), and this results in the variety of ES indicators DI (diversity), SI (shape), and AI (area) among all scenarios. The larger the patch diversity index in the landscape, the higher the DI score. The more irregular the shape, the higher the SI score. The higher the number of landscape element patches, the higher the degree of fragmentation of the landscape and the lower the AI score. However, the performance of all scenarios is similar in landscape culture service (Figure 5b). Moreover, the rank of OY (Orchard) in all scenarios is related to the area of land that adopted AST (anti-slope terrace) practice. The change in some indicators, for example, increases with the implementation area of SWC practices, or vice versa, or due to the superposition effect and interaction of practices [54], no clear trend can be determined, such as SLR (sediment), SWCR (soil conservation), SFI (soil fertility), and SRI (species richness), which needs further research in the future.



In this study, the ES indicators of runoff, soil erosion, biodiversity, soil quality, landscape culture, and fruit products were integrated, and the scenarios were evaluated according to a unified scoring mechanism. Indicators of these biophysical, social, and economic types of drivers are important for identifying the cause of the degradation and the alternative scenarios that will be part of the cost–benefit analysis (CBA) [10]. We found that the largest knowledge gap in this field is assessing the human demand for ecosystem services and the social context. The proposed cost–benefit framework of scenario analysis for ES assessment of SWC practices accompanied by ES indicators and cost–income analysis techniques enable the creation and evaluation of scenarios of alternative futures to address this gap. However, these different types of techniques are rarely combined [55], despite some ES indicators and cost–income analysis being important for the cost-effective use of land [8]. The most important lesson learned is the fact that the proposed framework should have a measure of the “human factor” included in some way to increase the applicability. However, our knowledge in these respects is unreliable and often insufficient. This paper suggests that further studies on this subject are needed.



The provision of food is a primary function and key ES of agriculture [6]. The key to poverty alleviation is to maximize the benefits of ES provision by intensive agricultural investment, which can affect ecosystem components and processes. How to balance ecological benefits and direct economic benefits is a great challenge for decisionmakers. From the income:cost ratio (N), a problem is found that is often ignored. The greater the N, the greater the grab for natural resources and the greater the damage to the ecological environment. From the perspective of sustainable development, the N of the selected scenario should not be too large, and the sustainable provision of ES needs to be considered.



The kernel idea of this study is to use ES mapping to find out the relationship between SWC practices and ES indicators and use the relationship between SWC practices and land-use change to calculate the ES score and economic cost–benefit of each scenario, to establish the methodological framework of scenario analysis for ES assessment of SWC practices. Overall, this study has the following contributions. In terms of method innovation, combined with the particularity of SWC practices in the study area, the scenarios were designed, and the localization or customization selection of ES indicators was conducted. Another contribution of this paper is that through scenario analysis, it can answer two questions. One is how much investment in SWC practices can produce how many correspondingly ecological and economic benefits. The other is what the ecological and economic trade-offs are among the different scenarios.



There are still some deficiencies in this study. First, the verification of scenario simulation results is not conducted, because the verification data onto scenario simulation are difficult to obtain. More field observations will be needed to validate how the ES impact the stakeholders. Secondly, the results of scenario evaluation (ES scores) are used for comparative analysis. The value of ES scores may be biased due to the subjective factors of ES indicators selection. However, the relative values of the four scenarios are believable for comparative analysis. In addition, a small catchment was selected as the study area without large-scale expansion in this study. However, large-scale watersheds can be divided into small catchments, and then scenario analysis for each small catchment can be performed; finally, the aggregate result can be coupled to the large watershed decision making. As a result, this method can also be used in large-scale watersheds, which plays an important role in regional high-precision and refined policymaking. Finally, the spatial computing level of ES index is not on the spatial grid scale for most of the indexes in this paper. On the one hand, it is not necessary for the purpose of this study. On the other hand, it is a great challenge for the calculation and verification on a grid scale. Much more profound research is needed in the future.





4. Conclusions


Soil erosion is quite severe in the hilly red-soil region of southern China due to the unique natural conditions, high population density, and prominent contradiction between people and land. Sustainability in the agriculture academic literature tends to incorporate ideas of the best use of environmental resources with those that are the least disruptive to these resources, leading to persistence over time and resilience [56]. To find a sustainable way for local economic development and environmental protection, this study proposes a framework of scenario analysis for the quantification analysis of ES trade-offs applied to a hilly red-soil catchment. The kernel idea of this study is mapping ES to SWC practices to find out the relationship between SWC practices and ES indicators, and then through the relationship between SWC practices and land-use change to calculate the ES scores and economic cost–benefit of each scenario, to establish the methodological framework of scenario analysis for ES assessment of SWC practices. The five SWC practices were selected for scenario design, and 14 ES indicators were used for ecosystem service assessment in this study. By calculating the ES score for all scenarios—S0 (baseline), S1 (conservation), S2 (economic), and S3 (balanced)—the results showed that S3 was the best scenario of the four scenarios. The ranking of income:cost ratio (N) was S0, S2, S3, and S1. Based on the above rankings, S3 might be the optimal scenario because it combines a variety of ecosystem services trade-offs and economic cost–benefit balance among different scenarios. The contributions of this study are the method innovation with the customization of ES indicators, and scenario analysis considering ES scores and economic-benefit trade-offs in different scenarios. However, more research is needed in the future, incorporating the “human factor”, validating the ES impact of ES on stakeholders, applying to large-scale expansion, computing ES indicators on a grid scale, and so on.
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Figure 1. The location of the study area and maps of DEM, land use, and soil types. (a) The location of the study area, in Jiangxi Province, China. (b) The DEM of the study area. (c) The land-use types of the study area. (d) The soil types of the study area. 
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Figure 2. The monthly average precipitation from 2018 to 2016. 
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Figure 3. The placements of SWC practices of baseline scenario and alternative scenarios. (a) The distribution of land-use types in S0 (baseline). (b) The distribution of SWC practices in S1 (conservation). (c) The distribution of SWC practices in S2 (economic). (d) The distribution of SWC practices in S3 (balanced). 
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Figure 4. A framework of scenario analysis process for ES assessment of SWC practices. 
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Figure 5. The scores of 14 indicators and 4 categories of ES. (a) The scores of 14 indicators in all scenarios. (b) The scores of 4 categories in all scenarios. 
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Figure 6. The economic cost and income over 10 years for all scenarios. (a) The economic cost over 10 years for all scenarios. (b) The economic income over 10 years for all scenarios. 
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Table 1. Detailed description of the data.
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	Data Name
	Description
	Data Source





	Precipitation
	Time serial, daily
	REDCP, http://www.resdc.cn (accessed on 26 February 2022)



	DEM
	Grid size: 30 m and 2 m
	REDCP and data of UAV



	Land use
	Grid size: 30 m and 2 m
	REDCP and data of UAV



	Soil type
	Grid size: 30 m
	Harmonized World Soil Database



	Soil properties
	Soil particle size, total nitrogen, total phosphorus, total potassium and organic matter in soil
	Laboratory measurements



	Local species
	Number of species and population of each specie in ecosystem
	Field investigations



	Hydrologic characteristics
	Runoff and sediment records, time serial, daily
	Hydrologic yearbook
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Table 3. The indicators of ES and associated soil and water conservation practices.
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ID

	
Indicators of ES

	
Associated Soil and Water Conservation Practices

	
Categories of ES






	
1

	
Sediment loss rate

	
AST, CHM, BF, HCD

	
Regulating service (REG)




	
2

	
Soil and water conservation rate

	
AST, CHM, BF, HCD




	
3

	
Runoff regulation rate in rainy season

	
AST, CHM, BF, HCD




	
4

	
Runoff regulation rate in dry season

	
AST, CHM, BF, HCD




	
5

	
Soil fertility index

	
AST, CHM, HCD




	
6

	
Aquatic habitat index

	
SR, BF

	
Supporting service (SUP)




	
7

	
Species richness index

	
CHM, BF, HCD




	
8

	
Carbon sequestration index

	
AST, CHM, BF, HCD




	
9

	
Forest and grass coverage

	
CHM, BF




	
10

	
Area index

	
AST, CHM, BF, HCD, SR

	
Cultural service (CUL)




	
11

	
Shape index

	
AST, CHM, BF, HCD, SR




	
12

	
Diversity index

	
AST, CHM, BF, HCD, SR




	
13

	
Pond culture yield

	
SR

	
Provisioning service (PRO)




	
14

	
Orchard yield

	
AST
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Table 5. The cost of investment for soil and water conservation practices (CNY/ha).
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	Practices ID
	Cost of One-Time Investment
	Cost of Annual Investment





	1 for AST
	Terrace land preparation cost and fruit tree
	Grass planting cost and fertilization cost



	2 for SR
	Small reservoir construction cost
	Fish fry cost



	3 for CHM
	Seedling cost
	Replant Seedling cost



	4 for BF
	Seedling cost
	Replant Seedling cost



	5 for HCD
	Ditch excavation cost
	Hedgerow planting cost
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Table 6. The income of navel oranges over 10 years (CNY 10,000/ha).
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	Year
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Income
	0
	0
	0
	5
	7.4
	9.9
	14.9
	17.3
	19.8
	24.8
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Table 7. The ES scores and economic data over 10 years among the four scenarios.
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	Scenarios
	S0 (Baseline)
	S1 (Conservation)
	S2 (Economic)
	S3 (Balanced)





	ES scores
	53
	81
	71
	82



	Total cost over 10 years (million CNY)
	1.35
	5.44
	6.30
	5.87



	Total income over 10 years (million CNY)
	5.03
	7.98
	12.66
	10.60



	Net income over 10 years (million CNY)
	3.68
	2.54
	6.36
	4.73



	Income:cost ratio, (N)
	N = 3.7
	N = 1.5
	N = 2.0
	N = 1.8
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