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Abstract

:

The comprehensive application of ecosystem service value (ESV) and ecological risk index (ERI) assessment can provide better decision support for regional ecological environment protection. Based on the remote sensing image data of Wuhu city of 1995, 2005 and 2016, the paper analyzed the spatial-temporal evolution of ESV and ERI in Wuhu city and its associated characteristics using an ESV, ERI assessments and a bivariate spatial autocorrelation method. The results showed that (1) the total ESV of Wuhu city continued to decline from 1995 to 2016, with a decrease of US$ 363.664 million. The total ESV per unit area of the sampling plot decreased, and the high-value was mainly distributed in areas within 5–10 km along the Yangtze River floodplain. (2) Wuhu city was mainly dominated by a relatively low ERI and medium ERI from 1995 to 2016. The high-value areas were mainly distributed in the mainstream of the Yangtze River, and the overall ERI improved. (3) There was a positive spatial correlation between the total ESV per unit area and ERI in Wuhu city, and these areas were mainly distributed in the Yangtze River mainstream region. According to this research, it is necessary to pay attention to the protection of wetland and forest landscapes, strengthen wetland ecological protection based on the Yangtze River and protect and restore natural mountain forests, all of which play important roles in improving the ecosystem service function of Wuhu city and protecting the ecological environment of the Yangtze River. We should act on that knowledge, and produce effective environmental regulations and habitat restoration efforts that improve the ESV and reduce the ERI. The findings of the study can serve as a reference for the management and protection of ecological environments in river-crossing cities.
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1. Introduction


Ecosystem services are the direct or indirect benefits obtained by humans from an ecosystem, and these services support survival and development and have great value for human well-being [1,2,3,4,5]. Ecosystem services include provisioning services, regulating services, supporting services and cultural services [6]. The value assessment of ecosystems is an important basis of ecological environmental protection, ecological function zoning and ecological compensation decisions [7,8]. At present, the evaluation methods used to determine ecosystem service value (ESV) mainly include the method based on the equivalent factor of unit area value [1,2,9] and the method based on the price of unit service function [10]. The former is more intuitive and easier to use, with a lower data demand, and it is especially suitable for the evaluation of ESV at regional and global scales [2,11]. The use of ESV to monetize different services generated by different ecological processes in a region can effectively link ecological processes with human well-being. Thus, the value of ecosystem services in a region reflects the health of the ecosystem and is one of the important indicators used to measure regional ecological security [12].



Ecological risk index (ERI) assessment is a scientific tool used to guide the decision-making process that underpins ecosystem-based management and prioritization of risk factors for management [13,14]. Landscape ecological risk refers to the adverse consequences that may result from the interaction between landscape pattern and ecological process under the influence of natural or human factors. This concept focuses on the coupling relationship between landscape pattern and ecological process and pays more attention to the spatial-temporal heterogeneity and scale effect of risk, and it is committed to realizing the comprehensive characterization and spatial visualization of multi-source risks [15,16]. In terms of risk receptors, one or more landscapes in specific regions and cities are taken as risk complexes to reflect the impact of landscape patterns and their evolution on ecological processes and ecological health [17]. The evaluation methods mainly include the landscape index method and the risk “source-sink” method [18]. ERI assessments can provide decision-making basis for regional comprehensive risk prevention and effectively guide the optimization and management of regional landscape patterns [14,19].



ESV and ERI are important types of ecological environment assessments. Their comprehensive application can better link between human well-being and ecological environment change, and provide better decision support for regional ecological environment protection [20]. At present, research on ESV and ERI is gradually shifting from independent analysis to correlation analysis. Chen et al. [21] incorporated ecosystem services into the ecological risk assessment system, reconstructed the spatial map of China’s terrestrial ecosystem services by using ArcGIS and remote sensing technology, and provided a quantitative description and spatial distribution of China’s terrestrial ecological risk pattern based on ecosystem services by using an ecological risk analysis model. Cao et al. [17] believed that ecosystem services built a bridge for the connection and communication between ecosystems and human welfare in landscape ecological risk assessments, and this connection helps promote the study of the coupled human-earth system relationship. Additionally, these authors built a landscape ecological risk assessment framework based on ecosystem services: Ecosystem service based landscape ecological risk assessment (ESRISK). Liao et al. [22] took the expansion of developed areas as a risk source and regional ecosystem services, such as soil conservation, soil erosion, and water conservation, as risk receptors, to evaluate the comprehensive ecological risk of Xiamen city. Dong et al. [23] established an ecological risk assessment framework based on the formation, change, risk and management of ecosystem services and evaluated the ecological risks and changes in the Ganzi region in the upper reaches of the Yangtze River Basin. Nevertheless, researches on the correlation between ESV and ERI mostly focus on the ecological risk assessments that are based on ecosystem services, and the spatial distribution and correlation of ESV and ERI in the same region and the same period need to be discussed further.



The Yangtze River is the largest river in China and the third largest in the world, with a total length of 6300 km. Its basin is rich in natural resources, and its towns, population and industries are clustered. It occupies an important position in China’s regional development. Wuhu city is an important node area in the middle and lower reaches of the Yangtze River ecological corridor and is located at a typical cross section of the river. The Yangtze River runs from the southwest to the northeast of the city and divides it into two regions: the north side and the south side. Wuhu city has unique geographical, landscape and resource advantages. Within the territory, the Yangtze River coastline spans 194 km. The Yangtze River is not only a lifeline on both sides of Wuhu city but also an artery supporting its economic development. However, with the acceleration of urbanization, the landscape patterns of land-use types along the Yangtze River have undergone profound changes, and the structure and function of the ecosystem have been affected. Based on this typical region, this research uses Wuhu city as the research object, and through the accounting of ESV and ERI, it reveals the spatial-temporal evolution characteristics of ESV and ERI in Wuhu city from 1995 to 2016. Then, the paper discusses the spatial-temporal correlation between ESV and ERI using bivariate spatial autocorrelation analysis to provide some references for the improvement of ecosystem service function, regional ecological security, and ecological environment restoration and protection along the Yangtze River in Wuhu city.




2. Materials and Methods


2.1. Study Area


Wuhu city is a prefectural-level municipality, encompassing 6026 km2 of urban and rural areas in the south-eastern Anhui province of China and is located along the lower reaches of the Yangtze River. Its geographical coordinates are 117°28′–118°43′ E and 30°38′–31°31′ N. To its south are the southern Anhui Mountains, and the Jianghuai Plain is located to the north (Figure 1). Wuhu city has a subtropical humid monsoon climate. Annual average temperature is 15–16 °C. Annual average rainfall is about 1200 mm. Annual frost-free period is approximately 219–240 days. The terrain of the study area is high in the south and low in the north, with varied landforms including plains, hills and low mountains. However, plains are dominant. The city has a network of rivers and lakes. There are more than 50 rivers at all levels and more than 20 lakes in the city. The study area has jurisdiction over Jinghu, Yijiang, Sanshan, Jiujiang and Wuwei, Wuhu, Fanchang and Nanling counties. By the end of 2016, the total population of the study area was 3.876 million, with a GDP of US$ 38.954 billion. The composition of primary, secondary and tertiary industries was 22.8%, 28.2% and 49.0%, respectively. Wuhu city is the economic, cultural, transportation and politics sub-centre of Anhui province. It is a key “open city” along the Yangtze River approved by the State Council, and a core city of the Wan Jiang City Belt to accept the industrial transfer demonstration zone. It is also a member of Nanjing Metropolitan Circle, neighboring Shanghai, Hangzhou and other metropolises. Therefore, it has an excellent geographical location. Additionally, Wuhu is a city with high urbanization rate in the Anhui province, and it is known as “the giant port of the Yangtze River, the backbone of Anhui province”.




2.2. Data Sources and Processing


Landsat–5 TM in 1995 and 2005 and Landsat–8 OLI in 2016 were used as data sources, and periods without cloud cover were chosen. The time phase was from May to September, which is the peak season of vegetation growth. The data resolution was 30 m, and the data were downloaded from the Geospatial Data Cloud website (http://www.gscloud.cn/). Demographic, social and economic data were retrieved from the official website of the Wuhu government, the Wuhu Municipal Statistics Bureau and the Wuhu Statistical Yearbook (2017). Both Yangtze River vector data and Wuhu city vector data were provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn).



The three-phase remote sensing images were subjected to band combination, registration, mosaic, image enhancement, geometric clipping and other processing using ENVI 5.3 software; then the images were supervised and classified by the maximum likelihood method. According to the 2017 national standard of the “Current Land Use Classification”, combined with the landscape characteristics of the research area, Google Earth data and our specific research purposes, the landscape was supervised and classified through human–computer interaction visual interpretation and was divided into five types: cultivated land, forest land, wetland, construction land and bare land (Figure 2). The accuracy of the classification results was evaluated by field investigation and the obfuscation matrix method. The overall accuracy of the classification results of three-phase remote sensing images was above 85%, which met the requirement of discrimination error accuracy.



By using ArcGIS 10.2 software and considering relevant studies [24,25] and computing efficiency, a 5 km × 5 km grid was used to conduct grid resampling of Wuhu city’s landscape types, and 304 evaluation units were formed. Based on the evaluation unit, the ecosystem service value and landscape ecological risk index were calculated and assigned to the centre point of the evaluation unit; then Kriging interpolation was carried out to analyze the spatial pattern distribution characteristics.




2.3. Research Methods


2.3.1. Calculation of Ecosystem Service Value


The ESV assessment model of Costanza et al. [1] was used to calculate the ESV of Wuhu city in the three periods. The formula is as follows:


  E S V =   ∑  k = 1  n    (   C k  ×  A k   )     



(1)




where ESV is the total value of ecological services in the research area (US$); n is the number of landscape types; Ck is the value coefficient of ecological services per unit area of the k–type landscape (US$/ha); and Ak is the area (ha) of landscape type k.



According to the determination of ESV equivalent per unit area of China’s terrestrial ecosystem by Xie et al. [9,26], and combined with the landscape utilization types and research needs of Wuhu city, the value equivalent was adjusted (Table 1). In this paper, the landscape type of Wuhu city corresponds to the ecosystem type, in which the equivalent of cultivated land and forest land corresponds to the value of farmland and forest, respectively. The wetlands in this paper include river channels, lakes, reservoirs, ponds, beaches and marshes; thus, the equivalent value of wetlands is the mean value of the equivalent value of wetlands and river systems. Bare land takes the equivalent of desert in terms of ecosystem type. Construction land causes great damage to the natural ecological environment, and only the positive utility of ecosystem services is calculated in this paper. Thus, the ESV of construction land is not calculated [27,28]. The average annual grain yield of Wuhu city in 2016 was 6564.39 kg/ha (data from the Wuhu Statistical Yearbook (2017)), and the average grain price in 2016 was 0.394 US$/kg (data from the China Grain Network http://www.cngrain. com/). Based on the research results of Xie et al. [9], that is, “the equivalent economic value of one ecological service is equal to 1/7 of the average market value of the average grain yield per unit area in the research area in that year”, the economic value of the equivalent factor of ESV in Wuhu city was 369.435 US$/ha. Finally, according to “the value coefficient of ecosystem services per unit area of terrestrial ecosystem = equivalent × unit equivalent value” [9], the value coefficient of ecosystem services per unit area of different ecosystems in Wuhu city could be calculated (Table 1).




2.3.2. Calculation of Ecological Risk


The magnitude of landscape ecological risk depends on the intensity of the external disturbance and internal resistance of the landscape ecosystem in the study area [29]. Based on the relationship between the landscape pattern of ecosystems and ecological risk and referring to the existing research results, the landscape fragmentation index, landscape isolation index, landscape dominance index, landscape disturbance index, landscape vulnerability index and landscape loss index were used to construct the landscape ecological risk index model [30,31]. The formulas are as follows:


  E R  I k  =   ∑  i = 1  m      A  k i      A k     R i     



(2)






   R i  =  S i  ×  F i   



(3)




where ERIk is the ecological risk value of sampling plot k; Aki is the area of type i in sampling plot k, and Ak is the area of sampling plot k; Ri is the landscape loss index (measuring the ecosystem loss caused by external disturbance [25]); m is the number of landscape types in the sampling plot; Si is the landscape disturbance index; and Fi is the landscape vulnerability index. The calculation formulas and ecological significance of each parameter are shown in Table 2.




2.3.3. Bivariate Spatial Autocorrelation Model


The spatial autocorrelation model can reflect the degree of correlation of a certain factor in the spatial position, and the model is divided into global spatial autocorrelation and local spatial autocorrelation and is described by Moran’s I and Local Moran’s I [34,35]. The Moran’s I value is expressed as follows:


  I =     ∑  i = 1  n     ∑  j ≠ i  n    W  i j    (   Y i  −  Y ¯   )   (   Y j  −  Y ¯   )         S 2    ∑  i = 1  n     ∑  j ≠ i  n    W  i j          



(4)




where    S 2  =  1 n    ∑  i = 1  n    (   Y i  −  Y ¯   )     ,    Y ¯  =  1 n    ∑  i = 1  n    Y i     , Yi and Yj denote the actual attribute values in sampling plots i and j, respectively, and n is the number of sampling plots (this paper is divided into 304 sampling plots). Wij is a weight matrix based on spatial adjacency.



On the basis of Moran’s I index, relevant scholars [36,37] extended the bivariate global autocorrelation and local autocorrelation, providing a method for revealing the correlation of the spatial distribution of different elements. The formula is as follows:


   I  l m  p  =  Z l p    ∑  q = 1  n    W  p q    Z m q     



(5)




where    Z l p  =    (   X l p  −    X ¯   l   )   /   σ l     ;    Z m q  =    (   X m q  −    X ¯   m   )   /   σ m     ;    X l p    is the value of attribute l of sampling plot p;    X m q    is the value of attribute m of sampling plot q;      X ¯   l    and      X ¯   m    are the average values of attributes l and m, respectively; and    σ l    and    σ m    are the variances of attributes l and m, respectively.



In this paper, based on the bivariate spatial autocorrelation model, the Moran scatter plot and spatial correlation local index (LISA) were used for spatial autocorrelation analysis. The spatial distribution relationship was divided into 4 clustering types, high and high clustering (H–H), high and low clustering (H–L), low and high clustering (L–H) and low and low clustering (L–L), to explore the spatial correlation characteristics of ecosystem services and ecological risks [38,39]. The calculations were performed using GeoDa 1.14.0 software.






3. Results


3.1. Characteristic Analysis of Ecosystem Service Value


3.1.1. Changes in Various and Individual Ecological Services Value


In 1995, 2005 and 2016, the largest proportion of area in Wuhu city is cultivated land (>57.90%), followed by forest land (>17.80%) and wetland (>9.80%). During the last 20 years, the prominent feature of landscape type change was the significant reduction of the area of cultivated land and forest land, which was mainly converted into construction land. Construction land expanded rapidly. Due to the massive mining of mountain mineral resources, the vegetation covering the mountain was seriously damaged, especially in Shijian town of Wuwei county on the north bank of the Yangtze River, and in Digang, Xingang, Suncun and other places in Fanchang county on the south bank of the Yangtze River. This turned what was once a mountain with dense vegetation into bare land. The wetland area experienced an overall decrease, and the reason for this change was cultivated land and construction land encroachment into wetland (Table 3, and Figure 2).



The calculation results and changes in ESV in Wuhu city from 1995 to 2016 are shown in Table 4 and Table 5. During the last 20 years, the total ESV of Wuhu city decreased by US$ 363.66 million, with a change rate of −10.87%, due to the significant reduction of cultivated land, forest land and wetland. In terms of the ESV of each landscape type, the contribution rate of wetland to ESV was very high, followed by forest land and cultivated land. From 1995 to 2005, the ESV of bare land showed an increasing trend, while the ESVs of the other landscape types showed decreasing trends, among which the ESV of wetland had the largest change, with a decrease of US$ 118.41 million. From 2005 to 2016, the ESV of wetland and bare land increased, while that of cultivated land and forest land decreased. The ESV of forest land changed the most, with a decrease of US$ 178.30 million and a change rate of −17.08%. From 1995 to 2016, the ESV of forest land changed the most, with a decrease of US$ 209.28 million and a change rate of −19.47%. In terms of the value structure function of ecosystem services, the ESV changes of various service functions in Wuhu city from 1995 to 2016 were obvious, showing downward trends, but the degrees of decrease were different. The proportion of ESV of each single service function, from large to small, was as follows: waste treatment > water conservation > climate regulation > soil conservation > biodiversity conservation > gas regulation > aesthetic landscape > food production > raw materials. Among them, the functional value of waste treatment was the highest, accounting for 21.97% of the total ESV, followed by the functional values of water conservation (20.06%), climate regulation (14.00%), soil conservation (12.46%) and biodiversity conservation (9.52%). The functional value of raw materials was the lowest, accounting for only 4.19% of the total ESV. Overall, the ratio of regulating service function value was the highest and the change was the largest in Wuhu city. In other words, regulating service is a sensitive factor affecting the regional ESV.




3.1.2. Spatial Pattern of the Total Ecological Service Value per Unit Area


The total ESV per unit area of the sampling plot was divided into 5 grades by the natural break point method: 0.12 × 104 US$/ha < low ESV ≤ 0.39 × 104 US$/ha, 0.39 × 104 US$/ha < relatively low ESV ≤ 0.52 × 104 US$/ha, 0.52 × 104 US$/ha < medium ESV ≤ 0.66 × 104 US$/ha, 0.66 × 104 US$/ha < relatively high ESV ≤ 0.87 × 104 US$/ha, and high ESV > 0.87 × 104 US$/ha. The spatial pattern distribution and area variation of the total ESV per unit area in Wuhu city in the three periods are shown in Figure 3 and Table 6.



Table 6 shows that the total ESV per unit area in Wuhu city in 1995 is mainly medium ESV and relatively low ESV, accounting for more than 33%, followed by a relatively high ESV (16.49%), and the high ESV accounted for 4.48%. The high ESV is distributed in the mainstream area of the Yangtze River, including the Longwo Lake area in Sanshan district, the Jiangxinzhou area in the southwest of Jiujiang district and adjacent to Fanchang county, the Tongling Freshwater Dolphin National Nature Reserve in Wuwei county of the Yangtze region, and the Zhusi Lake area in the south of Wuwei county. The relatively high ESV is mainly distributed in the mainstream area of the Yangtze River, that is, the area within 5 km of both sides of the Yangtze River. Its shape is similar to the trend of the Yangtze River, and it is scattered in the southwest of Wuwei county, the southwest and southeast of Nanling county, and the border area between the southeast of the Sanshan district and northeast of Fanchang county. The above areas are all forested vegetation areas, and the ESV is relatively high. In 2005, the areas of high, relatively high, medium and relatively low ESVs in the study area all decreased, while the area of low ESV increased by 534.89 km2 at a rate of 7.53%. In terms of spatial distribution, the riverfront region of Jinghu district changed from a relatively high ESV to a medium ESV. In 2016, the area of relatively high ESV in the study area decreased sharply, accounting for only 8.85%, and high ESV accounted for 3.36%, while low ESV accounted for 28.15%, indicating that the total ESV per unit area of the study area decreased significantly. A large number of wetlands and forest lands were occupied by construction land, and relatively high ESV area sharply reduced, which was distributed in the riverside area of Jiujiang district and the border area between the southeast part of Sanshan district and the northeast part of Fanchang county.



The total ESV per unit area of the sampling plots in Wuhu city continuously decreased from 1995 to 2016, and the high-value areas were all concentrated in the main stream of the Yangtze River, showing a parallel trend with the Yangtze River. Overall, the total per unit area ESV on the south side was higher than that on the north side of the Yangtze River, and this pattern was closely related to the distribution of numerous river and lake systems in the south side of the Yangtze River. There are more than 10 natural lakes in the south side of the Yangtze River, including Longwo Lake, Kui Lake, Lotus Lake, Nantang Lake and Heisha Lake, which have been listed in the Anhui provincial lake protection list. However, the lakes in the north side of the Yangtze River include Zhusi Lake, Luojiatao Lake, Nanhu Lake and Fengsha Lake, which are smaller than those on the southern side of the Yangtze River in terms of both quantity and area.





3.2. Characteristic Analysis of Ecological Risk


Referring to previous relevant studies [32,40], combining the actual situation of the study area and the range of ERI in each sampling plot, ecological risk is divided into 5 grades by the natural break point method using ArcGIS 10.2: 0.013 < low ERI ≤ 0.016, 0.016 < relatively low ERI ≤ 0.019, 0.019 < medium ERI ≤ 0.023, 0.023 < relatively high ERI ≤ 0.030, and high ERI > 0.030 (Figure 4). The spatial pattern distribution and area variation of the ecological risk in Wuhu city in the three periods are shown in Figure 4 and Table 7.



Table 7 shows that Wuhu city was mostly dominated by a relatively low ERI and medium ERI from 1995 to 2016. In the past 20 years, the area of low ERI decreased sharply by 1223.89 km2, from 23.16% in 1995 to 2.83% in 2016, and the area of relatively low ERI and medium ERI increased by 585.45 km2 and 686.72 km2, respectively. Spatially (Figure 4), the ERI of Wuhu city in the three periods used the Yangtze River as the axis, and the south side and north side of the Yangtze River showed a gradient decreasing change with a “low–relatively low–medium–relatively high–high–relatively high–medium–relatively low–low” spatial distribution pattern. In other words, the overall performance of the study area showed that the ecological risk value of the Yangtze River mainstream is relatively high, while the ecological risk of the other regions is relatively low, and the overall ecological risk of the south side of the Yangtze River is higher than that of the north side. This result is because the built-up area of Wuhu city is distributed in the mainstream area of the Yangtze River and is especially concentrated on the south side of the Yangtze River, and because there are many ports, docks, industrial and mining enterprises. This region is an area with concentrated industry and has strong construction and development efforts, a high population density and a high intensity of human interference. Cultivated land and wetlands along the river are vulnerable to damage. Furthermore, due to frequent geological disasters (e.g., floods and landslides) and fragile ecological environments in the Yangtze River mainstream region adjacent to Wuwei county and Fanchang county, the ecological risks near the mainstream Yangtze River are relatively high. However, the areas farther from the Yangtze River have a relatively low intensity of human activities, especially along the southern and south-eastern parts of the south bank of the Yangtze River and along the north-western and south-western parts of the north bank of the Yangtze River. These areas are mostly mountainous and hilly, with high forest coverage and relatively low ERI.



To clearly identify the change in ERI, we constructed a transition matrix of ERIs during 1995–2005, and 2005–2016 (Table 8). From 1995 to 2005, the area converted from low-grade to high-grade risk was 2771.53 km2, accounting for 46.03% of the total study area, while the area converted from high-grade to low-grade risk was 64.55 km2, accounting for 1.07%. These results indicated that the ecological environment in Wuhu city deteriorated from 1995 to 2005, and the ERI showed an increasing trend. Wuhu city was in a stage of rapid urbanization and development from 1995 to 2005. Human activities had a great impact on the regional landscape, and large areas of cultivated land, forest land and wetland were occupied by construction land. Therefore, the fragmentation and separation degree of the landscape increased, the ecological environment was destroyed, and the ERI increased. From 2005 to 2016, the area converted from low-grade to high-grade risk was 484.91 km2, accounting for 8.05% of the total study area, while the area converted from high-grade to low-grade risk was 1611.43 km2, accounting for 26.76%. These results indicated that the overall ERI of Wuhu city decreased from 2005 to 2016. This result was related to the agglomeration and development of construction land and a reduction in fragmentation. Moreover, this result was largely due to the measures taken by the government to strengthen environmental legislation. In 2005, the construction of “Ecological Wuhu” program was fully launched. In 2007, the government issued the decision on “further strengthening environmental protection work”, making environmental protection in Wuhu city the focus of the government’s work. In 2014, Wuhu city started the construction of large-scale ecological green space between urban clusters. Driven by a series of policies, the ecological environment of Wuhu city was greatly improved, and the scope of high-grade ecological risks was narrowed.




3.3. Correlation Analysis of Ecosystem Service Value and Ecological Risk


3.3.1. Bivariate Global Spatial Autocorrelation


Using the GeoDa spatial analysis tool, the spatial weight matrix was established to calculate the bivariate spatial autocorrelation index of the total ESV per unit area and ERI in Wuhu city in 1995, 2005 and 2016, and the Moran’s I scatter plot was obtained (Figure 5). According to the images, the scatter points are mainly distributed in the first quadrant (H–H) and the third quadrant (L–L), while the second quadrant (L–H) and the fourth quadrant (H–L) have fewer points, indicating that the total ESV per unit area has a spatial positive correlation with the ERI. The change in scatter point distribution along the trend line showed that the positive correlation was the strongest in 2005, with a Moran index of 0.366619, while the Moran index of 1995 and 2016 was 0.336135 and 0.279746, respectively. This result demonstrated that the positive correlation first increased and then weakened from 1995 to 2016.



In GeoDa, the Monte–Carlo simulation method was used to test the significance of Moran’s I, and the P values of the three periods were all equal to 0.001, indicating that the spatial autocorrelation was significant at the 99.90% confidence level.




3.3.2. Bivariate Local Space Autocorrelation


The local indicators of spatial autocorrelation (LISA) clustering graph is the geographical expression of the regional units that have passed the significance test in the Moran scatter graph [34]. The LISA analysis results are shown in Figure 6. The areas in which the total per unit area ESV and ERI correlation was significant are mainly distributed in the west of Wuwei county, the middle east of Nanling county, the north of Jiujiang district and the mainstream area of the Yangtze River. The areas were divided into 5 patterns: high risk–high value (H–H), low risk–low value (L–L), low risk–high value (L–H), high risk–low value (H–L) and not significant (N–S).



In 1995, 2005 and 2016, the area of H–H was 220.15 km2, 120.17 km2 and 189.51 km2, accounting for 3.66%, 2.00% and 3.15% of the total study area, respectively, showing an overall decreasing trend that first decreased and then increased. These sites were mainly distributed in the area within 5–10 km of the mainstream of the Yangtze River, e.g., the area adjacent to the Yangtze River in south-eastern Wuwei county (including the Tongling freshwater dolphin national nature reserve in Wuwei county), the area adjacent to the Yangtze River in western Fanchang county, and the Longwo Lake area in Sanshan district. The above areas all cover large areas of wetlands, which can provide high-value ecosystem services. However, wetlands are faced with high ecological risks due to fragmentation, continuous reductions in area, and encroachment by cultivated land and construction land. At the same time, geological disasters such as floods and landslides occur frequently in Wuwei and Fanchang counties near the Yangtze River. Therefore, in these areas, the ecological environment is fragile, and the ERI level is high.



In 1995, 2005 and 2016, the area of L–L was 980.25 km2, 1114.55 km2 and 775.20 km2, accounting for 16.28%, 18.51% and 12.87% of the total study area, respectively, showing an overall decreasing trend that first increased and then decreased. At the initial stage, the L–L area was mainly concentrated in the west of Wuwei county, the middle east of Nanling county and the northwest of Jiujiang district. The spatial distribution of the L–L area showed a trend ranging from clustered to random from 1995 to 2016, and the L–L area of Wuwei county and Nanling county decreased significantly, while the L–L area of Jiujiang district increased significantly. The main landscape type of the L–L area was cultivated land. Although cultivated land was constantly converted to construction land, the contribution rate of cultivated land’s ESV did not change much. Cultivated land played a relatively stable role in maintaining the total ESV of Wuhu city. Meanwhile, due to the transformation of the regional ecological environment by human activities, the value of ecological services was in a relatively long–term stable state, and the ERI was relatively low.



The area of L–H decreased from 1.04% in 1995 to 0.83% in 2016. It was mainly distributed in the Wuwei county section of the mainstream of the Yangtze River (around the H–H area), namely, in wetland and cultivated land areas. These areas had a relatively high ESV and a relatively stable ERI.



The area of H–L decreased from 1.75% in 1995 to 0.90% in 2016. It was scattered around the L–L zone of Wuwei county and Jiujiang district. The forest land, wetland and cultivated land in these areas were constantly converted into construction land, which decreased the value of regional ecological services and increased the ecological risks.



The area of N–S accounted for 77.27–82.25% of the study area. The main landscape types were cultivated land and construction land that were distributed in a cluster. The distribution of ESV and ERI was approximately average, without obvious high-value centres or low-value centres.



In light of the above, in terms of spatial distribution, the high-value areas of ERI corresponded to the high-value areas of total ESV per unit area, and these areas were mainly along the Yangtze River floodplain, that is, the main concentrated distribution area of wetland landscape. This result indicates that the wetland along the Yangtze River is an area with high ESV, a fragile ecological environment and a high ERI. Therefore, we would recommend strengthening the protection of wetland resources and important wetland landscapes.






4. Discussion


The study area should address the relationship between development and landscape ecological protection, maintain and improve the structure and function of regional ecosystems, and strengthen the continuity of ecosystem patterns. We should strengthen the protection and treatment of natural mountain and mine geological environment. It is necessary to strictly control the exploitation of mineral resources, and promptly take scientific measures to carry out ecological restoration in the mined mountain areas to prevent soil erosion, landslide and other disasters. We would recommend restoring the mountain vegetation and protecting the original natural mountain form to the maximum extent possible. Specifically, we need to strengthen mineral mining control and ecological restoration in Yanqiao town and Shijian town in Wuwei county on the north side of the Yangtze River and in Digang, Xingang and Suncun in Fanchang county on the south side of the Yangtze River.



The wetland landscape plays a leading role in the change in ESV in Wuhu city and is also the distribution area of high-grade ERI. Therefore, Wuhu city should take the building of a more ecologically-conscious society as an opportunity, which relies on the Yangtze River, lakes, ponds and other wetland resources in the territory, to strengthen the protection of ecological corridors and wetland landscape resources along the Yangtze River. Wuhu city should determine the wetland protection vacancy area based on the existing important wetland landscape. We would recommend establishing a wetland landscape protection system based on wetland nature reserves, wetland parks, and drinking water source protection areas to improve the connectivity of regional wetland landscapes and reduce the interference of human activities with natural wetlands. This approach would not only help improve Wuhu’s ecological environment, ecosystem service function and ecological risk resistance but would also play a very important role in protecting the ecological corridor of the Yangtze River, promoting the sustainable development of the Yangtze River Economic Belt and maintaining the ecological security of the Yangtze River Basin.



The spatial autocorrelation between ESV and ERI has a scale effect [41]. In the future, it is necessary to further explore the spatial autocorrelation of ESV and ERI at various scales. In this paper, the total ESV per unit area was used for spatial visualization, which reflected the spatial–temporal distribution characteristics of the total ESV, but the spatial-temporal distribution characteristics of each single ESV were not deeply studied. Exploring the effect of the change in a single ESV on the regional ecological services and ecological risks will also be a worthwhile topic in future research [42,43,44]. Bivariate spatial autocorrelation analysis revealed the positive spatial correlation between ESV and ERI in Wuhu city, which provided a scientific basis for regional landscape layout and ecological environment protection. However, due to the radiation effect of the Yangtze River on both sides of Wuhu city, the location characteristics of different sections of the Yangtze River and the different regional economic conditions may affect the spatial distribution of the ESV and ERI of Wuhu city. Therefore, it is necessary to strengthen research on the impact of the Yangtze River radiation effect on the ESV and ERI and its influence on the relationship between them in the future.



As a final note, now that we have the means to identify the priority areas for environmental protection, we should act on that knowledge, and produce effective environmental regulations and habitat restoration efforts that improve the ESV and reduce the ERI.




5. Conclusions


(1) The total ESV of Wuhu city decreased from 1995 to 2016, with a decrease of US$ 363.66 million and a change rate of −10.87%. The main reason for the decrease was the substantial decrease in cultivated land and forest land. Over the past 20 years, all service functions declined. The proportion of ESV of each single service function from large to small was as follows: waste treatment > water conservation > climate regulation > soil conservation > biodiversity conservation > gas regulation > aesthetic landscape > food production > raw materials. The total ESV per unit area of the sampling plots in Wuhu city continuously decreased from 1995 to 2016, and the high-value was mainly concentrated in the areas within 5–10 km from the Yangtze River.



(2) Wuhu city was mostly dominated by a relatively low ERI and medium ERI from 1995 to 2016. Spatially, the high-value areas were mainly distributed in the mainstream of the Yangtze River, and the areas to the south and north of the Yangtze River showed a gradient decreasing change. In other words, the distribution pattern of “low–relatively low–medium–relatively high–high–relatively high–medium–relatively low–low” was presented, and the overall ERI of the south side of the Yangtze River was higher than that of the north side. In terms of risk transfer, the proportion of risk transferred from low-grade to high-grade decreased, while the proportion of risk transferred from high-grade to low-grade increased. This result was largely due to the strong interference of human activities in the process of urbanization and a series of policies and measures to strengthen the construction of ecological green space and ecological environmental protection.



(3) There was a positive spatial correlation between the total ESV per unit area and ERI in Wuhu city, and the main relationships were the H–H correlation and the L–L correlation. From 1995 to 2016, the H–H area showed an overall decreasing trend that first decreased and then increased. These areas were mainly distributed in the Yangtze River mainstream area, e.g., the area adjacent to the Yangtze River in south-eastern Wuwei county (including the Tongling Freshwater Dolphin National Nature Reserve in Wuwei county), the area adjacent to the Yangtze River in western Fanchang county, and the Longwo Lake area in Sanshan district.



The research results can provide a certain basis for the improvement of ESV, comprehensive risk prevention, and ecological environmental protection along the Yangtze River in Wuhu city. Moreover, the findings in this study can serve as a reference for the management and protection of ecological environments in river-crossing cities.
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Figure 1. Location of the study area. 
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Figure 2. Spatial distribution of the landscape types in Wuhu city for (a) 1995; (b) 2005 and (c) 2016. 
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Figure 3. Spatial distribution of total ESV per unit area in Wuhu city for (a) 1995; (b) 2005 and (c) 2016. 
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Figure 4. Spatial distribution of ERI of Wuhu city for (a) 1995; (b) 2005 and (c) 2016. 
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Figure 5. Moran scatter plots of ERI with total ESV per unit area in Wuhu city for (a) 1995; (b) 2005 and (c) 2016. 
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Figure 6. LISA cluster maps of ERI with total ESV per unit area in Wuhu city for (a) 1995; (b) 2005 and (c) 2016. 
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Table 1. The ESV coefficients per unit area of different landscape types in Wuhu city.
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Service Function

	
Cultivated Land

	
Forest Land

	
Wetland

	
Bare Land




	
E.

	
Value

(US$/ha)

	
E.

	
Value

(US$/ha)

	
E.

	
Value

(US$/ha)

	
E.

	
Value

(US$/ha)






	
Provisioning

services

	
Food production

	
1.00

	
369.43

	
0.10

	
36.94

	
0.20

	
73.89

	
0.01

	
3.69




	
Raw materials

	
0.10

	
36.94

	
2.60

	
960.53

	
0.04

	
14.78

	
0

	
0




	
Regulating

services

	
Gas regulation

	
0.50

	
184.72

	
3.50

	
1293.02

	
0.90

	
332.49

	
0

	
0




	
Climate reservation

	
0.89

	
328.80

	
2.70

	
997.47

	
8.78

	
3243.64

	
0

	
0




	
Water conservation

	
0.60

	
221.66

	
3.20

	
1182.19

	
17.94

	
6627.66

	
0.03

	
11.08




	
Waste treatment

	
1.64

	
605.87

	
1.31

	
483.96

	
18.18

	
6716.33

	
0.01

	
3.69




	
Supporting

services

	
Soil conversation

	
1.46

	
539.37

	
3.90

	
1440.80

	
0.86

	
317.71

	
0.02

	
7.39




	
Biodiversity conservation

	
0.71

	
262.30

	
3.26

	
1204.36

	
2.50

	
923.59

	
0.34

	
125.61




	
Cultural services

	
Aesthetic landscape

	
0.01

	
3.69

	
1.28

	
472.88

	
4.95

	
1828.70

	
0.01

	
3.69




	
Total

	
6.91

	
2552.80

	
21.85

	
8072.16

	
54.35

	
20078.79

	
0.42

	
155.16








Note: E. is equivalent (source: [9]).
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Table 2. Calculation methods of landscape indices.
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	Name
	Calculation Formula
	Description and Ecological Significance





	Landscape fragmentation index Ci
	    C i  =    n i   /   A i      
	Reflects the degree of landscape fragmentation; the higher the value is, the lower the internal stability of the landscape unit is, and the greater the corresponding ecological risk [31]



	Landscape isolation index Ni
	    N i  =  A  2  A i         n i   A      
	Reflects the separation degree of patch individual distribution in landscape types. Higher Ni values indicate more dispersed landscape distribution and a higher degree of fragmentation [32]



	Landscape dominance index Di
	    D i  =    (   Q i  +  M i   )   / 4  +    L i   / 2    
	Reflects the influence of patches on landscape pattern formation and change. Higher Di values indicate a greater ecological risk [32]



	Landscape disturbance index Si
	    S i  = a  C i  + b  N i  + c  D i    
	Reflects the degree of ecosystem interference in different landscapes caused by hazards or land use activities [33]



	Landscape vulnerability index Fi
	Obtained by normalization of expert scores
	Represents the sensitivity of different landscape types to external interference, and the higher the value is, the greater the ecological risk [33]







Note: ni is the number of patches of landscape type i; Ai is the total area of landscape type i; A is the area of the entire landscape; Qi is the sample number of the i pattern/total number of samples; Mi is the number of the i patches/total number of patches; Li is the area of the i patches/area of samples; a, b and c represent the weights of landscape fragmentation, landscape isolation and landscape dominance index, respectively, and a + b + c = 1. According to relevant research results [33], a = 0.6, b = 0.3 and c = 0.1 in this study. Referring to relevant studies [32] and combined with the characteristics of landscape types in the study area, the vulnerability of landscape types in the study area from high to low was bare land > wetland > cultivated land > forest land > construction land. After normalization, the vulnerability index Fi of each landscape type was obtained, with values of 0.3333, 0.2667, 0.2000, 0.1333 and 0.0667, respectively.













[image: Table] 





Table 3. The area and proportion of each landscape type in Wuhu city from 1995 to 2016.
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Landscape Type

	
1995

	
2005

	
2016




	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)






	
Cultivated land

	
3778.91

	
62.77

	
3731.24

	
61.98

	
3490.12

	
57.97




	
Forest land

	
1331.79

	
22.12

	
1293.40

	
21.48

	
1072.52

	
17.82




	
Construction land

	
255.97

	
4.25

	
396.54

	
6.59

	
814.75

	
13.53




	
Wetland

	
650.62

	
10.81

	
591.64

	
9.83

	
610.22

	
10.14




	
Bare land

	
2.88

	
0.05

	
7.35

	
0.12

	
32.56

	
0.54
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Table 4. ESV of different landscape types and changes in Wuhu city from 1995 to 2016.
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Landscape Type

	
ESV in Each Year

(Million US$)

	
1995–2005

	
2005–2016

	
1995–2016




	
1995

	
2005

	
2016

	
Change Rate (%)

	
Change Rate (%)

	
Change Rate (%)






	
Cultivated land

	
964.68

	
952.51

	
890.96

	
−1.26

	
−6.46

	
−7.64




	
Forest land

	
1075.04

	
1044.06

	
865.76

	
−2.88

	
−17.08

	
−19.47




	
Wetland

	
1306.36

	
1187.95

	
1225.24

	
−9.06

	
3.14

	
−6.21




	
Bare land

	
0.04

	
0.11

	
0.51

	
155.03

	
342.97

	
1029.70




	
Total

	
3346.13

	
3184.63

	
2982.46

	
−4.83

	
−6.35

	
−10.87
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Table 5. ESV of various service functions and changes in Wuhu city from 1995 to 2016.
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Types of Ecosystem Services

	
ESV in Each Year

(Million US$)

	
1995–2005

	
2005–2016

	
1995–2016




	
First

	
Secondary

	
1995

	
2005

	
2016

	
Change Rate (%)

	
Change Rate (%)

	
Change Rate (%)






	
Provisioning

services

	
Food production

	
149.33

	
147.00

	
137.42

	
−1.56

	
−6.52

	
−7.98




	
Raw materials

	
142.84

	
138.89

	
116.81

	
−2.77

	
−15.90

	
−18.22




	
Subtotal

	
292.18

	
285.89

	
254.24

	
−2.15

	
−11.07

	
−12.99




	
Regulating

services

	
Gas regulation

	
263.64

	
255.83

	
223.44

	
−2.96

	
−12.66

	
−15.25




	
Climate regulation

	
468.13

	
443.60

	
419.67

	
−5.24

	
−5.40

	
−10.35




	
Water conservation

	
672.42

	
627.74

	
608.62

	
−6.64

	
−3.05

	
−9.49




	
Waste treatment

	
730.38

	
686.03

	
673.22

	
−6.07

	
−1.87

	
−7.83




	
Subtotal

	
2134.57

	
2013.21

	
1924.95

	
−5.69

	
−4.38

	
−9.82




	
Supporting

services

	
Soil conservation

	
416.38

	
406.41

	
362.19

	
−2.39

	
−10.88

	
−13.02




	
Biodiversity conservation

	
319.64

	
308.38

	
277.48

	
−3.52

	
−10.02

	
−13.19




	
Subtotal

	
736.02

	
714.79

	
639.67

	
−2.89

	
−10.51

	
−13.09




	
Cultural services

	
Aesthetic landscape

	
183.35

	
170.74

	
163.61

	
−6.88

	
−4.17

	
−10.77
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Table 6. Area changes of total ESV per unit area at different grades in Wuhu city.
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Grade

	
Area Ratio (%)

	
1995–2005

	
2005–2016

	
1995–2016




	
1995

	
2005

	
2016

	
Area Change (km2)

	
Variation (%)

	
Area Change (km2)

	
Variation (%)

	
Area Change (km2)

	
Variation (%)






	
Low ESV

	
11.80

	
20.68

	
28.15

	
534.89

	
7.53

	
449.75

	
3.28

	
984.64

	
6.60




	
Relatively low ESV

	
33.24

	
31.10

	
31.72

	
−128.96

	
−0.64

	
37.51

	
0.18

	
−91.45

	
−0.22




	
Medium ESV

	
33.99

	
29.96

	
27.92

	
−242.69

	
−1.19

	
−122.75

	
−0.62

	
−365.44

	
−0.85




	
Relatively high ESV

	
16.49

	
14.63

	
8.85

	
−112.18

	
−1.13

	
−348.13

	
−3.59

	
−460.31

	
−2.21




	
High ESV

	
4.48

	
3.63

	
3.36

	
−51.06

	
−1.89

	
−16.38

	
−0.68

	
−67.44

	
−1.19
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Table 7. Area changes of ERI at different grades in Wuhu city.






Table 7. Area changes of ERI at different grades in Wuhu city.





	
Grade

	
Area Ratio (%)

	
1995–2005

	
2005–2016

	
1995–2016




	
1995

	
2005

	
2016

	
Area Change (km2)

	
Variation (%)

	
Area Change (km2)

	
Variation (%)

	
Area Change (km2)

	
Variation (%)






	
Low ERI

	
23.16

	
3.89

	
2.83

	
−1160.27

	
−8.32

	
−63.63

	
−2.47

	
−1223.89

	
−4.18




	
Relatively low ERI

	
39.80

	
39.63

	
49.52

	
−10.47

	
−0.04

	
595.93

	
2.27

	
585.45

	
1.16




	
Medium ERI

	
23.70

	
34.93

	
35.11

	
675.88

	
4.74

	
10.84

	
0.05

	
686.72

	
2.29




	
Relatively high ERI

	
12.92

	
19.07

	
11.53

	
370.22

	
4.76

	
−454.38

	
−3.60

	
−84.16

	
−0.52




	
High ERI

	
0.42

	
2.49

	
1.01

	
124.64

	
49.67

	
−88.76

	
−5.39

	
35.88

	
6.81
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Table 8. Area transition matrixes of ERI grades in Wuhu city (km2).






Table 8. Area transition matrixes of ERI grades in Wuhu city (km2).





	
Year

	
Grade

	
Grade




	
Low

	
Relatively Low

	
Medium

	
Relatively High

	
High






	
1995–2005

	
Low

	
224.36

	
971.02

	
191.66

	
7.45

	
0




	
Relatively low

	
9.86

	
1383.23

	
966.50

	
36.96

	
0




	
Medium

	
0

	
31.84

	
931.06

	
464.35

	
0




	
Relatively high

	
0

	
0

	
13.90

	
630.70

	
133.58




	
High

	
0

	
0

	
0

	
8.94

	
16.15




	
2005–2016

	
Low

	
70.25

	
163.97

	
0

	
0

	
0




	
Relatively low

	
100.35

	
2003.92

	
240.18

	
31.41

	
10.23




	
Medium

	
0

	
768.82

	
1298.99

	
15.93

	
19.39




	
Relatively high

	
0

	
45.30

	
574.80

	
524.51

	
3.80




	
High

	
0

	
0

	
0

	
122.17

	
27.56
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