

  sustainability-16-09641




sustainability-16-09641







Sustainability 2024, 16(22), 9641; doi:10.3390/su16229641




Article



Multi-Scale Supply and Demand Relationships of Ecosystem Services Under Multiple Scenarios and Ecological Zoning to Promote Sustainable Urban Ecological Development in Arid Regions of China



Yuefan Duan 1, Abudureheman Halike 1,2,*, Jianmei Luo 1, Kaixuan Yao 1,3, Lei Yao 1, Hua Tang 1 and Buweiayixiemu Tuheti 1





1



College of Geography and Remote Sensing Sciences, Xinjiang University, Urumqi 830017, China






2



Xinjiang Key Laboratory of Oasis Ecology, Xinjiang University, Urumqi 830017, China






3



College of Remote Sensing Information Engineering, Wuhan University, Wuhan 430072, China









*



Correspondence: ah@xju.edu.cn







Citation: Duan, Y.; Halike, A.; Luo, J.; Yao, K.; Yao, L.; Tang, H.; Tuheti, B. Multi-Scale Supply and Demand Relationships of Ecosystem Services Under Multiple Scenarios and Ecological Zoning to Promote Sustainable Urban Ecological Development in Arid Regions of China. Sustainability 2024, 16, 9641. https://doi.org/10.3390/su16229641



Academic Editor: Jan Hopmans



Received: 29 September 2024 / Revised: 22 October 2024 / Accepted: 29 October 2024 / Published: 5 November 2024



Abstract

:

Predicting and analyzing the supply and demand relationship of ecosystem services provides theoretical support for the improvement of the ecological environment. This paper takes Bortala, a typical oasis city with a fragile ecological environment in the arid northwest region, as a case study. Based on the GMOP-PLUS-InVEST coupled model, it predicts the coupling coordination and matching degree of the supply and demand connection of ecosystem services such as habitat quality (HQ), carbon storage (CS), water yield (WY), and soil erosion (SD) under four scenarios. The findings indicate that from 2020 to 2035, HQ, CS, and WY have basically achieved coupling coordination at both scales. However, there is a notable disparity in the supply and demand of water resource production and carbon emission production. To ensure the long-term balance of ecosystem service supply and demand (ESSD), the research area was ultimately divided into five ecological zones: ecological conservation zone, ecological agriculture zone, ecological moderate development zone, ecological improvement zone, and ecological protection zone. It could offer insights for guiding the sustainable growth of ecologically vulnerable zones in the future.
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1. Introduction


Ecosystem services (ESs) are the benefits ecosystems provide to human well-being, either directly or indirectly [1]. “ES provisioning” refers to the ecosystem’s ability to provide services and goods [2]. The utilization and enjoyment of ecosystem goods and services constitute ES demand [3,4]. Recently, ES supply and demand have been studied more closely as well as its spatial and temporal distribution [5]. Water scarcity, fragile ecological habitats, and the degradation of ecosystem functions and services in arid zones negatively affect economic development and ecological security [6]. Due to rapid economic growth, human needs and the natural environment are increasingly at odds in modern civilizations [7]. Understanding ecosystem service supply and demand is crucial for ecosystem management [8]. Aiming to keep the balance of ESSD, it is essential to devise effective management strategies.



It is possible to mitigate the unsustainable use of ecosystems by identifying potential inconsistencies, surpluses, and deficits in ES, and by conducting regional analyses of ESSD dynamics [9], and further exploring the balance between regional natural–social systems in ESSD [10]. In order to explore the balance of ES at the local and global scales, a comprehensive satisfaction index of ESSD was constructed [11]. Simultaneously, research investigates the equilibrium of supply and demand at the urban level [12]. Therefore, the current lack of research on ESS and ESD balance at the township scale hinders the ecologically sustainable development of small-scale areas. Research on ES employs various methods to study ESSD matching, for instance, ecological networks for ESSD [13], quantity spatial distribution method [14], CCESs methodology [15], and deep learning models [16]. Additionally, there are studies using matching indices and coupling coordination degree (CCD) to investigate the relationship between ESS and ESD, and thus proceeding with regional spatial planning research [17]. However, matching ESSD and coupling coordination in the current spatial planning research finds it difficult to compare with the real situations that may occur in the future.



The changes in ES are usually nearly regarding land use, so the first step in predicting future changes in ES is often to predict future land use. The commonly used LUCC prediction models are CA-Markov [18], FLUS [19], and PLUS. PLUS, combining the multi-objective optimization method with the LULC planning strategy during the simulation process, will produce simulation results that are relatively accurate and have a higher reference value [20,21,22,23], which has been applied extensively in the domains of urban growth border delineation and optimal land resource allocation [24], and spatial arrangement [25]. However, the PLUS model is unable to implement precise multi-objective planning. The GMOP model effectively compensates for this deficiency by combining a gray measurement model with a multi-objective planning model [26]. The existing studies have predicted future trends of land use optimization and ESSD [27]. The current mainstream model for assessing ES is InVEST, which is used for the quantitative assessment of ES [28]. GMOP-PLUS-InVEST is used for the quantitative assessment of ES under multiple scenarios [29]. Multi-scenario prediction can provide a multifaceted comparison for future spatial development in a region, which can help find the most appropriate direction for development.



Arid regions are characterized by a dry climate, high sensitivity to climate change [30], low precipitation, high evaporation, scarce water resources, severe soil salinization and desertification, low vegetation coverage, frequent agricultural droughts, and a fragile ecological environment [31]. Globally, arid regions constitute about 41% of the land area, are home to about 38% of the population, host about one-third of the biodiversity hotspots, and provide habitats for about 28% of endangered species [32]. In China, agriculture and animal husbandry in dry regions have become major bases for agriculture and animal husbandry production [33,34]. Therefore, studying the current and future ES of arid areas is crucial for sustainable development.



Bortala is a plain in the central part of the country spread along the watershed. Due to its unique climate, topography, and natural resources, agriculture and animal husbandry dominate Bortala’s economy, similar to other inland arid cities in China. The Bortala Ecology and Environment Bureau has issued several recommendations for 2021 to promote sustainable ecosystem development in the region. Consequently, we conducted a study on the ES of Bortala. This paper employs the GMOP-PLUS-InVEST model, along with the coupling coordination degree (CCD) and the ecosystem service supply–demand ratio (CESDR), to analyze the spatial relationship between the ESSD. This coupled model aids regional spatial planning management by analyzing past supply and demand matching and offers scientific insights for future development based on four predicted scenarios.



This study aimed to (1) simulate 2035 land use data under four scenarios using the GMOP-PLUS model; (2) model four ecological services from 1990 to 2035 with the InVEST model, incorporating socioeconomic variables to measure demand; (3) analyze ESSD using the coupled coordination and matching degree model; and (4) provide a supplementary basis for future spatial planning management in Bortala. Our research examines ecosystem changes, offering a robust scientific foundation for planning, management, and conservation.



The important acronyms in the article are shown in Table 1.




2. Materials and Methods


2.1. Outline of the Research Field


Bortala is situated far from the coast on the western side of the landlocked Junggar Basin on the Eurasian continent. It is situated in the Xinjiang Uygur Autonomous Region’s northwest (Figure 1). The coordinates are 79°53′–83°53′ E and 44°02′–45°23′ N. It is governed by two counties and two cities, and covers an area of 24,860 km2. The region experiences a mid-continental climate marked by low precipitation, uneven distribution, high evaporation, dry air, abundant sunshine, and frequent sandy and windy conditions.



As a city in the arid northwest region, it has a fragile ecological environment. On one hand, this is due to its unique natural environment, which includes low forest and grassland coverage, and obvious desertification. Analyzing past ESSD relationships and predicting future trends can theoretically support the ecological development of Bortala.




2.2. Framework of the Study


Initially, this research employed the GMOP-PLUS model to forecast four potential scenarios for changes in land use in Bortala by the year 2035 (Figure 2). Following that, InVEST was applied to measure the provision of ES, and mathematical techniques were applied to assess the demand for such services. Based on this, an analysis of the ESDR and CCD of ES in Bortala in the past and future was conducted. Finally, ecological zoning was carried out by integrating the two.




2.3. Data Sources and Processing


In order to predict the land use data for the study area in 2035, natural, social, and economic data were collected (Table 2).




2.4. Methods


2.4.1. Quantification of ESSD


	(1)

	
Carbon storage







The InVEST model’s carbon stock module can assess ES, although it needs to be optimized in conjunction with field studies and the following calculation:


  C =   C   a b o v e   +   C   b e l o w   +   C   s o i l   +   C   d e a d    



(1)




where C represents the total carbon storage and Cabove, Cbelow, Csoil, and Cdead denote the aboveground, underground, soil, and dead organic matter carbon storage, respectively [12], their unit is (t). The contribution of cropland and building land to agricultural and fossil fuel carbon emissions, respectively, are calculated as follows:


  C S D = {       C a g r     A r a b l e   l a n d   t o t a l      ×   A r a b l e   l a n d   i     i n   a r a b l e   l a n d        C E     C o n s t r u c t i o n   l a n d   t o t a l      ×   C o n s t r u c t i o n   l a n d   i     i n   c o n s t r u c t i o n   l a n d     



(2)




where CSD represents the Carbon Storage Demand. Cagr and CE represent the total carbon emissions from arable and construction land, their unit is (t). Arable land and construction land are the total area, with landi representing grid cell I, Their unit is (hm2) [35,36].



	(2)

	
Water yield







InVEST’s water production module was used to evaluate the water production service based on the following equations:


    Y   i   =   1 −    A E   T   i       P   i        ×   P   i    



(3)




where AETi is the average annual evapotranspiration of each grid i, Pi represents the average annual precipitation of each grid point i, and Yi is the annual water production of each grid I, their unit is (mm) [36].


     A E   T     x         P     x        = 1 +    P E   T     x         P     x        −     1 +        P E   T     x         P     x            w          1   w       



(4)







Based on the Bortala Mongol Autonomous Prefecture Resource Bulletin and water consumption data, the regional water demand was calculated as follows:


    D   s u m   =   D   a   × G D +   D   b   × N L M Y +   D   c   × J Z  



(5)




where JZ represents the built-up land area; GD represents the farming land area; NLMY represents the forest, grassland, and river area; Their unit is (hm2). Da is the overall water demand for built-up land; Db is the total water demand for crops; and Dc is the total water demand for waters in forests and grasslands, their unit is (m3/hm2). The entire water demand in the research region is determined via the calculation of Dsum, their unit is (m3).



	(3)

	
Soil Conservation and Soil Demand







The supply capacity distinguishes between the actual and potential soil erosion [28], and it is computed using the sand transport ratio module of InVEST as follows:


      R K L   S   i   =   R   i   ×   K   i   × L S     U L S   E   i   =   R   i   ×   K   i   × L   S   i   ×   C   i   ×   P   i                       S D   i   =   R K L S   i   −   U L S E   i     



(6)




where Ri, Ki, LSi, Ci, and Pi denote the precipitation erosivity factor, their unit is (t·mm (ha·hr)−1), soil erosivity factor, Its unit is (t·ha·mm)−1, topography factor, vegetation cover factor, and conservation measure factor for raster cell i, respectively; RKLSi indicates the potential soil erosion of raster cell i, while ULSEi signifies the actual soil erosion of raster cell i, their unit is (t/hm2).



	(4)

	
Quality of habitat







The habitat quality module of InVEST is used to assess the habitat quality in the Bortala Mongolian Autonomous Region [37,38,39]:


    Q   x j   =   H   j   ×   1 −        D   s j   2       D   s j   2   +   k   2           



(7)




where Dxj represents the habitat stress level for grid x in land use type j; Qxj denotes the habitat quality for land use type j; Hj indicates habitat suitability; and k is the half-saturation constant.



Habitat quality needs: When HQ exceeds the regional average, the area is deemed to be of higher ecological quality [40]. Therefore, the following formula was used to calculate the habitat quality requirements:


     H Q   D   n r   =      ∑   k = 1   k     Q   k     S        H Q D =      H Q   D   n   −   Q   x   ,   Q   x   < H Q   D   s                               0 ,   Q   x   ≥ H Q   D   n                



(8)




where S represents the total assessment area, HQDst denotes the habitat quality demand criteria, and Qx indicates the grid supply index [5].




2.4.2. Coupled Coordinated Matching Models


To remove data dimensionality and ensure the comparability of the ESSD, ESS and ESD were standardized using z-score normalization for the matching analysis and extreme difference normalization for the coupled coordination analysis [29]. using the following formula:


       x   ′   =      x   i   −   x  ¯    σ          x   ′   =      x   i   −   x   m i n       x   m a x   −   x   m i n          



(9)




where x′, xi, xmin, xmax, and σ represent the standardized regional ESS (ESD), ESS (ESD) value of research cell i, minimum and maximum ESS (ESD) values, and standard deviation of the mean ESS (ESD), respectively.



This study calculates the CCD of ESSD. Both the degree of coordination and coupling degree have values between 0 and 1 [41,42]. The formula used is as follows:


     C =    2  E S S  × E S D   E S S + E S D        T = a E S S + b E S D     D =  C × T      



(10)




where T represents the coordination degree and C represents the coupling degree. The normalized ESS and ESD are denoted as ESS’ and ESD’, respectively, and the contributions of ESS and ESD to the overall system are equal, with a = b = 0.5.



The spatial match between ESS and ESD as well as the match of ESD are indicated by the ESS and ESD match. The formula is as follows:


  E S S D =    E S   S   ′   − E S   D   ′     ( E S   S   m a x   ′   + E S   D   m a x   ′   ) / 2           



(11)







Standardized Z-score: The standardized values for ESS′, ESS′max, ESD′, and ESD′min are as follows: ESD′min represents the standardized ESD minimum, and ESSD indicates the degree of supply and demand matching [17].




2.4.3. GMOP Land Use Structure Optimization Model


The GMOP model, which stands for gray multi-objective optimization, is a model developed by combining GM (1,1) with multi-objective linear programming [43]. The model can define a specific satisfactory range for uncertain objective functions and constraint conditions in actual land use, and it is also suitable for multi-objective research applications. It can fully express the decision-maker’s intentions and provide the decision-maker with an optimal land use optimization configuration plan [44], incorporating socioeconomic factors into scenario simulation. Factors that can be quantified into the objective function can be selected. However, social benefits involve a wide range of aspects, mainly referring to the degree of demand for land from various social sectors, which is reflected in the macro policy documents’ requirements for various types of land. These are difficult to express in the form of mathematical functions, so they are transformed into constraints [45,46].



	(1)

	
Scene setting







Based on the economic and ecological benefits and combined with the GM(1,1) model, three major optimization objectives were constructed:



Function     max  ⁡      f   1     x         indicates the maximized economic efficiency, and it is calculated as follows:


    f   1     x   =   ∑  i = 1   6      E   i   ·   x   i              



(12)




where Ei is the economic benefit per unit area of the land use type in the category. Xi is the area of class land use type, and i = 1, 2, 3, 4, 5, 6 represent six categories of land use types, respectively: arable land, forest land, grassland, water areas, construction land, and unused land [29,47]. The function is defined as follows:


    f   1     x   = 3.71   x   1   + 0.34   x   2   + 0.38   x   3   + 0.02   x   4   + 344.20   x   5   + 0   x   6    



(13)







Function     max  ⁡      f   2     x         represents the maximized value of ES, and it is expressed as follows:


      f   2     x   =   ∑  i = 1   6      V   i   ·   x   i              



(14)




where     V   i     is the ESV per unit area for land use type I, and Xi is the area of class land use type. Function     f   2     x     is determined by the following function:


    f   2     x   = 0.99   x   1   + 4.01   x   2   + 2.69   x   3   + 9.49   x   4   + 0   x   5   + 0.26   x   6    



(15)







Function     max  ⁡      f   3     x         is an objective function designed to maximize the ecological capacity, and it can be expressed as follows:


    f   3     x   =   ∑  i = 1   6      C   i   ·   x   i     ×   100 − 12   %            



(16)




where Ci is the per unit area of the class land use type and is the product of yield factor and equilibrium factor [48], and Xi is the area of class land use type [49,50]. When calculating the ecological carrying capacity, 12% of the biologically productive land area should be deducted for the protection of biodiversity [51], the objective function is defined as follows:


    f   3     x   = 0.05   x   1   + 0.44   x   2   + 0.64   x   3   + 2.31   x   4   + 2.75   x   5   + 0   x   6                  



(17)







Four scenarios were established to forecast the LUCC in Bortala for the year 2035. Setting 2035 as the forecast node for land use responds to regional spatial planning policies. Bortala has formulated the “Bortala Mongolian Autonomous Prefecture Territorial Spatial Master Plan (2021–2035)”. Our forecast can provide theoretical supplementation for the development of the region in the future period. Secondly, choosing the year 15 years after 2020 as the forecast year allows for a longer time interval, which can reveal more significant land use changes.



	
BAU: obtained by Markov chain prediction;



	
RED: obtained from the objective function   m a x     f   1     x      ;



	
ELP: obtained from the objective function   m a x     f   2     x   ,   f   3     x      ;



	
EEB: obtained from the function     max  ⁡      f   1     x   ,   f   2     x   ,   f   3     x        .






The four scenarios are set up to determine the optimal solution for future ecological and economic development. EEB represents the ecological–economic balance scenario and prioritizes a balance between the ecological environment and economy, ELP represents the ecological protection scenario and prioritizes ecological development, BAU represents the “business as usual” scenario and prioritizes historical development, and RED represents the economic development scenario and prioritizes economic development.



	(2)

	
Constraints







Total area: The total area of the Bortala Mongol Autonomous Prefecture is the aggregate of its various land use types:


    ∑  i = 1   6      x   i     = 2.486 ∗   10   6           h m   2              



(18)







Population: The population of agricultural land and urban land is within the projected population of the Bortala Mongolia Autonomous Prefecture in 2035:


  ⊗     a   21         ∑  i = 1   3      x   i       + ⊗     a   22         x   5     ⩽ P    



(19)




where P denotes the projection of the population in 2035. Based on the statistical data and GM(1,1) modeling, we obtain   ⊗   is the gray number interval,   ⊗     a   21     ∈   0.05,0.07    ,   ⊗     a   22     ∈   4.30,6.72   ,   and P = 484,310.



Food needs: To meet the food supply needs, there must be enough cultivated land in the study region:


    x   1   ·   f   1   ·   f   2   ·   f   3   ≥ P · S ·   f   0        



(20)




where   S   is the per capita food requirement;     f   0     is the self-sufficiency rate of food;     f   1     is the food production per unit area;     f   2       is the proportion of crops planted; and     f   3     is the replanting index. It is predicted based on a previous study [52]. and the GM(1, 1) model:   S =    3076   k g   p e r s o n      and     f   0   = 1  ,     f   1   =    18,311   k g     h m   2       ,     f   2   = 24.4 % ,   and     f   3   = 0.995  .



Based on the growth rate of arable land area in Bortala over the past 30 years, arable land area will increase by 10% in 2035, as predicted by the Markov chain model. The upper limit of cultivated land is     351,120   h m   2    .



Forest cover: The coefficients for Bortala’s green equivalent calculation are 0.46, 1.00, and 0.49. The United Nations recommends a minimum forest cover rate of at least 20%, and Bortala’s forest cover rate is not lower than 20%. The formula is as follows:


  0.46   x   1   +   x   2   + 0.44   x   3   ≥ 2.486 ∗   10   6       × 20 %          



(21)







According to the reduction trend, we considered the prediction of 45,684 hm2, as the lower limit. Because the government will implement more forest protection policies, forest cover will be higher than it currently is. Tus, the forest area in 2015 was established as the maximum limit, and the constraint condition can be written as:


  45,684 ≤   x   2   ≤ 67,850     h m   2            



(22)







Grasslands: The grassland area in the Bortala Mongol Autonomous Prefecture has been increasing over the last 20 years but has been trending downward over the last 5 years. The upper and lower bounds of grassland area from 2010 to 2020 was determined by calculating the maximum and minimum areas within this period:


  952,275 ≤   x   3   ≤ 1,080,125     h m   2    



(23)







Watersheds: Based on the state of change in the watershed area in the Bortala Mongol Autonomous Prefecture over the last 20 years, the watershed areas in 2020 and 2015 were set as upper and lower limits, respectively, and they are expressed as follows:


  120,020 ≤   x   4   ≤ 127,425     h m   2    



(24)







Construction land: According to the general objectives of the Bortala Mongol Autonomous Prefecture Territorial Spatial Master Plan (2021–2035), construction land will continue to expand in the future, and the area will not be less than that of 2015, with the additional area not exceeding 50% of that of 2020. The constraints are as follows:


  26,661 ≤   x   5   ≤ 39,713     h m   2      



(25)







Unutilized land: The government has recently decreased the amount of unutilized land in Bortala. According to the Markov chain projection, the upper limit of unutilized land in 2035 will be 654,951 ha, and it is expressed by the following formula:


  0 ≤   x   6   ≤ 654,951     h m   2    



(26)







Model: In the model, each constraint variable must satisfy the following conditions:


    X   i   ≥ 0 ,   i = 1 ,   2 ,   3 … 6  



(27)




where i denotes the ith land use type in the study area.




2.4.4. PLUS Spatial Optimization Model for Land Use


PLUS integrates a CARS-based CA model with a LEAS-based rule mining framework [53].



Selection of drivers: After considering the research area’s social development and ibility factors (Table 3)



Model Accuracy Verification: We utilized three distinct approaches to assess the precision of our model. The initial approach entailed determining the kappa coefficient and the overall accuracy. According to prior research, a kappa coefficient exceeding 0.8 is indicative of a high degree of precision in model predictions, with a Kappa coefficient of 0.94 [54]. This study achieved an overall accuracy of 95.7% [55]. The second method involves determining the Figure of Merit (FOM), with a value of 18.2%, and a FOM range of 12% to 18% for the urban land use dynamic simulation [56]. The third method was cross-validation. The 5-fold cross-validation results revealed that the PLUS model demonstrated high overall accuracy (OA) and a high kappa coefficient in all folds [57], with an average OA of 96.01% and a kappa coefficient of 94.13%. This indicates that the model has a high level of classification precision and predictive consistency, thereby validating the high reliability of the LEAS module in simulating land use changes.






3. Results


3.1. Land Use and Ecosystem Service Change


By 2035, according to Figure 3, Bortala’s land use is anticipated to undergo significant shifts in both spatial distribution and quantity across four distinct scenarios. In the EEB scenario, arable land expands by 83,845 hectares and urban land by 117,669 hectares, while the other land types remain largely stable. The ELP scenario forecasts an increase of 41,805 hectares in arable land, 395 hectares in forest land, and 30,287 hectares in grassland and urban land. The RED scenario also indicates an increase in arable and urban land, amounting to 92,515 hectares and 11,615 hectares. The BAU scenario aligns with historical development patterns, showing no significant deviations.



Broadly, the provision of key ES is on the rise, yet there is a spatial disparity in the availability of each service, as depicted in Figure 4a. The prime zones for habitat quality are predominantly in Bortala’s western and southwestern sectors. Similarly, the regions with the most substantial water yield are also in the west and southwest. Soil retention’s high-value zones are spread across the central, western, and southwestern areas, and the same goes for carbon sequestration. By 2035, the ELP scenario exhibits the most extensive coverage of high-value areas for HQ, CS, WY, and SD, all four services.



The demand for ecological services exhibits spatial variability (Figure 4b). Habitat quality demand is notably high in the central urban development and unutilized areas, while the areas experiencing habitat degradation are steadily decreasing. The economic development scenario (RED) has the widest range of degradation. High carbon emission values are focused in the middle area of Bortala, with the range of high carbon emissions gradually expanding, and the ecological economic balance scenario (EEB) has the widest distribution of carbon emissions. High water demand is distributed in the central area, with the range of high water demand areas gradually expanding, and the range of water demand is the largest under the EEB scenario. Soil erosion is distributed in the southern part of Bortala, and there is not much difference in the range of the high-value distribution of soil erosion under the four scenarios.




3.2. Spatiotemporal Changes in Ecosystem Service Supply–Demand Ratio and Coupling Coordination Degree at Two Scales


The supply–demand ratio of ES shows different trends over time. The supply–demand ratios of HQ, CS, and SD increase over time, whereas the supply–demand ratio of water yield initially decreases before increasing (Figure 5a). The spatial distribution of the ESDR reveals that high-value areas for HQ and CS are widespread, with most regions exhibiting a surplus. Among the four scenarios in 2035, the ELP scenario has the largest high-match area for HQ and CS. The surplus distribution of the WY and SD supply–demand ratio is in the western and southwestern parts, with the ELP scenario showing the largest high-match area. To compare changes in ES supply–demand ratios across different scales, we visualized these ratios at the township level (Figure 5b). The results indicate that the distribution of high and low values for HQ, CS, WY, and SD supply–demand ratios is generally consistent at both the grid and township scales, with the SD deficit distribution range being narrower than that of the grid.



The CCD of ESSD also changed differently during the study period (Figure 6). The CCD of HQ improved from severe maladjustment to basic coordination during the study period, with the best coordination under the EEB scenario. The coordination degree of carbon storage improved from severe maladjustment to good coordination, with the best coordination under the ELP scenario. The coordination degree of water yield improved from severe maladjustment to good coordination, with the best coordination under the EEB scenario. The coordination degree of soil retention improved from severe maladjustment to basic coordination during the study period, with the best coordination under the EEB scenario. At the township scale, the CCD distribution of HQ is basically consistent with the grid scale, the basic coupling coordination range of CS has narrowed, the spatiotemporal change in WY is obvious and different from the grid scale, and the CCD of SD has worsened.




3.3. Spatiotemporal Scale Effect of Ecosystem Service Comprehensive Supply–Demand Ratio and Coupling Coordination Degree


The quadrant matching of ESSD in Bortala is shown in Figure 7. The points in the diagram represent the concentration and dispersion of ESSD points. The integrated ecosystem deficit of Bortala, namely LH (low–high) and LL (low–low), accounts for 50.2% of the total, while the surplus of the integrated ESDR, namely HH (high-high) and HL (high-low), is only 49.8%. Therefore, in 2020, Bortala has generally shown an imbalance between the ESSD. Under the ELP, the deficit accounts for 44.20%, under the EEB it is 45.13%, under the BAU it is 45.19%, and under the RED it is 45.65%. It can be seen that the ELP scenario has the highest surplus of ecosystem services, indicating the best future development of the ecological environment. Overall, the development of ES in 2035 is better than in 2020. Spatially (Figure 8), the HL land use type is primarily composed of forest and grassland, with high ESS, a good ecological environment, and serves as the ecological barrier of Bortala. It is also less impacted by human activities, resulting in low ESD. LH mainly consists of arable land, construction land, and unused land; the first two are greatly influenced by human activities, leading to high ESD, while the latter has a fragile ecological environment and low supply. HH has a small distribution range, mainly found in the transitional areas between the two. LL is primarily water bodies; the arid areas have low supply due to high evaporation, and Sairam Lake is a scenic area that cannot support the demands of human activities, while the Ebinur Lake basin possesses a delicate ecosystem, showing low supply and low demand. In all four scenarios for 2035, the area of unused land is decreasing, which will reduce the ecosystem service deficit in Bortala, and the ecological environment is moving towards a positive direction. At the grid scale, the EEB and the ELP in 2035 show more optimized matching of ESDR in terms of WY, CS, and HQ, with a reduction in the range of ES deficits. This is because the extent of green space is broader under these two scenarios compared to the RED and the BAU scenarios. At the township scale, the number of high-low areas under the ELP is the highest. Therefore, expanding the green space area in Bortala will significantly impact the regional ecological system.



Despite the spatial heterogeneity of the four ES in Bortala (Figure 9), they generally exhibit varying degrees of inconsistency. Overlaying the coupling coordination levels of the four ES reveals that at both the grid and township scales, the central area exhibits moderate maladjustment, most peripheral areas are uncoordinated, and some grid scale areas demonstrate basic coupling coordination. In 2035, the state of coupling coordination has improved. This indicates that the correlation between the ESSD is relatively low, which means that the coordination between ES and human activities needs to be further strengthened.





4. Discussion


4.1. Comparison with Other Relevant Studies


When studying carbon storage, we fully considered the actual conditions of the study area and made appropriate adjustments to the parameters for different land use types in the carbon value table. Through these steps, we successfully mapped the carbon storage. Finally, we compared the carbon storage results with those of other arid regions and found that the differences between them were not significant [58,59]. Different supply and demand coupling configurations affect how supply and demand develop synergistically. Our study found a deficit in the supply–demand matches for construction land. Yu, J. et al.’s research on Hunan’s ESSD coupling identified significant imbalances, especially in the construction land sector, highlighting the province’s overall supply–demand discrepancies [15]. Our findings align with Gao, L. et al. The study indicates that geographic variables similarly influence the coordinated development of ESSD [53]. Our study found that the distribution of land use and ES is different under different scenarios. Liu, Z. et al.’s predictions of LUCC in Xinjiang under various scenarios were utilized to evaluate the future geographical imbalance of ESSD and the quantity of terrestrial ecosystem water yield services. Under the RED scenario, arable and construction land will expand, whereas forests and grasslands will diminish. Under the BAU scenario, Xinjiang’s land use pattern will persist unchanged. Under the ELP scenario, there will be more grasslands and forests. This is consistent with our findings [6]. Our study found that the ESDR for unused land and areas of human activity is LH. Our results found that the desert area is LH; however, Zhang, X. and others found that the low–low area is in the desert, which differs from our results. The possible reason is that the desert area has severe habitat degradation and large water evaporation, leading to high comprehensive ecosystem service demand [60]. Our study analyzed the spatiotemporal changes in the supply–demand match and CCD of Bortala’s ES under four future scenarios at both the grid and township scales, and developed corresponding spatial planning.




4.2. Spatial Scale Effects of Ecosystem Service Supply–Demand Relationship and Coordination Coupling


The spatial distribution of ESDR [61] and CCD [62] is affected by scale. Multi-scale assessment can comprehensively understand the supply and demand ratios and coordination levels at the township scale, while accurately pinpointing the specific locations of the ESDR and CCD levels at the grid scale [63]. The influence of the grid and township scales on the ESDR and CCD was examined.



In terms of the ESSD, the spatial distribution is basically consistent at different scales, but there are still differences. HQ and CS have a wide range of supply surpluses at the grid scale, while WY and SD show a large range of deficits. Construction land, arable land, and unused land are the main areas of deficit in the supply and demand ratio of WY and SD, with less supply and greater demand [62], requiring ES from other regions. At the township scale, both the western region’s townships and the central townships of SD exhibit a surplus in WY. The comprehensive ESDR shows a wider range of surplus at the township scale than at the grid scale, indicating that deficits at the grid scale can be resolved at the township scale.



In terms of the CCD, the four degrees of coupling coordination at the township scale have basically deteriorated, and the range of decrease has become wider. The distribution of HQ, WY, and SD at both scales is basically consistent. However, CS is more obvious, with most areas at the township scale showing a state of non-coordination, and the areas with better coordination at the grid scale have expanded, with sporadic construction land leading to a lower average value in zonal statistics [64]. In the ELP scenario, the central area exhibits a basic CCD, with a higher comprehensive degree of coupling coordination at the grid scale compared to the township level. This suggests that areas with low coupling can be precisely identified to enhance coupling coordination in certain townships.



The multi-scale analysis reveals that the ESDR and degrees of coupling coordination can vary across different scales. These changes indicate the mobility and diversity of ES relationships under the influence of social and natural factors [65].




4.3. Bortala Mongol Autonomous Prefecture Ecological Zoning Analysis


The matching of the ESSD and the CCD in Bortala shows spatial differences, and regional zoning management can achieve the goals of sustainable development by referring to the spatial master plan of Bortala. Conduct an overlay analysis of the ESDR and CCD for the year 2020, and this will be used for the regional ecological zoning of Bortala (Figure 10).



The ecological conservation zone is primarily situated in the western and southern regions of Bortala. The CCD of ES is severely out of balance. In natural resources such as forests and grasslands, the corresponding types of ESSD matching are mainly high-high and high-low. Therefore, in this area, our goal should be to protect the environment, maintain resource balance, and promote sustainable development. To maintain the principle of improving forest and grassland coverage, we should strengthen forest and grassland management, effectively protect the biodiversity of the area, and effectively protect forests and grasslands. We should select appropriate types of vegetation and plan reasonable densities for artificial forests. To create a more stable socioeconomic environment, we should use the natural resources of the area, manage tourism resources wisely, and encourage the sustainable growth of ecological and cultural industries in the area.



Ecological moderate development zone: The ESSD matching type of construction land is mainly low–high, and there is a mild to moderate imbalance in the coordination of ESSD. These factors lead to human–land conflicts and ecological damage. Therefore, the development of this area must focus on improving the current ecological environment quality. To support sustainable development, we should strengthen land management, improve industrial structure, and encourage the rapid growth of the green economy. In addition, we should use the surrounding ecological environment, and plan and manage construction land reasonably to reduce conflicts between man and nature. We can also raise public environmental awareness and promote low-carbon technologies to reduce carbon emissions in order to alleviate the carbon deficit issue.



The ecological agriculture zone, primarily situated in central Bortala, predominantly features the HH and LH ESSD types, with the CCD of ES generally being uncoordinated. To achieve sustainable development, we should enhance farmland protection; advance agricultural, forestry, and animal husbandry technologies; minimize chemical dependence; optimize breeding environments for better resource yields; and improve ecosystem sustainability.



The ecological restoration zone is mostly located on the unused land of Bortala with a fragile ecological environment. ESSD typically occurs under the conditions of low supply and high demand, leading to a notable imbalance in their coordination. Thus, the primary strategies for growth involve restoring the ecological environment and balancing the supply and demand capacity of ES in this area. Specific measures can be taken by afforestation, planting local plant species to restore vegetation cover, increasing carbon sequestration through the construction of terraced fields as a part of ecological projects, and implementing soil and water conservation projects to reduce soil erosion.



Ecological protection zone: The CCD of ES is severely out of balance. In natural resources such as water bodies, the corresponding types of ESSD matching are low–low. Therefore, in this area, our goal should be to protect the environment, protect water resources, improve supply, plan and manage water resources rationally to ensure that the ecosystem’s demand for water is met, and increase the water supply by constructing reservoirs and dams while reducing the water demand for agriculture and industry through water-saving irrigation techniques. Additionally, we should balance the water resource distribution in different areas by transferring water resources from water-rich areas to water-scarce areas through water conservancy projects [66]. We should also reduce and control pollution sources to prevent further degradation of ES in order to achieve the goal of balancing the ecological environment.




4.4. Shortcomings and Prospects


Based on four scenarios, this study projected the land use status of Bortala in 2035 using the GMOP-PLUS model. First, there is only 0.25° data from CMIP6, which can be based on the scientific downscaling method to refine the future data of the small study area more. The 2035 ESD value in this study is derived from 2020 data from Bortala and can be adjusted according to IPCC CS reduction policies. However, the current method of equally distributing CS between agricultural and construction land using a 1 km grid does not accurately represent the CS distribution across the other land use types. A more suitable method for calculating CS can be implemented. Currently, there is no analysis of tradeoffs and synergies between ES. Our future research will focus on the ecological water use in arid regions, aiming to provide a reference case for local and similar areas for water resource management. We will establish an integrated model to optimize the allocation of multiple water sources to achieve a balance between groundwater, economic benefits, and ecological water use; enhance synergistic effects; and ensure water security and sustainable development [43]. The GMOP model has achieved high accuracy in small-scale land use simulations, but its performance tends to decline in larger-scale simulations [67]. The PLUS model, regarding its applicability, experiences a decrease in model precision when studying very large areas. The InVEST model, which includes assumptions and algorithmic simplifications, cannot capture the flow of information between some factors.





5. Conclusions


This study utilized the GMOP-PLUS-InVEST coupled model to forecast Bortala’s 2035 land use data and assess the coordination and alignment of regional ESSD under four scenarios: EEB, ELP, RED, and BAU. They were HQ, CS, WY, and SD. The results were that the CCD of the four ES showed obvious spatial heterogeneity. From 2020 to 2035, HQ, CS, and WY in the central area of Bortala have shown basic coupling coordination. The ESDR analysis reveals a mismatch in the supply and demand of the four ES in Bortala from 1990 to 2035. Specifically, there is a deficit in the supply–demand matching for WY and CS from construction land and farmland. Based on Bortala’s land use planning documents, supply–demand coupling coordination analysis, and supply–demand matching results, Bortala will be divided into five ecological zones: ecological conservation zone, ecological agriculture zone, ecological moderate development zone, ecological improvement zone, and ecological protection zone. In the ELP scenario, Bortala’s ecological environment is optimal, with the EEB scenario being the next best. It provides a supplementary basis for Bortala’s future development planning.
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Figure 1. General map of Bortala Mongolian Autonomous Prefecture. 
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Figure 2. Paper frame diagram. 
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Figure 3. Land use distribution in the Bortala Mongolian Autonomous Region in 2035. 
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Figure 4. Analysis of the supply and demand of ESs in Bortala from 1990 to 2035. Integrated ecosystem service supply-demand ratio. Figures (a) and (b) represent the supply and demand of ecosystem services at the grid and township scales under four scenarios for the years 2020 and 2035, respectively. 
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Figure 5. Multi-scenario analysis of the supply and demand of ecosystem services in Bortala from 1990 to 2035. Figures (a) and (b) represent the supply and demand matching of ecosystem services at the grid and township scales under four scenarios for the years 2020 and 2035, respectively. 
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Figure 6. Assessing the coupling coordination degree of ecosystem services in Bortala from 1990 to 2035 across various scenarios and scales. Figures (a) and (b) represent the coupling coordination degree of ecosystem services at the grid and township scales under four scenarios for the years 2020 and 2035, respectively. 
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Figure 7. Quadrant diagram illustrating the supply and demand of ecosystem services in Bortala. Figures (a), (b), (c), (d), and (e) represent the quadrant diagrams of ecosystem service supply and demand matching under the BAU, ELP, EEB, and RED scenarios for the years 2020 and 2035, respectively. 
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Figure 8. Integrated ecosystem service supply–demand ratio. Figures (a) and (b) represent the supply and demand matching of integrated ecosystem services at the grid and township scales under four scenarios for the years 2020 and 2035, respectively. 
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Figure 9. Multi-scenario analysis of the coupling coordination degree of comprehensive ecosystem services in Bortala. Figures (a) and (b) represent the coupling coordination degree of integrated ecosystem services at the grid and township scales under four scenarios for the years 2020 and 2035, respectively. 
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Figure 10. Ecological zoning map of Bortala. 
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Table 1. List of abbreviations.
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	Full Name
	Abbreviation





	Land Use and Land Cover Change
	LUCC



	Cellular Automata and Markov Chains
	CA-markov



	Land Use and Land Cover
	LULC



	Future Land Use Simulation
	FLUS



	Patch-generating Land Use Simulation
	PLUS



	Geographical Modeling and Optimization Platform
	GOMP



	Integrated Valuation of Ecosystem Services and Tradeoffs
	InVEST



	Ecosystem service supply and demand
	ESSD



	Habitat quality/carbon storage/water yield/soil erosion
	HQ/CS/WY/SD



	Ratio of supply and demand for ecosystem services
	ESDR



	Coupling coordination degree
	CCD



	Ecological economic balance scenario/Ecological protection scenario/Business as usual scenario/Economic development scenario
	EEB/ELP/BAU/RED










 





Table 2. Main data and data sources.






Table 2. Main data and data sources.











	Data Acquired
	Data Source
	Scale
	Use for ESs





	DEM (Digital Elevation Model)
	NASA
	30 m
	SD



	Land
	Data Center for Resources and Environmental Sciences
	30 m
	CS/WY/SD/HQ



	Socioeconomic data
	Provincial, urban, and county statistical yearbooks
	
	Carbon demand/Water demand



	Soil type
	HWSD (Harmonized World Soil Database)
	1 km2
	WY/SD



	Evapotranspiration
	The third edition of the Global Aridity Index
	1 km2
	WY



	Precipitation
	National Tibetan Plateau Data Center
	1 km2
	WY/SD



	Precipitation data for 2035
	CMIP 6
	0.25°
	WY/SD



	Population density
	World Pop
	1 km2
	










 





Table 3. The driving factors input into PLUS.
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Type

	
Data

	
Data






	
Terrain

	
Elevation slope aspect

	
Affects the suitability and accessibility of land.




	
Meteorological data

	
Precipitation

	
It affects agricultural production, plant growth, and the availability of water resources.




	
temperature




	
Dryness




	
Vegetation

	
Normalized difference

	
Vegetation affects the coverage and distribution of green spaces.




	
vegetation index




	
Net primary productivity




	
Soil data

	
Soil types

	
Determine the agricultural potential and suitable crop types of the land.




	
Soil erosion




	
Spatial accessibility

	
Distance to residents

	
The convenience of transportation affects people’s housing choices.




	
Distance to lake and river




	
Distance to government




	
Socioeconomic factors

	
Nighttime light data

	
Affects the areas of human activity.




	
Crop area and yield

	
Affects the distribution of arable land.




	
POP

	
The distribution and growth of the population are the main drivers of urban expansion.




	
GDP

	
The construction of roads and railways changes the land use pattern.
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