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Abstract

:

The harmonious development of the ecological environment and the economy is extremely important to achieve regional ecological construction and sustainable development. To properly assess the status of the harmonious development of the ecosystem and the economy, this study constructed an improved ecosystem services value (ESV) and eco-economic harmony (EEH) model to analyze the coordination relationships between the ecosystem and the economy in this region, based on Landsat TM/OLI data of Anxi County in 1999, 2009, and 2019. The results were as follows. (1) Significant changes in land- use occurred in Anxi County between 1999 and 2019. While grassland, cultivated land, and water bodies decreased by 22.91%, 36.82%, and 8.18%, respectively, other land-use types expanded including construction land (206.10%), garden land (56.39%), forest land (10.37%), and unutilized land (90.43%). (2) The ESV decreased by CNY 41.02 billion during this period, with the largest contribution from forest land and the most important service function being regulating services, and mountainous townships made a great contribution to the total ESV. (3) The eco-economic system of Anxi County was at an inharmonic level. The evaluation model produced more favorable results, especially at the township scale, which is highly sensitive to economic policy. This can provide scientific evidence for inter-regional ecological compensation and sustainable development while providing reference and inspiration for similar areas around the world to carry out relevant research.
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1. Introduction


With the rapid pace of socio-economic development, industrialization, and urbanization, the demand for natural resources, particularly land resources, continues to increase, resulting in more conflicts between built-up areas, cultivated land, and environmental protection [1]. This kind of resource consumption has led to several issues, such as an irrational structure of construction land, the spatial distribution of land use, and the inefficient use of resources [2]. Land-use change can significantly alter ecosystems and their spatial distribution, thereby affecting the structure and functioning of ecosystems. This, in turn, usually reduces the ecosystems’ ability to provide services [3,4,5]. At present, the mutual constraints between the ecological environment and economic and social development are becoming increasingly clear, and the conflict is becoming more serious. Therefore, achieving the coordinated development of ecology and the economy is necessary to address the issue. Eco-economy harmony (EEH) is a critical requirement for regional sustainable development and a necessary way to build a regional ecological civilization. The quantitative assessment of the coordinated development of ecology and the economy at the regional level can provide a scientific basis for achieving this goal. Therefore, the quantitative evaluation of the coordinated development of ecological and economic systems is crucial for the realization of regional sustainable development and is one of the most challenging areas of research in ecology and geography.



As we know, not only is the ecosystem services value (ESV) affected by biomass, but its monetary value is also affected by economic development [6]. Therefore, this study improved the ESV assessment method by adopting the biomass factor adjustment coefficient and the socio-economic factor adjustment coefficient. On this basis, the level of harmonious development of the regional eco-economy was measured, which provided a new way of thinking for the study of regional eco-economic harmony. In addition, previous studies have mainly used ESV assessment methods to measure ESV at the global, national, and provincial scales, but there has been less analysis of the ESV at the township scale. The study focuses on Anxi County, assessing the ESV from 1999 to 2019, and exploring its response to changes in land use. The study aims to develop a scientific method to accurately measure the degree of EEH at a smaller scale to analyze the harmony of regional eco-economic systems and their spatial evolution.




2. Literature Review


Ecosystems provide many services (ecosystem services, ES) to humans; in addition to material goods such as food and raw materials, they also provide many intangible assets to human life and human habitats, such as regulating services, supporting services, and cultural services [7]. Variations in ecosystem services value are closely related to the level of regional economic development and the degree of exploitation [8,9], which synthesize and quantify the results of regional ecological changes [10]. The quantitative assessment of the ecosystem services value contributes to their effective management and the scientific formulation of ecological compensation policies [11]. In terms of ESV assessment, Costanza et al. [7] are the pioneers of ESV assessment, providing ideas and methodologies for subsequent studies. For example, Ouyang et al. [12] and Fu et al. [13,14] provided important discussions on the concepts, valuation methods, and ecological mechanisms of ESV. Xie et al. [15,16] carried out relevant research based on Costanza et al.’s valuation method, and their research result of “China’s ecosystem services value equivalent factor table” [17,18] has been recognized by a large number of scholars and has been widely used in the valuation of different scales and ecosystems. An analysis of the existing literature shows that most studies directly used the equivalence factor table proposed by Xie et al. to measure ESV [19]. However, this scale is based on the national average, and due to the heterogeneous nature of ecosystems [20,21], directly adopting this scale will make the results inaccurate. Therefore, it is necessary to revise the above equivalent factors and reconstruct the ESV assessment model by considering the actual situation of the study area. Furthermore, the ESV valuation methodology used in previous studies fails to accurately capture the true economic value of ecosystem services. This is due to its exclusive focus on the supply-side approach, which relies solely on the potential supply of ecosystem services provided by each land-use category [22]. However, the actual economic value of ecosystem services is determined by the interplay between the supply of ecosystems and the demand of society [23]. Therefore, as people begin to be willing to pay the corresponding costs for the protection of the ecological environment [24], it is necessary to consider both their willingness to pay and ability to pay when reflecting societal demand for ecosystem services, which is of great importance for the establishment of an ecological compensation mechanism and the realization of green socio-economic development.



Land-use change is a key factor influencing ecosystem services [25]. Land-use change reflects the complex interactions between climate change and human activities and is closely linked to several terrestrial processes such as biodiversity, surface energy balance, atmospheric circulation, and carbon cycling [26,27]. Due to the complex geological structure of hilly and mountainous areas and the high degree of fragmentation of land parcels, the ecological environment is more disturbed by human activities [28].



In terms of methods used to measure the harmonious development of ecological and economic systems, scholars have mainly tried the ecological footprint analysis method, the energy analysis method, the material flow analysis method, the market value method, and the sustainability evaluation method [29,30,31]. However, these methods do not consider the influence of externalities and socio-economic factors, so more and more scholars have adopted the EEH model for research. However, at present, this method is mainly limited to the global scale, national scale, and urban scale [17,32], and the research on small-scale counties, or even township-scale hilly areas, is very limited, especially for tea-producing areas. The novelty of the paper is the proposition of the dynamic ESV assessment method that fully considers the biomass factor and the socio-economic factor, which provided a new research model for the subsequent study. Therefore, the assessment values could better represent the dynamic change in the ESV and EEH development level across different periods and can be analyzed scientifically from a smaller scale.



China’s tea plantations account for 60% of the world’s total tea plantation area, and the ecosystems in these areas are often fragile, facing greater economic and social pressures, with large land-use changes that can easily affect the balance of the ecosystem. Therefore, the coordinated development of the economy and ecosystem in tea-producing regions has become a major scientific issue that urgently needs addressing. Anxi County, the birthplace of world-renowned Tieguanyin tea, is a leading tea-producing region in China. A former national poverty-stricken county, Anxi’s tea industry has lifted it into the top 100 counties in the country. However, unchecked development has caused soil erosion and ecological damage [33]. This impact is particularly significant in mountainous areas [34]. However, there is insufficient research evaluating the ecological and economic system’s harmony degree development and spatial ranking in Anxi County, and few of the current research findings are at the township scale.




3. Study Area and Methods


3.1. Study Area


Anxi County is located in the southeastern part of Fujian Province (between 117°36′~118°17′ E and 24°50′~25°26′ N) in the upper reaches of Jinjiang River’s Xixi Creek, and is under the jurisdiction of Quanzhou Municipality, with 488 villages in 24 townships under its jurisdiction (Figure 1). Anxi County has a southern and central subtropical, maritime, monsoon climate. Due to topographical differences, the climatic characteristics of Anxi’s eastern and western parts are significantly different. Eastern Anxi belongs to the southern subtropical zone, with an average annual temperature of 19~21 °C and an annual rainfall of 1600 mm; western Anxi, on the other hand, has an average annual temperature of 16~18 °C and an annual rainfall of 1800 mm, with four distinct seasons throughout the year. Anxi County lies within the southeastern extension of the Daiyun Mountains, boasting an average elevation of 700 m above sea level. The county is intersected by major rivers that flow through the basin and cut through the surrounding mountain ranges. In 2021, Anxi County’s GDP reached CNY 84.561 billion, with a resident population of 1.002 million. The primary, secondary, and tertiary industries accounted for 6.74%, 51.44%, and 41.82% of the county’s economy, respectively.




3.2. Data Collection and Processing


The Landsat TM/OLI remote-sensing images from 1999, 2009, and 2019, with a spatial resolution of 30m × 30m, were downloaded from USGS (the information on Landsat images can be found in Table 1). We used supervised classification to classify remotely sensed images, mainly using a random forest classifier. In this study, we set the number of decision trees to 100, and for the rest of the parameters, such as the number of split variables, maximum leaf nodes, and randomized species sub, the default values were selected. Seventy percent of the sample points were used to train the classifier, and thirty percent were used for accuracy verification. The pre-processing steps of satellite data were as follows: Landsat TM/OLI remote-sensing images → cloud screening (<5%) and image median synthesis → radiometric calibration and atmospheric correction → image enhancement and mosaic → training sample → random forest classification→ classification accuracy evaluation (kappa coefficient and overall accuracy) → land-use classification. After we conducted a kappa coefficient test (kappa coefficient is a measure of classification accuracy) [35] on the remote-sensing images, we found that all coefficient values exceeded 0.87. Moreover, the overall interpretation accuracy of these images exceeded 90%, meeting the research requirements.



With reference to the classification of current land-use situations (GB/T 21010-2017 [36]), and in combination with the scope of the study and the purpose of the study, we divided the land-use types into seven categories: cultivated land (including paddy fields, irrigated land, and dry land), forest land (including trees, bamboos, shrubs, and coastal mangrove forests), garden land (including fruit orchards, and tea gardens), grasslands, water bodies (including rivers, lakes, reservoirs, pits, and ponds), construction land (used for industry, commerce, housing, and transport), and unutilized land (i.e., land that is not utilized or difficult to utilize).



Climate factors were provided by the National Meteorological Information Center (http://data.cma.cn (accessed on 8 October 2023)). Urban population proportion, Engel coefficient, grain output, GDP and per capita GDP data were obtained from the Anxi County Statistical Yearbook (2000–2020), and food prices were provided by the Food and Price Reserve Bureau of Fujian Province (http://lsj.fujian.gov.cn/xxgk/tjxx/ (accessed on 8 October 2023)). Some detailed data can be found in Table 2.




3.3. Research Methodology


3.3.1. Accuracy Evaluation


This study used the overall accuracy (OA) and kappa coefficient to evaluate the accuracy of land-use classification. Overall accuracy (OA) refers to the number of correctly classified pixels distributed along the diagonal of the confusion matrix and directly reflects the proportion of correctly classified images. The kappa coefficient is used to test the consistency between the model predictions and the actual classification results and to check whether the model’s predicted results are consistent with the actual classification results. The formulas for the OA and kappa coefficient are shown below:


  O A =       P   c       P   n       × 100  



(1)
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(2)




where Pc is the number of correctly categorized pixels, Pn is the total number of pixels, r is the number of rows and columns in the error matrix, xii is the number of observations in the i-th row and the i-th column, xi+ is the total number of margins in the i-th row, x+i is the total number of margins in the i-th column, and N is the total number of observations.




3.3.2. Single Land-Use Dynamic Degree (K)


The dynamic degree of single land use can quantitatively describe the rate of land-use change [37]. It plays an important role in comparing regional differences and trends in land-use change [38], as expressed in the following formula:


  K =     U   b   −   U   a       U   a     ×   1   T   × 100 %  



(3)




where K refers to the degree of the land-use dynamic. Ua and Ub denote the area of a certain land category at the beginning and end of the study, respectively, and T denotes the length of the study period.




3.3.3. Regional Ecosystem Services Valuation Modelling (ESV)


Referring to the results of existing research [39], this study constructed a valuation model of ecosystem services that is applicable to the study area. Its formula is shown below:


  E S V =  ∑      A   i   × V   C   i   ×   S   i   × P I      



(4)




where ESV is the value of ecosystem services (CNY); Ai is the area of land-use type i (hm2); VCi is the ESV adjustment factor for land-use area i (CNY/hm2); Si is the adjustment factor for the biomass factor; and PI is the adjustment factor for the socio-economic factor (based on the human willingness to pay and ability to pay measurements). Since ecosystem services are largely proportional to biomass, and NPP is commonly used to estimate biomass [18], the biomass factor adjustment coefficient (Si) can be corrected according to the net primary productivity (NPP) of vegetation [40,41].



The formulas for willingness and ability to pay are as follows:


  P I =   W   t   ×   A   t    



(5)




where PI represents the adjustment coefficient of socio-economic factors within the study area. Wt indicates the willingness to pay for ecosystem services, which can be determined through a logistic regression model. A higher value of Wt indicates a higher willingness to pay. At refers to the ability to pay for ecosystem services and is calculated based on the gross domestic product per capita. A higher value of At implies a higher ability to pay.


  W =   2     1 +   e   − m        



(6)







Here, W represents the willingness-to-pay parameter for Wt (also functioning as a calculation parameter), and m reflects the coefficient of the stage of social development. Detailed calculations of m can be obtained from Fu et al. [42]. Therefore, the calculation of the willingness-to-pay coefficient for the study area is calculated using the following formula:


    W   t   =     W   s       W   g      



(7)




where Ws and Wg are the willingness-to-pay parameters for the study area and the national willingness-to-pay parameters, respectively.


    A   t   =   G D   P   m s     G D   P   m      



(8)







Here, GDPms and GDPm signify the GDP per capita (CNY/person) for the study area and the national GDP per capita (CNY/person), respectively, during year t.




3.3.4. Sensitivity Analysis (CS)


Since uncertainty is related to the value coefficients, additional sensitivity analyses are required to test the percentage change in ESV for a particular percentage change in a value coefficient, that is, to test the dependence of ESV on the value coefficient (VC) of ecosystem services [43]. The credibility of the assessment results may be confirmed through the sensitivity coefficient [44], which is given by the following formula:


  C S =         E S   V   j   − E S   V   i       E S   V   i           V   C   j k   − V   C   i k       V   C   i k          



(9)




where CS denotes the sensitivity coefficient. When CS > 1, it implies that ESV is elastic relative to the VC, and the results have a low credibility. Conversely, when CS < 1, the ESV is inelastic relative to the VC, and the results are credible. ESVi and ESVj represent the ecosystem services value before and after adjustments, respectively. VCi and VCj refer to the equivalent factor for ecosystem services value coefficients before and after adjustments, respectively. And k denotes the land-use type.



In this study, the sensitivity analysis method shown in Equation (7) was used to adjust the ESV coefficients for each land-use type by ±50% and then calculate the corresponding change in ESV.




3.3.5. Eco-Economic Harmony Modelling (EEH)


There are presently no uniform standards for the harmonious development of ecosystems and economic systems, and the degree of harmonization of ecological and economic systems is a relative indicator. A widely used estimation method is to calculate the rate of change in ESV per unit area and the rate of change in GDP per unit area throughout the study period. This method enables the effective quantification of the coordinated relationship between economic development and ecological changes, enabling a more dynamic comparison of the degree of interaction between ecological changes and economic development throughout the study period [45].



In reference to the related research results, this study adopts the ecological and economic coordination index proposed by Wang et al. [46] to reflect the degree of mutual influence and its coupling and interaction in the process of studying ecological and economic development. It is calculated as follows:


  E E H =   Δ E S   Δ G D P   =     E S   p j   −   E S   p i       G D P   p j   −   G D P   p i      



(10)




where EEH represents the degree of coordination between the ecological and economic systems within the region; ESpi and ESpj denote the value of ecosystem services per unit area at the beginning and end of the study period, respectively; and GDPpi and GDPpj denote the GDP per unit area at the beginning and the end of the study period, respectively.



Based on previous research [45], the EEH was classified as shown in Table 3.






4. Results


4.1. Characteristics of Land-Use Change


Table 4 shows the main characteristics of the land-use classification area and changes in Anxi County for the years 1999, 2009, and 2019. In 1999, the area of cultivated land in Anxi County accounted for 28.00% of the total area of the county. As shown in Figure 2, the most cultivated land was distributed in Longjuan (9.91%), Longmen (7.50%), Penglai (6.55%), Chengwang (6.40%), and Guanqiao (6.36%). Forest land was the largest land-use type in Anxi County, accounting for 56.57% of the total area, and was mainly distributed in the southwestern part of Anxi County, such as Longjuan (12.99%), Xianghua (8.59%), and Futian (7.85%). Tea-plantation-based gardens were mainly located in the western part of Anxi, an area with a high terrain and a mild climate. The region includes Changqing, Xianghua, and Gande, which are ideal tea-growing areas. Water bodies and unutilized land covered 10.15 km2 and 2.13 km2, respectively, which is relatively small. In 2009, the order and proportion of the area of land-use types in Anxi County remained unchanged, in the following order from largest to smallest: forest land > cultivated land > grassland > garden land > construction land > water bodies > unutilized land. Forest land was always the most dominant land-use type in Anxi County, with its proportion rising to 60.49% in 2019.



In terms of changes in land-use types, the cultivated land in Anxi County continued to decrease during the study period. Specifically, compared to 1999, the area of cultivated land in 2019 decreased by 308.28 km2, a reduction of 36.82%. This made cultivated land the land-use type that decreased in area the most. The grassland area also showed a continuous downward trend, decreasing by nearly 23 percent. On the contrary, there was an increasing trend in the area of forest land, with a total increase of 175.45 km2 or 10.37%. The area of garden land continued to increase, nearly doubling during the study period, from 154.41 km2 in 1999 to 236.79 km2 in 2019, an increase of 85.38 km2, with an average annual rate of change of 2.82%. It can be seen that after two decades of development, the area of garden land, comprising mainly tea gardens, became the top three land types in Anxi County. The area of water bodies and unutilized land did not change much during the study period. It is noteworthy that the area of construction land has continued to rise, tripling after 20 years of construction, with an increase of 206.10%. Further analysis shows that the growth of construction land area is mainly concentrated in the period from 1999 to 2009, reaching 9.50%, while in the second decade (2009–2019), the growth rate slows down but still reaches 5.70%, indicating that the demand for construction land in Anxi County has increased and a large amount of other land has been converted into construction land. Therefore, it is necessary to further analyze the conversion relationship between different land-use types.



To reflect the structural characteristics of land use and the transformation situation and direction of each type and to reveal the information on all types of transfers in and out, this study used the Markov model [47] to construct the transfer matrix of land-use types in Anxi County from 1999 to 2019 and then plotted it as a chordal map of land-type transfers (Figure 3).



According to the land-use transfer matrix, from 1999 to 2019, cultivated land was primarily converted to forest and construction land, with an area of 181.21 km2 and 85.96 km2, respectively, while the area of newly cultivated land was mainly transformed from grassland in Anxi County. The increase in the area of garden land is mainly due to the transformation of cultivated land, forest land, and grassland, which measure 56.81 km2, 23.00 km2, and 11.62 km2, respectively. Overall, the area of garden land converted to other land types is relatively small. The majority of new construction land is sourced from cultivated and forest land, with the former contributing 56.16% and the latter contributing 5.49% to the total area of new construction land.




4.2. Changes in Ecosystem Services Value


Using the Formulas (4)–(8), the revised Anxi County ecosystem services value equivalent factor table (Table 5) can be calculated, and the ESV of Anxi County in 1999–2019 is calculated by combining the area of each land-use type. The results are shown in Table 6.



Table 6 presents a declining trend in the total value of ESV in Anxi County. The total value decreased from CNY 19.612 billion in 1999 to CNY 15.510 billion in 2019, resulting in a total loss of CNY 4.102 billion, a decrease of 20.92%. The rate of change is −0.21%, indicating that the ecosystem structure of Anxi County is somewhat vulnerable. Anxi County’s total ecological value declined most significantly between 1999 and 2009, with a loss rate of CNY 3.982 billion in ESV. However, between 2009 and 2019, the decline in ecological value slowed down significantly, decreasing by only CNY 120 million. This can be attributed to the significant growth in the area of garden land. It is worth noting that the land types with dominant ecosystem services in Anxi County are forest land, garden land, and grassland. The share of ESV of these three types in the total value fluctuates between 90.5% and 93.9%, which suggests that these three types play an extremely important role in the ecological functioning of Anxi County. Among them, forest land has the largest ESV value and maintains a dominant position. However, the ESV of forest land showed a general decreasing trend between 1999 and 2019, decreasing from 15,524 million CNY to 12,788 million CNY, a decrease of 17.62%. The ESV of garden land gradually declined between 1999 and 2009, mainly due to the reduction in the area of such land. However, the ESV of garden land rebounded between 2009 and 2019, increasing by a total of CNY 219 million. Additionally, the ESV of cultivated land in Anxi County showed a continuous downward trend, decreasing by CNY 814 million, or 52.85%, which was the largest decrease. This result suggests that changes in the ESV of cropland largely influenced changes in the overall ESV of the county.



In Figure 4, it is shown that the ESV of all townships in Anxi County has decreased over time. Longjuan experienced the largest decrease of CNY 590 million, while Futian had the largest decrease in unit area of 1.8 million CNY/km2. In 1999, most townships had low- or medium-value areas, with high-value areas being confined to the southwestern part of Anxi County. However, by 2009, high-value areas had expanded to nine townships, mainly in the five townships of Futian, Gande, Xianghua, Changqing, and Longjuan. In 2019, the high-value and relatively high-value areas had decreased to just four townships, a 125% decrease from 2009. During the study period, the areas with the largest decrease in ESV were mainly located in the southwestern part of Anxi County, mainly due to the conversion of high-ESV land types to low-ESV land types, such as the conversion of forest land to garden and grassland and the conversion of cultivated land to construction land.



After analyzing Table 7 and Figure 5, it was found that regulating services were the most important function of ecosystem services in Anxi County. The value amounted to CNY 34.009 billion between 1999 to 2019, accounting for 67.01% of the total value of ecosystem services. The supporting services function was next, with a ratio of 23.02%, and the cultural services function had the lowest value, accounting for only 4.47% of the total value. From 1999 to 2019, the value of secondary ecosystem services in Anxi County showed an upward and downward fluctuating and decreasing trend. The different mean values of various types of ecosystem services showed a clear size relationship in the order of CR (CNY 4.599 billion) > HD (CNY 3.596 billion) > SC (CNY 1.988 billion) > GS (CNY 1.775 billion) > BD (CNY 1.720 billion) > PE (CNY 1.367 billion) > AL (CNY 0.756 billion) > FP (CNY 0.545 billion) > MP (CNY 0.530 billion) > MNC (CNY 0.187 billion) > WS (CNY −0.145 billion) (Figure 6). Apart from the water supply, the food production function showed the largest decline of 37.76%, followed by the maintenance of nutrient cycles, with a rate of change of −26.74%. This decrease was mainly related to the decrease in the area of cultivated land. Aesthetic landscapes and biodiversity provided a gradual decline in ESV, while climate regulation had the slowest decline of all ecosystem services, with only a 19.17% decline.




4.3. Sensitivity Analysis


Formula (9) was used to calculate the sensitivity index between 1999 and 2019, as shown in Figure 7. The value of CS during the period is less than 1, and the value of CS remained relatively constant in all stages, indicating that the elasticity of ESV in Anxi County is low with respect to VC. Cultivated land had the highest CS values, while unutilized land had the smallest CS values. Moreover, all land-use types have CS values below 0.1, indicating that changes in their value coefficients have a negligible effect on ESV in Anxi County. This suggests that the VC values used in this study are reliable and better reflect the actual situation in the study area.




4.4. Analysis of EEH


Since EEH manifests itself as the evolution of ecological environment and economic development over the study’s time period [45], this study segregated the period into three segments, 1999–2009, 2009–2019, and 1999–2019, to evaluate the EEH. Based on Equation (8), the EEH values for each time period in Anxi County were calculated as shown in Table 8.



Table 8 displays the EEH value for Anxi County throughout the entire study period (1999–2019) at −0.072, signifying a moderate overall value with an upward trend. This positive trend can be attributed to a lesser decline in ESV per unit and a greater increase in GDP per unit from 2009 to 2019, resulting in a larger EEH value according to Formula (10). The data presented emphasize the prominent presence of forest land and cultivated land in Anxi County. Forest land substantially contributes to regulatory, supportive, and cultural services, while cultivated land provides a high value for provisioning services, particularly in relation to food production. These land types play a pivotal role in upholding the stability of ESV in Anxi County. Especially since 2016, Anxi County, as a national ecological county, has persistently enhanced its regulation of the ecological and economic system. This is evident through efforts to improve the quality of the ecological environment, reduce the tea garden land area, and increase the forest land area on one hand. On the other hand, Anxi County has actively promoted the development of ecological industries, along with the high-quality growth of its GDP. Nevertheless, the rapid urbanization and industrialization associated with tea industry expansion have created a significant demand for land resources, leading to the encroachment of ecological lands, including forests and cultivated land. Therefore, it is imperative for Anxi County to further strengthen its regulation of the ecological and economic system, in order to facilitate the transformation from a transition zone to a coordination zone in terms of ecological and economic system coordination.





5. Discussion


Most of the existing studies cite Costanza’s [32] and Xie et al.’s [17] equivalence factors for ecosystem services value (ESV) evaluation when calculating the EEH index, but these studies do not consider the spatial heterogeneity of the region, coupled with the fact that people’s ability to pay and willingness to pay can affect the final monetary estimation of the ESV. The traditional research model is often biased from reality in small-scale studies, so it is necessary to improve the ESV assessment model. Therefore, this paper comprehensively considered the regional differences and socio-economic development status and regional differences and used the biomass adjustment coefficient and socio-economic adjustment coefficient to correct the ESV evaluation model on the equivalent factor values to obtain accurate ESV evaluation results, which were then used for the evaluation of EEH. The improved evaluation model can better explore the degree of coordination between ecological and economic development in Anxi County.



5.1. Land-Use Change


Land-use types in Anxi County changed significantly; specifically, the area of forest land, garden land, and construction land has increased. However, the area of cultivated land, grassland, water bodies, and unutilized land decreased. Among them, the forest land area experienced the most substantial growth, with an increase of over 175.00 km2 from 1999 to 2019. This growth was mainly in the southwestern region exhibiting a high altitude and a mild climate. This is due to the policies of “returning tea to forest” and “returning farmland to forest” [48]. The construction land area increased at the fastest rate, with an average annual rate of change of 10.31%. The findings match those observed in earlier studies [49]. New construction land was mainly converted from forest land and cultivated land. Similar to previous studies, the conversion of cultivated land to forestland was the most prominent [50].




5.2. Evolution Characteristics of Ecosystem Services Value (ESV)


Land-use change modifies the structure and function of ecosystems, thus impacting the value of local ecosystem services. This study’s findings revealed that ecosystem services of Anxi County generated CNY 19.612 billion, CNY 15.630 billion, and CNY 15.510 billion in 1999, 2009, and 2019, respectively, with an overall decreasing trend, indicating that there is a certain fragility in the ecosystem structure of Anxi County. The decline is primarily attributable to continuous land expansion for construction purposes coupled with reduced cultivated land and grassland areas. For many years, Anxi County has prioritized tea cultivation as a key industry to alleviate poverty among local farmers and improve their economic status. As a result, the most notable trend in land-use change in Anxi County between 1999 and 2019 was the transformation of cultivated land and grassland into garden land. The land-use conversion in Anxi County has had a significant impact on the overall value of ESV. This is primarily because garden land has a lower ESV per unit area compared to forest land and has a higher ESV per unit area compared to cultivated land [51]. Thus, the ongoing expansion of forest and garden land areas is offset by the loss of ESV due to the reduction in cultivated land and grassland areas, resulting in a downward trend in the total ESV. Additionally, it is noteworthy that forest, cultivated land, grassland, and garden land emerge as the most valuable land classes for ESV in Anxi County. However, this study found that the economic value of ecosystem services provided by forest land increased only slightly by 0.37 percent from 2009 to 2019, although forest land had significant growth. This finding is inconsistent with studies in other regions that have concluded that forest land change is the main cause of ESV change [48,49]. A possible explanation for this might be the obstacle of continuous cropping. During the study period, the afforestation area in Anxi County increased significantly, with coniferous forests, fir trees, and Masson pines dominating the forestry ecosystem. Nevertheless, this has led to a problem of continuous cropping obstacles, which in turn can cause a decline in the ecological function of the region [52]. In addition, cultivated land decreased the most over the study period, which is consistent with previous studies [53]. It has been shown that cultivated land performs ecological functions such as the production of organic matter, water conservation, gas regulation, environmental purification, recreation, and cultural education, making it an important ecological landscape and the most important productive resource for human survival [54]. It has been shown that the use of specific policies to influence land-use change increases the expected supply of some ecosystem services at the expense of others and that there are inevitable trade-offs between ecosystem services [55].



Spatially, the ESV of the Longjuan, Xianghua, Gande, Futian, and Changqing townships in the southwest of Anxi County contributed significantly to the county’s total ESV value between 1999 and 2019, accounting for 41.01% of the total value. These areas are highly mountainous regions with high altitudes and are suitable for the growth of tea trees, leading to high forest and garden coverage. This suggests that gardens provide a relatively high level of ecosystem service capacity in tea-producing areas, which is in line with other findings elsewhere [56]. In terms of the types of ecosystem services functions, the regulating services is the dominant function in Anxi County, contributing 67.01% of the total ESV value. The cultural services function has the lowest value due to the inadequate preservation of agricultural heritage.




5.3. Eco-Economic Harmony State and Changes


The eco-economic development of Anxi County as a whole is in a state of disharmony. The results of the study showed that from 1999 to 2019, the eco-economic harmony development in Anxi County shifted from the “relatively low conflict zone” to the “transitional zone”, and although it shifted to a favorable development trend, the overall degree of harmony was on the low side. This indicated that land use in Anxi County hurts regional economic development, and it also showed that the process of economic development has led to irrational use of land resources and the sustainable development of the eco-economic system is still threatened This is consistent with the findings of other studies [42,57].




5.4. Policy Implications


To promote high-quality development, the government must optimize land allocation, restrict the expansion of urban construction land, and consider the tradeoffs between ecosystem services when making land-use decisions [58]. The spatial, structural, and scalar dimensions of industrial and urban development must be rationalized. To ensure the long-term sustainability and stability of ecosystem services, the government must allocate ecological resources judiciously, enhance the ecological compensation system, and heighten public awareness about the paid use of ecological resources. The government should also control traditional tea gardens, increase the number of ecological tea gardens, promote high-quality and ecological models of efficient tea tree cultivation, optimize ecosystem service capacity, increase tea production, and foster ecological economic development [59]. Agricultural heritage is important for local development and sustainable regional development. The government should strengthen the preservation of agro-cultural heritage, which is essential for the current rural revitalization strategy and the enhancement of ecosystem cultural services. Furthermore, new concepts like green GDP can be integrated into the performance evaluation system of administrative organizations [60].





6. Conclusions


This paper used NPP to improve the biomass adjustment factor and used the willingness to pay and ability to pay to construct the socio-economic adjustment factor, which provides a scientific method to measure the change in ESV dynamically. This article proposed a coordination degree index of the eco-economy system based on the ratio of ESV per unit area and GDP per unit area, as well as the ratio of their rates of change. This method is more scientific and practical than traditional static evaluation methods.



Using the above methodology, this paper conducted a study on Anxi County to analyze the regional ESV at the township scale and to analyze the degree of EEH and its spatial evolution. The results showed that the ESV in Anxi County is decreasing, which is mainly due to the increase in construction land and the decrease in cultivated land and grassland. The eco-economic systems in Anxi County were not very harmonious, but there was a positive trend. This suggests that there is an urgent need to pay attention to land-use planning and to gradually increase the value of regional ecosystem services in order to promote the harmony of the ecological and economic systems and the green and high-quality development of the region.



However, the eco-economy system has rich connotations and extensions, and the complexity of its harmonious development issue is further exacerbated by its comprehensiveness and uncertainty. The research on the evaluation method of the eco-economy system coordination degree has not yet formed a unified research paradigm and evaluation system, and there are significant differences in research results between different research methods. Therefore, it is necessary to further strengthen the optimization of relevant parameters in our follow-up research, to optimize the harmony degree index, and then provide a scientific reference for the coordinated and sustainable high-quality development of the regional eco-economy.
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Figure 1. Location of the study area. 
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Figure 2. Land-use patterns in Anxi County from 1999 to 2019. 
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Figure 3. Land-use transfer in Anxi County from 1999 to 2019. 
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Figure 4. Spatial changes in ecosystem services value in Anxi County from 1999 to 2019. The five classes of ecosystem services values were based on the five-level natural breaks method in ArcGIS 10.8 software. 
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Figure 5. Ecosystem services value in Anxi County from 1999 to 2019 (by service type). 
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Figure 6. Average value of ecosystem services value in Anxi County from 1999 to 2019. 
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Figure 7. Coefficient of sensitivity of ESV. 
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Table 1. The information on Landsat images.
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Year

	
Sensor

	
Band Signal

	
Cloudage

	
Date






	
1999

	
TM

	
119043

	
0.3

	
9.15




	
120042

	
0.01

	
4.17




	
120043

	
0.19

	
4.17




	
2009

	
TM

	
119043

	
0.29

	
10.19




	
120042

	
0.43

	
10.03




	
120043

	
0.1

	
10.03




	
2019

	
OLI

	
119043

	
0.13

	
9.26




	
120042

	
0.26

	
12.02




	
120043

	
0.23

	
12.02











 





Table 2. Social-economic data and natural data.
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Area

	
Year

	
Town Engel Coefficient

	
Rural Engel

Coefficient

	
Urban

Population Proportion (%)

	
Per Capita GDP

(CNY)

	
Annual Precipitation (mm)

	
Annual Average Temperature (°C)






	
Anxi County

	
1999

	
0.435

	
0.469

	
0.3577

	
6756.00

	
1841.2

	
21.5




	
2009

	
0.389

	
0.424

	
0.4788

	
23,555.07

	
1074.4

	
21.9




	
2019

	
0.3209

	
0.4083

	
0.567

	
60,800.00

	
1466.9

	
21.8




	
Nationwide

	
1999

	
0.421

	
0.526

	
0.362

	
7229.00

	
629.0

	
9.7




	
2009

	
0.365

	
0.41

	
0.499

	
26,180.00

	
591.1

	
9.9




	
2019

	
0.276

	
0.3

	
0.5958

	
70,892.00

	
645.5

	
10.34











 





Table 3. The classification of eco-economy harmony.
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	EEH
	Type
	EEH
	Type





	0.8 ≤ EEH < 1
	High coordination zone
	−0.2 ≤ EEH < 0
	Transitional zone



	0.6 ≤ EEH < 0.8
	Relatively high coordination zone
	−0.4 ≤ EEH < −0.2
	Relatively low conflict zone



	0.4 ≤ EEH < 0.5
	Moderate coordination zone
	−0.6 ≤ EEH < −0.4
	Moderate conflict zone



	0.2 ≤ EEH < 0.4
	Relatively low coordination zone
	−0.8 ≤ EEH < −0.6
	Relatively high conflict zone



	0 ≤ EEH < 0.2
	Latent crisis area
	EEH < −0.8
	High conflict zone










 





Table 4. Statistics of land-use change in Anxi County from 1999 to 2019.
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Land Use Type

	
1999

	
2009

	
2019

	
The Degree of Dynamism of Land Use/%




	
Area

(km2)

	
Ratios

(%)

	
Area

(km2)

	
Ratios

(%)

	
Area

(km2)

	
Ratios

(%)

	
1999–2009

	
2009–2019

	
1999–2019






	
Cultivated land

	
837.20

	
28.00

	
662.63

	
22.16

	
528.92

	
17.69

	
−2.09

	
−2.02

	
−1.84




	
Forest land

	
1691.31

	
56.57

	
1808.37

	
60.49

	
1866.76

	
62.44

	
0.69

	
0.32

	
0.52




	
Garden land

	
151.41

	
5.06

	
178.36

	
5.97

	
236.79

	
7.92

	
1.78

	
3.28

	
2.82




	
Grassland

	
247.49

	
8.28

	
228.27

	
7.64

	
190.78

	
6.38

	
−0.78

	
−2.29

	
−0.82




	
Water bodies

	
10.15

	
0.34

	
8.79

	
0.29

	
9.32

	
0.31

	
−1.34

	
−0.82

	
−0.41




	
Construction land

	
50.01

	
1.67

	
97.52

	
3.26

	
153.07

	
5.12

	
9.50

	
5.70

	
10.31




	
Unutilized land

	
2.13

	
0.07

	
5.75

	
0.19

	
4.05

	
0.14

	
17.05

	
−2.96

	
4.52











 





Table 5. Ecosystem services equivalent value of Anxi County (unit: CNY/hm2·a).
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Top Classification of Ecosystem Services (TCES)

	
Secondary Classification of Ecosystem Services (SCES)

	
Cultivated Land

	
Forest Land

	
Garden Land

	
Grassland

	
Water Bodies

	
Unutilized Land






	
Provisioning services (PS)

	
Food production, FP

	
3157.33

	
721.47

	
1939.40

	
666.71

	
1142.92

	
14.29




	
Material production, MP

	
700.04

	
1657.24

	
1178.64

	
981.01

	
328.59

	
42.86




	
Water supply, WS

	
−3728.79

	
857.19

	
−1435.80

	
542.89

	
14,929.45

	
28.57




	
Regulating services (RS)

	
Gas regulation, GS

	
2543.01

	
5450.32

	
3996.66

	
3447.82

	
1357.22

	
185.73




	
Climate regulation, CR

	
1328.65

	
16,308.10

	
8818.38

	
9114.82

	
4043.09

	
142.87




	
Purify environment, PE

	
385.74

	
4778.85

	
2582.29

	
3009.70

	
8157.62

	
585.75




	
Hydrologic adjustment, HD

	
4271.68

	
10672.06

	
7471.87

	
6676.58

	
156,252.04

	
342.88




	
Supporting services (SS)

	
Soil conservation, SC

	
1485.80

	
6636.10

	
4060.95

	
4200.25

	
1328.65

	
214.30




	
Maintaining nutrient cycle, MNC

	
442.88

	
507.17

	
475.03

	
323.83

	
100.01

	
14.29




	
Bio-diversity, BD

	
485.74

	
6043.21

	
3264.48

	
3819.27

	
3657.36

	
200.01




	
Cultural services (CS)

	
Aesthetic landscape, AL

	
214.30

	
2650.16

	
1432.23

	
1685.81

	
2828.74

	
85.72








Note: Because construction land is one of most significant forms of ecosystem disturbance from anthropogenic activities and provides ecosystem services that are generally low and significantly different from those provided by other land types, the ecosystem services provided by construction land were assumed to be zero in this study to assess ecosystem services and are not presented in the text.













 





Table 6. Ecosystem services value by land-use types in Anxi County from 1999 to 2019 (unit: CNY 108).
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Year

	
Cultivated Land

	
Forest Land

	
Garden Land

	
Grassland

	
Water Bodies

	
Unutilized Land

	
Total






	
ESV

	
1999

	
15.41

	
155.24

	
8.34

	
13.91

	
3.21

	
0.01

	
196.12




	
2009

	
9.36

	
127.40

	
7.54

	
9.85

	
2.14

	
0.01

	
156.30




	
2019

	
7.27

	
127.88

	
9.74

	
8.00

	
2.20

	
0.01

	
155.10




	
Change rate/%

	
1999–2009

	
−0.39

	
−0.18

	
−0.10

	
−0.29

	
−0.34

	
1.08

	
−0.20




	
2009–2019

	
−0.22

	
0.00

	
0.29

	
−0.19

	
0.03

	
−0.32

	
−0.01




	
1999–2019

	
−0.53

	
−0.18

	
0.17

	
−0.42

	
−0.31

	
0.42

	
−0.21











 





Table 7. Changes in ecosystem services value in Anxi County from 1999 to 2019.
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Secondary Classification of Ecosystem Services

	
Ecosystem Services Value (CNY 108)

	
Average




	
1999

	
2009

	
2019

	
1999–2019






	
Food production, FP

	
7.07

	
4.89

	
4.40

	
5.45




	
Material production, MP

	
6.22

	
4.88

	
4.79

	
5.30




	
Water supply, WS

	
−2.61

	
−1.15

	
−0.57

	
−1.45




	
Gas regulation, GS

	
20.91

	
16.34

	
15.99

	
17.75




	
Climate regulation, CR

	
52.72

	
42.64

	
42.61

	
45.99




	
Purifying environment, PE

	
15.70

	
12.67

	
12.65

	
13.67




	
Hydrologic adjustment, HD

	
42.39

	
33.00

	
32.48

	
35.96




	
Soil conservation, SC

	
23.05

	
18.38

	
18.20

	
19.88




	
Maintaining nutrient cycle, MNC

	
2.25

	
1.72

	
1.65

	
1.87




	
Bio-diversity, BD

	
19.74

	
15.94

	
15.91

	
17.20




	
Aesthetic landscape, AL

	
8.68

	
7.01

	
7.00

	
7.56




	
Total

	
196.12

	
156.30

	
155.10

	
169.17











 





Table 8. The EEH value in Anxi County from 1999 to 2019.
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1999–2009

	
2009–2019

	
1999–2019




	
EEH

	
Type

	
EEH

	
Type

	
EEH

	
Type






	
−0.210

	
Relatively low conflict zone

	
−0.003

	
Transitional zone

	
−0.072

	
Transitional zone
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