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In the context of rapid social and economic development, it is important to clarify the evolution process of production–living–ecological space (PLES) and its eco-environmental effects on the sustainable utilization of land resources on industrial bases. Based on existing research, it is difficult to accurately measure the differences in eco-environment quality caused by conversions between land-use types in different years. This paper puts forward an improved area-weighted calculation method of the eco-environmental quality index (EQI), combining the land-use transfer matrix and ecological contribution rate to analyze eco-environmental effects on typical industrial bases. The results show that PLES transitions in Gangcheng District from 2009 to 2020 have been mainly from agricultural production and grassland ecology to forest ecology space, from urban living to industrial production space, and from grassland ecology to agricultural production space. This improved method can capture the environmental changes caused by conversions between land-use types in different years. The EQI of agricultural production space increased from 0.373 to 0.388, while the EQI of forest ecology space decreased from 0.810 to 0.739, and the comprehensive EQI increased from 0.441 to 0.470, showing that the eco-environment quality of the study area was improved overall. The conversions of agricultural production and grassland ecology space to forest ecology space were the main factors in improving eco-environment quality, and the conversions of grassland and forest ecology to agricultural production and of agricultural production to industrial production space were the main reasons for the deterioration of eco-environment quality. This paper may contribute to the scientific planning of land-use direction, support the coordination of regional economic and ecological development, and provide case references for similar regions.
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1 INTRODUCTION
During rapid urbanization and industrialization, land-use transitions may directly or indirectly impact regional eco-environments, leading to derived eco-environmental effects (Foley et al., 2005; Lambin and Meyfroidt, 2011; Zhang et al., 2011; Haas and Ban, 2014; Hu et al., 2016; Quintas-Soriano et al., 2016; Allington et al., 2017; Hanaˇcek and Rodríguez-Labajos, 2018; Li et al., 2020; Long et al., 2020; Tian et al., 2020). The concept of production–living–ecological space (PLES) was first proposed in the report of the 18th National Congress of the Communist Party of China in 2012 (Hu, 2012), which stressed that “the production space should be intensive and highly efficient, the living space should be moderate and livable, and the ecological space should be unspoiled and beautiful” (Sun et al., 2020; Wang et al., 2020; Fu and Zhang, 2021). Research on land-use transitions and eco-environmental effects from the perspective of PLES is an important basis for optimizing the rational allocation of land resources and for constructing an ecological civilization, which has become a major topic in current research (Li et al., 2016; Liu et al., 2017; Asadolahi et al., 2018; Luo et al., 2018; Hu M. et al., 2019; Hu S. et al., 2019; Lou et al., 2019; Asabere et al., 2020; Tan et al., 2020; Xie et al., 2021; Wang et al., 2022). Eco-environmental quality index (EQI) can quantitatively describe the characteristics of eco-environmental quality and its spatial-temporal evolution, and it has been widely used since its proposal (Dong et al., 2021; Han et al., 2021; Wang Y. et al., 2021).
Research methods for quantitatively describing the relationship between land-use transitions and eco-environmental quality using EQI can be roughly divided into three types. The first method assigns each secondary land-use space a different weight as a unit. Li et al. assigned the secondary space to analyze the characteristics of land-use transitions and their impacts on the eco-environment in the central Guizhou region (Li et al., 2021). Wang et al. assigned the secondary space to explore the characteristics of land-use transitions and their impacts on eco-environmental quality in Yingtan City (Wang R. et al., 2021). This method is easy to assign and simple to construct, but it cannot capture the impacts of various land-use types on eco-environment quality. For example, the forest ecology space consists of woodland, shrubbery and other woodland, which have different impacts on the eco-environment. Therefore, this method cannot accurately quantify the impacts of different land-use types on eco-environment quality.
In the second method, each land-use type is assigned a different ecological weight according to its characteristics and their influence on the eco-environment. The EQI of secondary space is then calculated by the area-weighted method. For example, Hao et al. assigned different weights to each land-use type to explore the response characteristics of land-use change and eco-environment in the farming-pastoral ecotone of China (Hao and Ren, 2009). Gao et al. evaluated the relationship between land-use transition and eco-environment quality in Xining City, Qinghai Province by assigning a different weight to each land-use type and combining it with the transfer matrix (Gao et al., 2019). In contrast to the first method, the second can capture the relationship between land-use type and environmental quality and can meet the needs of a single-year environmental quality assessment. However, this eco-environment effect analysis requires a certain sequence of land use and environmental quality data from different years. The change in land-use area during a certain time series is usually large, and the impact on environmental quality in different years must be reflected.
The third method takes land-use types as assignment units and adopts the area-weighted method in different years to construct the index system. Each land-use type is given a different weight as a unit; taking the area of land-use types in each year into account, the EQI is calculated by an area-weighted method. For example, Kong et al. assigned different land-use types, calculated the average area in 1990, 2000, 2010, and 2018, and then calculated the EQI to measure PLES changes and their eco-environmental effects in China (Kong et al., 2021). To explore the eco-environmental effects of land-use transition in the Beijing–Tianjin–Hebei urban agglomeration, Yang et al. assigned different land-use types, calculated the EQIs for 1985, 1995, 2005, and 2018, and then calculated the average EQI to obtain the final index system (Yang et al., 2020a). Such methods not only reflect the relationships between different land-use types and environmental quality but also reflect the eco-environmental effect caused by land-use change in different years. However, in existing studies, the EQI of the secondary land-use space has been mostly determined by averaging the areas of land-use types in different years. This method can only represent the average impact degree of secondary land-use space on eco-environmental quality over a long time series and cannot accurately describe differences in secondary space in different years.
As the above analysis shows, the first method is simple and convenient but cannot describe the relationship between land-use types and eco-environment quality. The second considers eco-environment quality differences in different land-use types but cannot describe eco-environment quality differences caused by conversions between land-use types in different years. The third method considers eco-environment quality differences of land-use types in different years, combined with the area-weighted method, to meet the requirements of eco-environmental quality assessment in different years. However, in most existing studies, land-use types have been weighted according to the average area in different years, and the conversion of land-use types between different years has led to a change in the area proportion of land-use types in the secondary space. In the same secondary space, the area proportion of land-use types with high EQIs decreases, and the proportion with low EQIs increases, leading the EQI of the secondary space to decrease. Therefore, conversions of land-use types lead the EQI of the secondary space to change in different years. To more accurately and concretely reflect the impact of secondary space on eco-environmental quality in different years, it is necessary to calculate the EQIs of different years, taking the area of land-use types in different years into account.
As an area transforming from old to new, Gangcheng District has prioritized industrial transformation in recent years. The eco-environment effects caused by land-use transitions remain unexplored. Taking the Gangcheng District, a typical industrial base, as an example, this paper proposes an improved area-weighted method according to actual conversions between land-use types in different years and calculates the EQIs of 2009, 2015, and 2020, respectively, by taking land-use types as assignment units. Then, the land-use transfer matrix and ecological contribution rate are combined to quantitatively analyze the eco-environmental effects from 2009 to 2020. This analysis can provide data and decision-making support for the territorial space optimization of industrial bases and for regional sustainable development.
2 MATERIALS AND METHODS
2.1 Study area
Gangcheng District (117°40′56″-117°58′07″ E, 35°59′32″-36°17′16″ N) is located in the hinterland of Shandong Province, at the eastern foot of Mount Tai, and is under the jurisdiction of Jinan City (Figure 1). It has a total population of 330,000 and a total area of 507 km2. The study area is hilly, surrounded by mountains on three sides—east, west, and south—and is open in the middle and the north. The overall terrain from the east, west, and south is tilted toward the center. The area is rich in good-quality mineral resources. Its metal minerals are mainly iron, copper, zinc, aluminum, cobalt, and gold. Its non-metallic minerals are mainly coal, limestone, marble, quartz, and clay. Gangcheng District is an important steel and energy base in Shandong Province. As the only new industrial base named for steel, it is known as the “steel and coal capital.” Its steel output accounts for 15% of the province’s economy, and the proportion of medium and high quality steel reaches more than 70%.
[image: Figure 1]FIGURE 1 | Location of the study area.
In recent years, according to its belief in prioritizing industrial transformation and upgrades, Gangcheng District has accelerated its transformation by focusing on the creation of high-quality steel, prefabricated green buildings, new materials, and auto parts, and on other industries. The district has been transformed from a heavy industrial base into a “green steel base.” With the important historical opportunity of the Yellow River basin’s ecological protection and high-quality development, Gangcheng District has strived to build a beautiful and modern high-quality steel base.
2.2 Data sources and preprocessing
The land-use status data in 2009, 2015, and 2020 comes from the investigation of land-use change. The image data used in the investigation has a resolution of greater than 2.5 m. According to the dominant function principle, referring to the existing commonly used classification criteria (Yu et al., 2017; Zhang et al., 2017), the PLES classification system was constructed by merging land-use types. The land-use types are divided into three main functions: production, living, and ecological spaces. Production space refers to land that provides material products for human beings, including the agricultural, industrial, and service production spaces. Ecological space refers to land that provides ecological services, including forest and grassland ecology space. Living space refers to land for people’s living, consumption, leisure, and entertainment, including urban and rural living spaces (Table 1). Referring to the existing research results (Yang et al., 2020b; Hu et al., 2021) and in combination with the actual situation of the study area, weights were assigned to each land-use type in the secondary space to establish the relationship between land-use type and eco-environment quality.
TABLE 1 | Production–living–ecological space classification and ecological weight assignment.
[image: Table 1]2.3 Analysis of land-use characteristics
Based on the PLES classification system, the spatial distribution map of primary land-use space was obtained by merging land-use types in ArcGIS 10.2 software, and the PLES distribution characteristics for 2009, 2015, and 2020 were analyzed. Then, the quantitative changes in PLES were explored from 2009 to 2020.
2.4 Analysis of land-use transition mode
Overlay analyses were conducted on the spatial distribution map using ArcGIS 8 software to make land-use transfer matrixes, which were used to analyze the quantity and direction of land-use spatial transfer and to explore the transition characteristics of the land-use function (Wang and Bao, 1999). The formula is as follows:
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where S is land-use area; n is the number of land-use types; and i and j represent land-use types at the beginning and end, respectively.
2.5 Analysis of the spatial-temporal pattern of land-use transition
To analyze the dynamic change characteristics of land-use space, based on the primary land-use spatial distribution maps, the change map of PLES distributions for 2009–2015, 2015–2020, and 2009–2020 was generated using the Erasing Tool in ArcGIS 10.2. Then, the spatial-temporal variation characteristics for different years were analyzed. The spatial distribution change maps were divided into three parts—constant area, increasing area, and decreasing area—based on the primary land-use space. Finally, the spatial-temporal patterns of land-use transition were obtained.
2.6 EQI calculation based on the improved area-weighted method
EQI was used to quantitatively describe the eco-environment quality of different land-use spaces in different years and to portray the overall situation according to the ecological quality and structure proportion in the study area. According to the ecological weight assignment of each land-use type, the EQIs for 2009, 2015, and 2020 were calculated by year using the area-weighted method with the following formula:
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where EQI is the eco-environmental quality index of the period t in the region; LU and C are the area and ecological weight of the i land-use space in the region during the t period, respectively; TA is the total land area of the study region; and N is the amount of land-use space in the region.
The traditional average area-weighted formula is as follows:
[image: image]
where EQIaverage is the average eco-environmental quality index in the region; LU and C are the area and average ecological weights of the i land-use space in the region, respectively; TA is the total land area of the study region; and N is the amount of land-use space in the region.
In the average area-weighted formula, C is the average weight of several years, and this weight value can only represent the average impact of land-use type on the eco-environment in this period. In the improved area-weighted formula, C is the weight of a particular year, and this weight can specifically reflect the impact of a certain land-use type on eco-environmental quality in a particular year.
2.7 Analysis of spatial-temporal characteristics of eco-environmental quality
To analyze spatial-temporal quality characteristics, the EQI of each ecological unit was calculated by the grid method. Different research scales were selected due to the scale dependence of geospatial data, resulting in different conclusions. To obtain the optimal size, land patches were regarded for sampling points. After several tests, referring to the empirical formula (Sudhira et al., 2004), a 150 m × 150 m grid was selected for isometry sampling in the study area, and 24,700 sample areas were generated. The EQI was quantitatively analyzed by considering the land-use area and eco-environment status of each unit comprehensively. Its expression is:
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where EV(x) is the eco-environmental quality index of the X ecological unit; Ri is the ecological weight of the ith land-use space; Sxi is the area of the ith land-use space in the x ecological unit; Sx is the area of the X ecological unit; and N is the amount of land-use space in the region.
Then, the results were divided into five levels (Yang et al., 2018) according to the actual situation of the study area: low-quality areas (0<EV ≤ 0.2), medium-low-quality areas (0.2<EV ≤ 0.35), medium-quality areas (0.35<EV ≤ 0.5), medium-high-quality areas (0.5<EV ≤ 0.65), and high-quality areas (0.65 < EV < 1).
2.8 Analysis of eco-environmental effects of land-use transition
The ecological contribution rate was used to analyze eco-environmental effects and to measure the impact of each land-use transition on the eco-environment. The ecological contribution rate of land-use transition refers to the change of regional eco-environment quality caused by the change of a certain land-use space. It quantifies the impact of each land-use space conversion on the regional eco-environment. Its calculation formula is as follows:
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where LEI is the ecological contribution rate of land-use transitions; LE0 and LE1 are the EQIs of a certain land-use type in 2009 and 2020, respectively; LA is the area of the changed land-use type; and TA is the total land area of the study region.
3 RESULTS
3.1 Land-use characteristics from the perspective of PLES
The distribution map of primary land-use space is shown in Figure 2. Production space accounted for the largest proportion and was widely distributed in the whole region. Ecological space was concentrated in the northeast and southwest of the study area. Living space was the least concentrated in the central and southern urban areas. In terms of the overall change from 2009 to 2020, ecological space increased significantly, from 35 to 41%; living space decreased significantly, from 16 to 8%; and production space remained stable at about 50%.
[image: Figure 2]FIGURE 2 | Distribution map of the primary land-use space.
3.2 Land-use transition mode
3.2.1 Land-use transition characteristics and causes from 2009 to 2015
Based on the transfer matrix of primary land-use space (Table 2), from 2009 to 2015, the area conversion from production space to living space was the largest, at 534.63 hm2, followed by the area conversion from ecological space to production space, at 489.09 hm2. The area of other land-use space transitions, such as living space to production space and ecological space to living space, was relatively small. Therefore, the land-use transitions from 2009 to 2015 were mainly from production space to living space and from ecological space to production space.
TABLE 2 | Transfer matrix of the primary land-use space from 2009 to 2020 (hm2).
[image: Table 2]Based on the transfer matrix of secondary land-use space (Table 3), grassland ecology space was transformed into agricultural production space and agricultural production space into urban living space, which was the main transition from 2009 to 2015. Among them, grassland ecology space transferred to agricultural production space was the largest, with an area of 447.76 hm2. Grassland was developed and utilized for agricultural production space. In addition, agricultural production space was transformed into urban and rural living spaces, with areas of 211.63 hm2 and 320.86 hm2, respectively. This was mainly due to urban expansion and to the large-scale mining of mineral resources that occupy a large amount of space. Therefore, the direction of land-use transitions from 2009 to 2015 was mainly from grassland ecology space to agricultural production space and from agricultural production to urban and rural living space.
TABLE 3 | Transfer matrix of the secondary land-use space from 2009 to 2020 (hm2).
[image: Table 3]3.2.2 Land-use transition characteristics and causes from 2015 to 2020
Based on the transfer matrix of primary land-use space (Table 2), from 2015 to 2020, the area conversion from production space to ecological space was the largest, at 6,261.32 hm2, followed by the conversion from living and ecological space to production space, at 4,067.87 hm2 and 3,352.55 hm2, respectively. In other land-use spaces, the conversion area from living to ecological space, from production to living space, and from ecological space to living space was relatively small. Therefore, land-use transitions from 2015 to 2020 were mainly from production to ecological space and from living and ecological space to production space.
The transfer matrix of secondary land-use space (Table 3) revealed many obvious changes. Agricultural production space and grassland ecology space transformed into forest ecology space had the largest areas, at 5,545.20 hm2, and 2,777.35 hm2, respectively. During this period, grassland was developed and utilized as forest land. The adjustment of agricultural structure turned the large area of agricultural production space into forest ecology space. The conversion area between urban living space and industrial production space was also large (2,477.80 hm2) because the land of the Laiwu Iron and Steel Group Co., Ltd. was reclassified from the original urban construction land to industrial land (that is, from living space to production space) in the third National Land Resource Survey. The areas of grassland and forest ecology space transformed into agricultural production space were 1839.54 hm2 and 779.09 hm2, respectively, while the areas of rural living and agricultural production space transformed into industrial production space were 809.97 hm2 and 972.63 hm2, respectively. The transitions from grassland and forest ecology space to agricultural production space, and from rural living and agricultural production to industrial production space, were also important directions. Therefore, the transitions from 2015 to 2020 were mainly from agricultural production and grassland ecology to forest ecology space, from urban living to industrial production space, and from grassland ecology to agricultural production space.
3.2.3 Land-use transition characteristics and causes from 2009 to 2020
Based on the transfer matrix of primary land-use space (Table 2), from 2009 to 2020, the area conversion from production space to ecological space was the largest, at 6,082.30 hm2, followed by the conversion from living and ecological space to production space, which was 3,643.06 hm2 and 3,705.50 hm2, respectively. In other land-use spaces, the conversion area from living to ecological space, from production to living space, and from ecological space to living space was relatively small. Therefore, land-use transitions from 2015 to 2020 were mainly from production to ecological space and from living and ecological space to production space.
Based on the transfer matrix of secondary land-use space (Table 3), the characteristics of land-use conversion between 2009 and 2020 were similar to those between 2015 and 2020. Agricultural production space and grassland ecology space transformed into forest ecology space had the largest area, 5,383.33 hm2, and 2,940.18 hm2, respectively. The conversion area between urban living space and industrial production space was also large, 2,301.14 hm2. The areas of grassland and forest ecology space transformed into agricultural production space were 2,105.61 hm2 and 797.17 hm2, while the areas of rural living and agricultural production space transformed into industrial production space were 601.86 hm2 and 1,316.87 hm2, respectively. The reasons for the transformation are analyzed in Section 3.2.2. Therefore, the direction of land-use transitions from 2009 to 2020 was mainly from agricultural production and grassland ecology to forest ecology space, from urban living to industrial production space, and from grassland ecology to agricultural production space.
3.3 Spatial-temporal patterns of land-use transition from 2009 to 2020
According to the land-use transition mode in Section 3.2, the land-use changes in 2009–2015 were not significant compared to 2015–2020. Therefore, this study mainly analyzed the spatial-temporal patterns of land-use transition in 2009–2020. Figure 3 shows the changes in the distribution of PLES in the study area from 2009 to 2020. Overall, living space decreased while production and ecological space increased.
[image: Figure 3]FIGURE 3 | Change map of production–living–ecological space in distribution.
The increasing area of production space was mainly distributed in Xinzhuang Town, on Lixin Street and Aishan Street, which were as follows. 1) West of Lixin Street and east of Aishan Street were the transitions from living space to production space. The reason was that the above-mentioned third National Land Resource Survey reclassified Laiwu Iron and Steel Group Co., Ltd. as industrial land rather than the original urban construction land, that is, from the original living space to production space. 2) Northeast of Xinzhuang Town and southeast of Wenyuan Street, the ecological space was transformed into production space. This was a transition from grassland and forest ecology space to agricultural production space, as defined by the transition characteristics and cause analysis of secondary space in Section 3.2.3.
The increasing area of ecological space was widely distributed in all streets and towns of Gangcheng District, especially in Xinzhuang Town, and was mainly a transition from production to ecological space. As the previous analysis shows, it was a transition from agricultural production to forest ecology space.
3.4 EQI
Table 4 shows the EQI calculated by the improved area-weighted method based on the actual conversions between land-use types in different years. The EQI of forest ecology space was the highest, above 0.7. This was followed by watershed ecology space, grassland ecology space, and agricultural production space, with EQIs ranging from 0.3 to 0.6. The lowest were industrial and mining production space, service and other production spaces, other ecology spaces, urban living space, and rural living space, with EQIs of less than 0.2.
TABLE 4 | Eco-environment quality index.
[image: Table 4]In 2009, 2015, and 2020, the EQI of secondary land-use space changed little, and only the agricultural production space and forest ecology space changed. From 2009 to 2020, the EQI of agricultural production space increased slightly from 0.373 to 0.388, while the forest ecology space decreased from 0.810 to 0.739, a relatively large decrease. Taking agricultural production space as an example, the reasons for the change of EQI were analyzed. Agricultural production space included irrigated land, dry land, orchards, and other gardens. The change in land-use area led to a change in area proportion. From 2009 to 2020, the decrease in the cultivated land area caused the area proportion of orchards and other gardens in agricultural production space to increase. In other words, the proportion of cultivated land with relatively low EQI (0.3) decreased, and the proportion of orchards (0.65) and other gardens (0.40) with high EQIs increased. Finally, the EQI of the agricultural production space increased.
Based on the annual comprehensive EQI, the variation trend was obtained (Figure 4). The results show that the comprehensive EQI of the study area decreased from 0.441 in 2009 to 0.436 in 2015 and then increased to 0.470 in 2020, showing an initial slight decline and then a sharp rise. The improvement was especially significant from 2015 to 2020. The analysis of land-use transition from 2009 to 2015, in Section 3.2 and Section 3.3, shows that the land-use transition direction was mainly from grassland ecology space into agricultural production and from agricultural production into urban and rural living space. Additionally, the EQI of grassland ecology space was higher than that of agricultural production space and higher than that of urban and rural living space. Although the development and utilization of grassland supplement cultivated land, they had a slight impact on the eco-environment. Although the occupation of cultivated land for construction promoted the development of economy, it had a drastic impact on the eco-environment. The rapid improvement of the comprehensive EQI from 2015 to 2020 was attributed to the main land-use transition direction during this period, which was agricultural production and grassland ecology space transformed into forest ecology space, with a large increase in woodlands and improved eco-environment quality.
[image: Figure 4]FIGURE 4 | Changing trend of comprehensive eco-environment quality index.
The weight only represents the contribution degree of land-use space to the eco-environment. Comprehensive EQI is related not only to the weight of secondary ecological space but also to its area. The EQI of agricultural production space increased slightly, from 0.373 to 0.388, from 2009 to 2020, and the area of agricultural production space decreased. Similarly, the EQI of forest ecology space decreased from 0.810 to 0.739, and the area of forest ecology space increased greatly. Therefore, according to the formula in Section 2.6, the comprehensive EQI increased from 0.441 to 0.470.
Overall, the EQI increased significantly from 2009 to 2020, indicating that the study area had the strength to drive breakthroughs in ecological protection, environmental quality improvement, and the adjustment of land-use patterns. But this process also involved the problems of “non-food” and “non-agriculture.”
3.5 Spatial-temporal characteristics of eco-environment comprehensive quality
The grade tables in 2009 and 2020 (Table 5) show that the overall eco-environment quality of the two periods was relatively consistent, with the medium-quality area taking the highest proportion, about 40%, followed by the high-quality area, about 20%, and the medium-high-quality area and low-quality areas, both about 15%. The medium-low-quality area took the lowest proportion, at 7.52%. However, the proportion of each grade in the two years was different. The spatial distribution map of eco-environment quality levels (Figure 5) shows that the overall distribution was relatively consistent. The medium-high-quality and high-quality areas were mainly distributed east of Xinzhuang Town, Lixin Street, and Wenyuan Street, as well as southwest of Yanzhuang Town. The medium-quality area was mainly distributed in west of Xinzhuang Town, Lixin Street, Aishan Street, and Wenyuan Street, as well as north of Yanzhuang Town. The low-quality and medium-low-quality areas were mainly distributed west of Lixin Street, northeast of Aishan Street, and north of Yanzhuang Town. The spatial distribution was as follows: the eco-environmental quality of Gangcheng District had significant spatial differentiation, presenting an overall distribution pattern that was high in the periphery and low in the middle.
TABLE 5 | Eco-environment quality grades (%).
[image: Table 5][image: Figure 5]FIGURE 5 | Spatial distribution of the eco-environment quality levels. Note: EV is the eco-environmental quality index of each ecological unit.
Comparing the quantity changes in two periods, the proportions of low-quality area, medium-low-quality area, and high-quality area from 2009 to 2020 were essentially the same. The proportion of medium-quality area and high-quality area changed greatly, with the medium-quality area decreasing by 7.89% and the high-quality area increasing by 7.33%. In general, the changes in eco-environmental quality grades from 2009 to 2020 were mainly the decrease in middle-quality area and the increase in high-quality area.
3.6 Eco-environmental effects of land-use transition
Based on the ecological contribution rate from 2009 to 2020 (Table 6), the land-use transitions that affected eco-environment improvement included agricultural production, grassland ecology, rural living, other ecology, urban living, and industrial production, which were all transformed into forest ecology space. Among these, the transitions from agricultural production and grassland ecology into forest ecology space were the main factors, and their ecological contribution proportions were 58.30 and 16.35%, respectively. Therefore, the adjustment of agricultural structure, the development and utilization of grassland, and the conversion from cultivated land and grassland into woodland can greatly improve the eco-environment quality.
TABLE 6 | Main land-use transitions and their eco-environmental contribution rate (hm2, %).
[image: Table 6]From 2009 to 2020, the land-use transitions affecting eco-environment deterioration included the transitions of grassland ecology space and forest ecology space into agricultural production space, and the transitions of agricultural production space, grassland ecology space, forest ecology space and urban living space into industrial production space. Among these, the transitions from grassland and forest ecology space to agricultural production space, and from agricultural production to industrial production space were the main factors, with the ecological contribution proportion of the three at about 20% each, totaling 58.64%. In addition, the transitions from the forest ecology, urban living, and grassland ecology spaces to industrial production space were secondary factors, with the ecological contribution proportions of the three at about 7% each, or 21.42% in total. Therefore, Gangcheng District should take this as a reference and avoid the occupation of ecological and living space by production space while guaranteeing production.
In general, the changes in ecological quality from 2009 to 2020 were mainly due to transitions from agricultural and industrial production to grassland and forest ecology space. In addition, the positive contribution rate of agricultural production and grassland ecology space to forest ecology space was greater than was the negative contribution rate of forest and grassland ecology space to agricultural production and agricultural production to industrial production space. Overall, the eco-environment improved from 2009 to 2020. In strengthening its ecological civilization concept under the guidance of a new round of national space planning, Gangcheng District should continue strengthening territorial space control and adjusting land use structure in order to realize the harmonious development of eco-environment protection and social economy.
4 DISCUSSION
4.1 Effectiveness of the improved method
To verify the effectiveness, the improved area-weighted method was compared with the average area-weighted method, with forest ecology space as an example. The relevant results are shown in Table 8.
Forest ecology space consists of woodland, shrubbery, and other woodland. From 2009 to 2020, the dramatic increase of forest ecology space was due to transitions from agricultural production and grassland ecology space in 2009 into undeveloped forest land in 2020, which belongs to the other woodland category. To assess the actual conversions between land-use types in different years, the improved method was adopted to calculate the EQI. When the area of other woodland increased, the area proportion of other woodland increased while that of woodland and shrubbery decreased in forest ecology space. In other words, the area proportion of other woodland (EQI of 0.50) with relatively low EQI increased, while the area proportions of woodland (EQI of 0.95) and shrubbery (EQI of 0.65) with high EQI decreased. Therefore, the EQI of forest ecology space decreased from 0.81 to 0.77, which indicates that the EQI of forest ecology space in 2020 was lower than in 2009 and 2015.
The average area-weighted method was used to calculate the EQI by taking the mean area of land-use type in different years. The results show that the mean EQI of forest ecology space from 2009 to 2020 was 0.77, indicating that the EQI of forest ecology space was unchanged during this period. Therefore, the average area-weighted method cannot reflect the impact of land-use type conversion on environmental quality in different years, but the improved area-weighted method can describe this difference.
4.2 Accuracy of EQI in the study area
According to the actual situation of typical industrial bases and by consulting local experts, this study assigned weights to each land-use type and constructed an index system that conforms to the characteristics of the study area. At the same time, the area-weighted method was improved to calculate the comprehensive EQI of Gangcheng District according to the actual land-use type conversion. The comprehensive EQI decreased from 0.441 in 2009 to 0.436 in 2015, and then increased to 0.470 in 2020, which is consistent with the actual development of the Gangcheng District in the past 10 years. Before 2015, Gangcheng District had vigorously developed steel and other heavy industries to comprehensively promote economic development, but the environment suffered to a certain extent. Since the Central Committee of the Communist Party of China and the State Council issued the Overall Plan for Ecological Civilization System Reform in September 2015, Gangcheng District has actively implemented ecological protection policies and promoted ecological civilization construction. In 2018, a greening campaign was launched to protect and restore mountains, rivers, forests, farmland, lakes, and grasses; focus on industrial transformation; accelerate the shift from old to new drivers of growth; and actively improve the eco-environment. Therefore, the results obtained using the improved area-weighted method proposed in this paper align with the actual situation of the study area. The paper provides specific data references for future land-use structure change and industrial transformation in Gangcheng District and provide technical and case references for exploring the eco-environmental effects of future land-use transformation in other industrial bases.
4.3 Applicability of the study
Eco-environmental effect analysis involves complicated factors, and the distribution of ecological resources varies considerably in different regions (Chen et al., 2020; Hu et al., 2021). Different regions are assigned different values, so their comprehensive EQIs are also different from each other. For example, Dong et al. assessed the environmental condition of Gansu Province and found that its comprehensive EQI decreased from 0.2662 in 1980 to 0.2653 in 2000 and then rose to 0.2682 in 2018. The eco-environment of Gansu Province is fragile, and soil erosion and desertification are serious. The final calculated index was relatively low, which reflects the actual situation (Dong et al., 2021). Xiang et al. assessed the environmental quality of Pingshan County in Shijiazhuang City and found that the regional comprehensive EQIs in 2005, 2010, and 2015 were 0.4504, 0.5719, and 0.5800, respectively. Pingshan County is an important water conservation base and an important region for environmental protection and construction. Consequently, the index was relatively high and consistent with reality (Xiang et al., 2021). As a typical industrial base, the comprehensive EQI in Gangcheng District is higher than that of a typical ecologically fragile area and lower than that of a water conservation base, which is consistent with its macro-regional distribution characteristics and its actual situation. Thus, the comprehensive EQI determined from the analysis well reflects the regional eco-environment level according to the actual situation of the study area.
4.4 Shortcomings of the study
Referring to the existing literature and the dominant function principle, this paper constructed the PLES classification system and analyzed land-use transition and its eco-environmental effects from 2009 to 2020. The results were consistent with the actual situation. This classification system is simple, convenient, clear, and easy to understand. A particular land-use type may have multifunctional properties, including both its main and additional functions. For example, arable land has both productive and ecological functions; however, the production function is its main function, and its ecological function is only incidental. Considering the multifunctional properties of the land can be more complicated and may produce slightly different results. With future research, the multi-functionality of land will be considered for classification.
5 CONCLUSION
Based on the spatial-temporal pattern analysis of land-use transition in the study area, this paper put forward an improved area-weighted calculation method for EQI to analyze eco-environmental effects. The results show that the improved method can more specifically describe the impact of conversion between land-use types on environmental quality in different years.
1) From 2009 to 2020, the comprehensive EQI first decreased from 0.441 to 0.436 and then increased significantly to 0.470.
2) On the whole, the eco-environment quality of the study area was improved, mainly because the positive ecological contribution rate of land-use transition was greater than the negative ecological contribution rate. The positive ecological contribution rate was mainly caused by transitions from agricultural production and grassland ecology into forest ecology space; the negative ecological contribution rate was caused by transitions from forest and grassland ecology space into agricultural production space and from agricultural production into industrial production space.
3) Therefore, it is suggested to continue implementing ecological protection policies; protecting the arable land; controlling effectively the expansion of residential, industrial, and mining land area; and expanding the ecological land area to ensure food security.
The study not only enriches the case of industrial city eco-environmental effect analysis but also provides a reference for future territorial spatial planning and for the high-quality development of industrial bases.
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