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Abstract

:

The rapidly expanding road network has resulted in the separation of the urban ecological landscape. To assess the potential implication of the road systems on the landscape ecological risk, the corridor cutting degree model based on roadway impact zones was introduced, and the effects of the road system on the landscape pattern change were analyzed in Fuzhou City, China, in 2000, 2010, and 2020. Meanwhile, through spatial auto-correlation analysis and a geographical detector model, it was shown that there was a link between the characteristics of the road network and the temporal and spatial distribution of landscape ecological risk index, and the main determinants of landscape ecological risk were identified. The outcome indicated that (1) the intermediate cutting had the greatest impact on the ecological landscape of the four corridor cutting modes of the road network. Furthermore, the land types with a higher corridor cutting degree index were woodland, cultivated land, and grassland, accounting for 35.23%, 33.61%, and 5.95% of the total cutting areas, respectively, and the landscape fragmentation was relatively serious. (2) Fuzhou’s landscape ecological risk has significantly increased over the past 20 years, with sub-high-risk and high-risk areas experiencing increases of 9.47% and 7.63%, respectively, and the spatial distribution pattern being primarily high-high and low-low clustering. (3) Corridor cutting degree index (CCI) and distance from sampling point to road (shortest distance) were two key factors that altered the geographic distribution of ecological risk in the landscape, and they showed a positive and negative connection, respectively. (4) In the geographic distribution of landscape ecological risk, the interaction between CCI and land type, or shortest distance and land type, was much higher than that of other components, with an explanation rate of more than 22%. The study findings could provide a scientific basis for integrated transportation and ecological restoration strategies in national space.
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1. Introduction


The conflict between human existence and the environment has worsened with the rapid growth of the global social economy, hence, a need to pay attention to ecological security. The intensity of human activities and natural disasters has regional and cumulative characteristics in different land-use patterns and landscape structures, which affects the balance, stability, and flow of ecosystems as well as increasing regional potential landscape ecological risk [1,2]. The creation of landscape ecological safety systems depends on an accurate assessment of landscape ecological risk, which can show the detrimental impacts of landscape patterns interacting with ecological processes when disturbed by human and natural forces [3]. The excessive exploitation of landscape resources and numerous infrastructure construction projects have emerged as primary sources of urban landscape ecological risk. Road engineering, as the world’s fastest and largest infrastructure construction, is particularly visible in the division and destruction of the surrounding natural environment, which results in ecological imbalance and raises the likelihood of harm from landscape ecological risks [4,5].



Currently, many studies evaluate landscape ecological risk using two fundamental techniques: risk index evaluation based on risk sources and sinks, and risk index evaluation based on landscape patterns [6]. Risk index evaluation based on risk sources and sinks must first identify disaster risk factors and risk sources with threats before building the “source-sink” risk structure model that is appropriate for the study area with specific risk stress factors and risk receptors [7]. Risk index evaluation based on landscape patterns no longer evaluates a certain risk factor, but comprehensively evaluates the landscape ecological risk at the regional scale by coordinating the regional landscape pattern structure and spatial distribution characteristics [8,9]. The current assessment of the ecological risk to the landscape is mostly based on the overall change in land-use and the geographical and temporal heterogeneity of that change, which is divided into two types of artificial and natural geographical units for analysis: natural units dominated by watersheds [10,11], island lakes [12,13], wetlands [8,14], and plateaus [9] as well as artificial units dominated by mining land [15], urban expansion space [16], and cultural relics [17,18]. Furthermore, some studies have built ecological risk assessments from the standpoint of land-use change and linked ecological service systems with ecological risk assessments [19,20]. However, there is little research on the main forces behind changing landscape ecological risk, especially on the quantitative evaluation of the components that influence landscape ecological risk change [21]. Meanwhile, research on the mechanism of road network on landscape ecological risk is gaining traction as a significant factor driving the transformation of urban landscape ecological risk [4,22]. Forman found that approximately 15–20% of the land space in the United States is affected by the road network [23]. In China, the affected area has reached 18.37% [24]. Road networks have an impact on the global ecological environment. In recent years, researchers have focused on road ecology. The construction of road networks has seriously interfered with the evolution of landscape patterns and migration of animal species, particularly in populated areas. Animals frequently pass away on roadways during heavy traffic [25]. The resilience of the surrounding natural environment has been diminished by the expansion of the road network, thereby increasing the ecological risk of the terrain along the path [22,26].



According to existing research, the grade, length, density, and other characteristics of the road network are important factors that cause ecological landscape separation and increase the ecological risk of regional landscapes [27,28]. However, as a typical corridor project, the cutting impact of this road network is typically disregarded in pertinent studies, despite the fact that highway invasion and the cutting of landscape areas have a considerable negative impact on the natural environment. [29]. Moreover, it leads to a shallow analysis of potential landscape ecological risk factors, which is insufficient in ensuring the liquidity and stability of the ecological environment. In light of this, the goal of this study was to explore the spatial heterogeneity of landscape ecological risk in the study region, which identifies the main causes of changes in landscape ecological risk and investigates the impact of the road network on the spatial distribution of risk [30,31,32]. The necessity of the study is as follows: (1) compared with the grade, length and density of the road, the corridor cutting degree index (CCI) can more directly reflect the adverse impact of the road network on the landscape pattern and ecological process, and is an excellent indicator to optimize the road characteristic variables [33]. (2) Identify the key drivers of landscape ecological risk, and comprehensively analyze the impact of the interaction between road characteristics and natural factors on landscape ecological risk, which can make up for the research on the driving force of landscape ecological risk. (3) Road characteristics have potential hazards to the landscape ecological environment. By optimizing the road characteristic variables and comprehensively analyzing the relationship between them and the landscape ecological risk, it is more helpful for researchers to develop comprehensive transportation and ecological restoration strategies for the road ecological impact mechanism.



Generally, Fuzhou has great ecological conditions, a vast diversity of species, and abundant forest landscape resources. The capital city of Fujian Province has recently constructed a number of new highways connecting the province’s various regions, but this has brought about a number of ecological issues, including vegetation degradation, decreased agricultural areas, and coastal erosion along the road [34,35]. This has compelled pertinent scholars to gradually focus on landscape ecological security. Therefore, our study considered Fuzhou City as the study area and introduced a corridor cutting degree model based on roadway impact zones to analyze the effects of the road system on landscape pattern changes. Meanwhile, spatial autocorrelation analysis and a geographical detector model were used to reveal the coupling relationship between spatial and temporal dispersion of landscape ecological risk and road network characteristics, and to identify key drivers of landscape ecological risk, with the aim of providing a scientific foundation for integrated transportation and ecological restoration strategies in the national space.




2. Materials and Methods


2.1. Study Area


Fuzhou (25°15′–26°39′ N, 118°08′–120°31′ E) is on China’s southeast coast, near the Taiwan Strait. As the capital of Fujian Province, it is also vital to the economic development of the southeast coast (Figure 1). With a total area of 12,153 km2, the urban area is a typical estuary basin surrounded by mountains, forming a north-south mountain system dominated by Gushan, Qishan, Wuhu Mountain, and Lianhua Peak. The landform is mainly mountainous and hilly, accounting for 72.68% of the total land area of the city, with their altitude ranges from 600 to 1000 m [36]. According to the Statistical Yearbook of Fuzhou in 2022, the population of Fuzhou will reach 7.2335 million by 2021, and the highway mileage will be 11,570.42 km. The GDP in Fuzhou was 1132.45 billion yuan, representing 23.2% of the province’s overall GDP. Fuzhou City has emerged as the economic pillar of Fujian Province, with a dense and developed transportation network throughout the city, and the planning of a rational road network in Fuzhou City is critical for the city’s long-term development and construction. As a result, assessing the ecological risk process in the road network impact zone can provide a scientific foundation for a national spatially integrated transportation and ecological restoration strategy [37].




2.2. Data Sources


The land data of Globeland 30 in Fuzhou in 2000, 2010, and 2020 (30 m resolution) was chosen as the global land cover data, which came from the Chinese Ministry of Natural Resources’ publication of the 30 m worldwide land cover data for 2020 (http://www.globallandcover.com/, accessed on 9 September 2022). The land types of the original data include woodland, grassland, wetland, water body, cultivated land, building land, and unused land. The road network vector data are derived from the National Basic Geographic Information Center (https://www.tianditu.gov.cn/, accessed on 20 April 2022), the People’s Transport Publishing House’s “China Highway Mileage Quick Search Detailed Map”, and the China Map Publishing House’s “China Highway Urban and Rural Road Network Atlas”, and include road network vector data for three time periods: 2000, 2010, and 2020. The roadway types mostly consist of expressways, national, provincial, county, and other routes. The source of elevation information was a geospatial data cloud (http://www.gscloud.cn/, accessed on 23 August 2022). The economic data of Fuzhou comes from the statistical yearbook of Fuzhou Municipal Bureau of Statistics (http://tjj.fuzhou.gov.cn/, accessed on 16 September 2022). The traffic development data of Fuzhou comes from the Statistical Yearbook of China’s Transportation (http://www.stats.gov.cn/tjsj./ndsj/, accessed on 16 September 2022).




2.3. Methods


Based on the calculation of “landscape ecological index”, we created a landscape ecological risk index combining the landscape disturbance index, landscape vulnerability index, and landscape loss index to study the geographical relationship between the road network and landscape ecological risk, as well as the effects of driving force. Secondly, we considered the basic spatial attributes of road network, taking road density, road grade and distance from sampling point to road (referred to as “shortest distance”) as basic variables, through the corridor cutting degree model to optimize the construction of road network characteristic variables. Then, using bivariate spatial auto-correlation analysis, we investigated the relationship between landscape ecological risk variables and road network characteristics and identified significant variables of road network characteristics. Finally, we introduced natural driving factors, employing geographical detector for impact assessment analysis, and suggesting coping strategies based on two levels of integrated transportation strategies and ecological restoration strategies (Figure 2).



2.3.1. The Development of Ecological Risk Assessment Framework Based on Landscape Pattern


The status of the landscape, as well as changes in the pattern of land use, can both be indicated by the landscape pattern index. Therefore, in order to research the geographic and temporally variable range and characteristics of landscape ecological risk in Fuzhou, the ecological risk assessment system based on landscape pattern index was used [38]. The calculations for the landscape pattern index were all performed using Fragestats 4.2.



	(1)

	
Landscape disturbance index







The landscape fragmentation index (Ci), landscape separation index (Ni), and landscape fractal dimension index were combined to generate the landscape disturbance index (Ei), which was used to reflect the degree of manmade or natural disturbance to land usage [39]. The calculating formula is as follows:


   C i  =    n i     A i     



(1)






   N i  =  A  2  A i         n i     A i       



(2)






   F i  = 2 ln    p i  / 4   / ln  A i   



(3)






   E i  = a  C i  + b  N i  + c  F i   



(4)




where A is the overall area of the landscape; Ai is the area of the type of landscape i; ni is the number of patches; pi is the perimeter of landscape type i; The weights of the different sorts of related landscape indices are a, b, and c, and a + b + c = 1. Combined with the actual situation of the study area, the various types of landscape indices are given the following values: a = 0.5, b = 0.3, and c = 0.2.



	(2)

	
Landscape vulnerability index







The landscape vulnerability index indicates the sensitivity and fragility of a certain landscape to external disturbance. According to previous experience [4,40], the landscape vulnerability of land types with more human disturbance and weaker self-regulation ability is generally higher. Therefore, this paper adopted the expert scoring method to categorize the vulnerability index of various landscape types into seven grades, including unused land 7, wetland 6, water body 5, cultivated land 4, grassland 3, woodland 2, and building land 1. The weight of the landscape vulnerability index (Vi) was determined after normalization.



	(3)

	
Landscape ecological risk index







In the ArcGIS 10.6 spatial analysis module, the entire study space was segmented into 2 km × 2 km evaluation units, a total of 2891, and each unit’s landscape risk index underwent a separate calculation so that it became a sample for spatial interpolation analysis and was then superimposed to form a landscape risk evaluation model for the study region. The landscape ecological risk index was reclassified into the following five categories by natural breakpoint method: low ecological risk, sub-low ecological risk, medium ecological risk, sub-high ecological risk, and high ecological risk. The calculating formula is as follows:


   R i  =  E i  ×  V i   



(5)






    ERI  k  =   ∑  i = 1  N      A  k i      A k      ×  R i   



(6)




where Ri is the landscape loss index, which is calculated by the combination of the landscape disturbance index Ei and the landscape vulnerability index Vi; ERIk represents the landscape ecological risk index of sample area k; Aki is the area of landscape type I in the kth sample unit; Ak is the area in the kth sample unit [38].




2.3.2. Corridor Cutting Degree Model Based on Roadway Impact Zones


Road construction interferes with the stability of ecosystems and has a potential impact on the distribution, movement, and persistence of species in the landscape, with a direct disturbance range of up to 1000 m on both sides of the road [24,41]. Therefore, according to the People’s Republic of China’s Highway Law, roads were classified in the form of highways, national roads, provincial roads, and county roads, and buffer zones of 1000 m, 600 m, 400 m, and 200 m were established as the extent of the roadway impact zones, respectively. The cutting pattern of the corridor can be divided into four types, which include internal cutting, intermediate cutting, edge cutting, and complete cutting (Figure 3). Roadway impact zones inside the patch are what is referred to as the internal cutting mode, without cutting it into two pieces, but the patch integrity is somewhat impacted, and the intensity is moderate. In the intermediate cutting model, the road cuts the patch into two pieces, and the energy flow and information transfer between the divided patches are completely blocked, with a more significant ecological segmentation effect. In the edge cutting mode, a small part of the edge of the patch is cut by the roadway impact zones, and the overall structure and function of the patch are not lost too much, and there is little environmental impact. The definition of complete cutting mode is the type of cutting in which the roadway impact zones completely cover the volume of one or more patches and have the greatest impact on ecological conservation [33].



Artificial corridors such as roads, bridges, and tunnels have five corridor functions in ecosystem circulation, these are connectivity, cutting, species filtering, habitat, and source of influence [42,43]. Usually, the larger the area of artificial corridors cutting patches and the adjacent side lengths, the more obvious the impact on patch connectivity. The calculation formula of the corridor cutting degree model is as follows:


  C C  I i  =   ∑  j = 1  m     100 ×      S  i j p      S  i j     +    L  i j p      L  i j       ×    S  i j    S  × W      



(7)




where CCIi is the corridor cutting degree index of the roadway impact zones in landscape type i; Sijp is the occupation area of roadway impact zones in the jth cut patch of landscape type i; Sij is the area of the occupation of jth patch in landscape type i; Lij is the side’s length of the jth cut patch in landscape type i; Lijp is the side’s length of junction between roadway impact zones and the jth cut patch after the road encroaches on landscape type i; S is the area of the evaluation units inside the research area, and in this study, a 2 km × 2 km spatial grid is used as an evaluation unit; W is the weight of different cutting patterns, and edge cutting, internal cutting, intermediate cutting and complete cutting are assigned the values of 1, 3, 5 and 7, respectively [29,33]. m is the overall number of cuts in the roadway impact zones in landscape type i.




2.3.3. Spatial Correlation Analysis


An analytical technique called spatial auto-correlation analysis is used to determine whether there is a relationship between the value of an attribute on a geographical region and the value of an attribute on its nearby spatial regions [44]. There are two types of Moran’s I: global Moran’s I and local Moran’s I. The former shows the average degree of aggregation of comparable attributes in the research area; the latter, which concentrates on local spatial distribution characteristics, reflects the degree of correlation between a feature of an attribute and nearby units. The values that Moran’s I support are between −1 and +1, the correlation is considered to be positive when the value is greater than 0, and the correlation becomes more significant as the value increases [45,46]. The spatial auto-correlation analysis was run in Geoda 1.20, and Moran’s I was calculated 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          



(8)







To detect the degree of local area correlation, local spatial autocorrelation is usually analyzed by local indicators of spatial association, (LISA). The LISA aggregation map is formed by z test, which can reflect the specific location of spatial aggregation or differentiation of research units and their neighborhood variables, and reveal the areas that have a greater impact on global correlation, its Local Moran’s I formula was:


   I i  =    Y i  −  Y ¯     S i 2    ⋅   ∑  i = 1 , j ≠ i  n    W  i j     ⋅    Y i  −  Y ¯     



(9)




where n is the number of evaluation units (2891 evaluation units were divided in this study);    Y i    and    Y j    represent the observed values of research areas i and j, respectively; Wij represents the geospatial weight of the proximity relationship between units i and j; and    S 2    and   Y ¯   represent the variance and mean values for all research areas, respectively.



To investigate the influence of road network characteristics on landscape ecological risk, four categories of (i) road density, (ii) CCI, (iii) road grade, and (iv) shortest distance were screened as independent variables and the landscape ecological risk index as dependent variables, and bivariate spatial autocorrelation was used to explore the significant variables of road network characteristics. Bivariate spatial auto-correlation analysis can reflect the spatial aggregation relationship between two different attribute variables [45,47]. The formula for the calculation is as follows:


   I   b y   a  =    X  y −   x ¯  y   a     δ y    ×   ∑  c = 1  n  W  a c ×    X  b −   x ¯  y   c     δ b     



(10)




where    X y a    represents the value of attribute y of unit a;    X b c    represents the value of attribute b of unit c; and    δ y    and    δ b    represent the variance of attributes y and b, respectively.




2.3.4. Analysis of the Influencing Factors behind the Driving Force


The geo-detector model is used to determine the spatial differences between geographic elements and analyze the driving forces and affecting variables of different phenomena, as well as the interaction between multiple factors, including four detection modules with factors, risk, ecology, and interaction [32,48]. In this study, the ecological risk index of Fuzhou City landscape was used as the dependent variable, and CCI, road grade, road density, shortest distance, land type, elevation, slope, and relief were selected as drivers. Two modules—factor detection and interaction detection—were employed to pinpoint the primary variables affecting changes in ecological risk. Factor detection indicates the contribution of independent variable (X) to the spatial distribution of dependent variable (Y), and the specific formula is as follows:


  q = 1 −  1  n  σ 2      ∑  h = 1  L    N h     σ h    2   



(11)




where q represents the contribution importance of the driver factor to the change in the landscape risk index, with larger values representing a higher contribution; n represents the quantity of evaluation units in the overall research region;  σ  and    σ h    represent the overall region variance and category h variance, respectively; L is the category of the quantity of variables; h = 1, 2, … for a specific type; Nh is the number of graded evaluation units of each type of data.



The detection of interaction can identify the interaction between the two risk factors to determine if the interaction of the two risk variables would strengthen or diminish the explaining ability of dependent variable Y [49]. The interaction between the two factors is as follows (Table 1):






3. Results


3.1. Corridor Cutting Effect Based on Roadway Impact Zones


In the past 20 years, Fuzhou’s transportation network has grown rapidly from 3177.88 km to 4642.81 km, and the expansion mileage of expressway alone has reached 1134.66 km. The corridor cutting effect of roads on the landscape is becoming more and more significant over time and with the expansion of the road network (Figure 4). The CCI grade was then divided into the following five classes: low, sub-low, medium, sub-high, and high. In 2000, the regions with the sub-high grade of CCI were mainly concentrated in the northwest and the north–south axis, the urban road traffic is still in its infancy, and the landscape is not significantly affected by the corridor cutting effect. In 2010, many expressways in Fuzhou were opened, and the CCI grade in the central area of the city began to rise gradually and began to expand from the east to the west. In 2020, the CCI grade in the southern region of Fuzhou will be significantly improved, the focus of urban road construction will shift from the east to the south, and the corridor cutting effect will also be significantly improved.



The number of cutting times rose over time in the various types of landscape, among which the number of edge cutting time was the largest. In 2020, the total number of edge cutting reached 2919 (Figure 5), and the three types of land with the highest number of edge cutting time were woodland, cultivated land, and grassland, with the number of cuts being 906, 673, and 680, respectively. The number of intermediate cutting types increased significantly, especially from 2000 to 2010, the total number of cuttings increased from 1537 to 2493, with an increase of 62.20%. The number of intermediate cuttings of woodland in each landscape type changed significantly, from 231 to 492 in 20 years, with an increase of 112.99%. The number of complete cutting types was the least, and the change is not obvious.



Combined with the road cutting areas and adjacent side lengths (Table 2), the cutting area and adjacent side length of different cutting patterns were obviously different. The total cutting area increased from 916.08 km2 to 1860.10 km2 in 20 years, with an increase of 103.05%, while the adjacent side lengths increased from 15,378.34 km to 27,594.78 km, with an increase of 79.43%. This shows that the focus of road construction has shifted from urban centers to districts and counties, and more ecologically sensitive areas have begun to be eroded by roads. The three landscape types, woodland, cultivated land, and grassland, were significantly affected by intermediate cutting, and the cutting areas were 625.23 km2, 655.45 km2 and 110.65 km2, respectively, by 2020, and the adjacent side lengths reached 8344.62 km, 7824.78 km and 5701.62 km, respectively. The edge cutting area of grassland only accounted for about 6% of the total cutting areas, but the impact of road cutting was far greater than that of other land types (Appendix A: Table A1). The cutting areas and adjacent side lengths of the edge cutting type and the complete cutting type increased relatively little. The CCI values of different landscape types in descending order were cultivated land, grassland, woodland, building land, water body, wetland, and unused land.




3.2. Impact of Road Network on Ecological Risk in the Landscape


3.2.1. Spatial and Temporal Variation of Ecological Risk in the Landscape


The landscape ecological risk index was divided into the following five classes: low, sub-low, medium, sub-high, and high (Figure 6). The average value of the ecological risk of the Fuzhou landscape increased from 0.045 to 0.051 and subsequently decreased to 0.049 between 2000 and 2020, showing a rising tendency. According to our analysis, both the sub-high and high ecological risk areas grew at rates of 9.47% and 7.63%, respectively. From 2000 to 2010, the sub-high ecological risk area increased by a larger amount, from 21.58% to 29.92%, with an area increase of 954.73 km2. Moreover, the area of high ecological risk increased by 666.37 km2, raising its share by 5.83%. From 2010 to 2020, the area of medium ecological risk decreased considerably from 37.39% to 29.14%, and the area decreased by 943.83 km2 (Table 3). However, the sub-high and high-risk areas increased, but the increase was relatively small, only increasing by 1.13% and 1.80%, respectively. The geographical heterogeneity of the local zone was evident from the perspective of the spatial change in the landscape risk index, and the ecological risk zone above the sub-high level gradually extended from the city’s core to the surrounding zone. The ecological risk of Changle District, the eastern sub-city center of Fuzhou, has changed greatly, and the ecological risk in the central-eastern part of Changle District is changing from medium- to high-risk. As the pivot of Fuzhou’s eastward development, the district has an efficient and sound transportation system, connecting Luoyuan Port to the north and Pingtan Experimental Base to the south, becoming the second largest economic zone in Fuzhou in addition to the central city. However, its ecological environment is under great pressure due to rapid economic development. In addition, the dense traffic network of Lianjiang County and Luoyuan County had a notable increase in the ecological risk to the landscape. Overall, the ecological risk index tends to be higher in urban zones with dense traffic, where the areas of low-risk and medium-risk zones gradually decrease, and the area of high-risk zones gradually increases and shrinks toward the urban center.




3.2.2. Spatial Correlation of Ecological Risk in the Landscape


The ecological risk data from the three time periods were subjected to a spatial autocorrelation analysis, which produced global Moran’s I values for 2000, 2010, and 2020 of 0.53, 0.56, and 0.57, respectively, which passed the significance test with p values less than 0.01 and Z values greater than 2.58 (Table 4). The geographical distribution of landscape ecological risk in Fuzhou exhibited a clear positive association, as shown by the fact that all three global Moran’s I indices were positive. Areas with high ecological risk values in the study region also had high values in their neighboring areas, and vice versa. The spatial autocorrelation of landscape ecological risk throughout Fuzhou City was increasing, and Moran’s I clearly showed an increasing tendency over time.



Further analysis of the local spatial correlation of landscape ecological risk in Fuzhou City shows that high-high and low-low aggregation forms predominated in Fuzhou City’s spatial distribution of landscape ecological risk, and the distribution characteristics remained basically the same in different periods (Figure 7). In the city core of Fuzhou, the high-high aggregation is the primary form, the new coastal city of Changle District, the central part of Minhou, the central-eastern part of Minqing County, the northern part of Lianjiang County, the southern part of Luoyuan County, and the central-northern part of Yongtai County, all of which have developed transportation road networks passing through. The ecological risk level of nearby places is also higher (Figure 8). The high-risk areas with high aggregation increased from 479 to 532 in 20 years, and the positive spatial correlation increased significantly. The low-low aggregation form is primarily in the border areas of districts and counties, the north and south of Minhou County, and the south of Lianjiang County, which are more remote, have a single landscape type, and are far from urban centers. The risk area of low-low agglomeration increased from 360 to 394 blocks with time. The number of agglomerations in the central part decreased significantly, and the agglomeration phenomenon in the edge zone of the city area increased significantly.




3.2.3. Significant Road Network Characteristics Analysis


The four categories of (i) road density, (ii) CCI, (iii) road grade, and (iv) shortest distance and landscape ecological risk bivariate global Moran’s I values passed p < 0.01 significance test, and the absolute value of the Z-value was significantly higher than 2.58 (Table 5). The bivariate global Moran’s I values of the four categories of indicators and landscape ecological risk all increased and then decreased from 2000 to 2020 because the rapid expansion of the road network in Fuzhou led to the multiplication of the pressure on the surrounding ecological environment, thus increasing the burden of landscape ecological risk. In recent years, Fuzhou has gradually attached importance to urban ecological environment restoration and advocated vigorous afforestation and no blind expansion of road projects, thus reducing the degree of landscape ecological risk. Road density, CCI, road grade, and landscape ecological risk showed an obvious positive correlation in the spatial layout. Along with the construction of the road, its landscape ecological risk increased, while the shortest distance and landscape ecological risk spatial distribution showed an obvious negative correlation. This is because the county is rural far from the urban center, its road network density is sparse, and the surrounding ecological environment has not been affected by human activities. Therefore, the ecological risk decreased with increasing distance from the road. In terms of correlation performance, the shortest distance and CCI were the two largest significant variables of road characteristics affecting the spatial variables of landscape ecological risk, and the bivariate Moran’s I of landscape ecological risk with the shortest distance could reach up to −0.37 at most, while the bivariate Moran’s I with CCI could reach up to 0.24 at most. In summary, there is some order for the spatial distribution of landscape ecological risk and there is an obvious correlation with the construction of road projects. The high aggregation of road networks will contribute to the intensification of the cutting impact of corridors, which will eventually lead to a relative increase in landscape ecological risk in its surrounding areas.





3.3. Identification of Key Drivers


The four human factors of road density, road class, CCI, and shortest distance in the above analysis were combined with the four natural factors of land type, elevation, slope, and relief to synthesize the main drivers of landscape ecological risk in Fuzhou. The three factors that had the greatest influence on landscape ecological risk were elevation, CCI, and the shortest distance (Table 6). From 2000 to 2010, elevation had a significant effect on landscape ecological risk, with its Q-value increasing from 0.14 to 0.23 and contributing the most to landscape ecological risk; CCI and shortest distance the Q-values have also significantly increased to 0.20 and 0.19. From 2010 to 2020, the contribution of each factor to the landscape risk index declined, and the Q-value of the elevation dropped to 0.12, while the Q-value of CCI and shortest distance exceeded the elevation by 0.15 and 0.16, respectively. Other road-related indicators also exceeded the Q-value contribution of natural factors.



The findings of the interaction detection indicate that the two-factor interaction greatly outweighed the influence of a single factor (Figure 9), and the interaction relationship between the two factors mainly shows “bifactor enhancement” and “nonlinear enhancement,” indicating that the ecological risk of the Fuzhou landscape is coordinated by both human and natural factors. In 2000, the factors of elevation and land type had the highest interactive influence. The two interactions were “bifactor enhancement,” while the interactive influence of land type and road density, land type, and CCI were all “nonlinear enhancement,” and their potential influences of bivariate interaction was greater than the interactive influence of elevation and land type. The explanatory power of land type as a single factor is weak, but it is greatly enhanced when combined with the road factor. In 2010, the interactive influence of the factors significantly increased, the highest explanatory power of the interactive influence of shortest distance and elevation reached 0.32, and the interaction relationship showed “bifactor enhancement.” In 2020, the interactive influence of elevation and road gradually weakened, and the explanatory power of the interactive influence of land type and shortest distance and CCI reached 0.23 and 0.22, respectively. These have become the main drivers of landscape ecological risk. Combined with the two-factor interaction, the interaction of elevation and land type has a high explanatory power for landscape ecological risk in the early stage, but the explanatory power of the road factor gradually exceeds that of the natural factor as time changes. By 2020, the explanatory power of the interactive influence of land type and CCI, and the interactive influence of land type and shortest distance were significantly improved, and the explanation rate reached more than 22%.





4. Discussion


4.1. Impact of Road Cutting Effect on Ecological Risk in Urban Landscape


This study referred to the four primary types of road cuttings to analyze the spatial impact of road cutting on the landscape. It then calculated the corridor cut degree index based on the roadway impact zones with a 2 km × 2 km evaluation unit, which effectively reflected the impact of road cutting on the change in land-use types [29]. Previous studies on the ecological impact of roads have generally attributed the basic characteristics of roads as the main factors causing landscape imbalance, such as road density, road length, and road grade, and have ignored the corridor cutting effect of roads [4,50]. The road network formed by the interweaving and convergence of linear artificial corridors has a significant segmentation and isolation effect on the landscape space, and the effect of this cutting influence varies in different land-use types [51].



In the roadway impact zone analysis, woodland, cultivated land, and building land occupied a larger area, whereas grassland only had a spatial share of approximately 6% in the roadway impact zones. However, the CCI of building land and woodland was lower than that of grassland, which indicates that land types with large areas in the roadway impact zones were not necessarily more affected by road cutting. A grassland area is not as ecologically restorative as a woodland area and is easily eroded by roads, because grasslands are more scattered around the city. Unlike woodland and cultivated land concentrations, this makes it difficult for grasslands to self-repair after being disturbed by external factors [52,53]. The intermediate cutting mode of roadway impact zones in Fuzhou was the most obvious, and the number of cutting times, cutting areas, and adjacent side lengths of the intermediate cutting type increased substantially between 2000 and 2020. Large urban areas were occupied by road networks, and the intermediate cutting effect gradually became dominant. As the road network expands and covers a larger area, the risk of road damage in the ecological environment gradually increases.



This research shows that the landscape ecological risk in Fuzhou is not distributed haphazardly, and there is a clear spatial convergence relationship in part of the space, with the high-risk areas concentrated in the central part of the city and the risk index significantly reduced along the municipal border zone, which highly overlaps with the developed and dense areas of the road network. Bivariate spatial autocorrelation analysis found that landscape ecological risk had a significant spatial correlation with human factors, showing a positive correlation with CCI, road grade, and road density, and a negative correlation with the shortest distance to the road, which was consistent with Lu et al.’s research on the impact of roads on landscape patterns [54]. Elevation, CCI, and shortest distance had the greatest influence on the spatial and temporal distribution of ecological risk in the Fuzhou landscape, and the influence of human factors have gradually increased and surpassed the driving influence of natural factors over the past 20 years. However, with the development and expansion of cities and the improvement of infrastructure technology, relatively sparsely populated remote areas have gradually developed, and the impact of roads on the surrounding environment has gradually started to expand. Under interactive detection analysis, the impact of natural factors, such as elevation, on landscape ecological risk is no longer significant, while CCI and the shortest distance have become the key human factors that affect landscape ecological risk and have a significant interactive relationship with land use.




4.2. Integrated Transportation and Ecological Restoration Planning Strategy


In recent years, the focus of Fuzhou’s future urban development has shifted, relying on the new coastal town in Changle District to develop modern service industries to shape the ecological, humanistic, and landscape coastal urban development belt. It vigorously constructs the land and sea development and protection pattern of “One Belt, Four Bays” and focuses on regional coordination and land and sea coordination [34]. To speed up the connection between the main urban area and the suburban area, Fuzhou City has built many new highways to connect the east and west ends, which gradually affect the surrounding landscape space such as forests, grasses, and cultivated land while promoting economic development. This has resulted in the intensification of ecological risks, while the remote areas at the edge of the city, with inconvenient transportation environments, less population circulation, and more undulating terrain, are less subject to human interference factors, hence their ecological environment conditions are superior to those around the city [55]. Therefore, this study proposes the following recommendations from the perspective of integrated transportation and ecological restoration planning:




	(1)

	
Road Engineering Construction and Operation









Urban road design and planning should be timely to avoid all kinds of environmental protection targets and environmentally sensitive points or make full use of topographic and geomorphological conditions that do not destroy the original ecological environment and reduce earth excavation, blasting, and other construction projects that induce geological disasters. In Fuzhou, cultivated land, woodland, and grassland were significantly affected by road cutting. Sharp turns, steep slopes, and climbing lanes were avoided on road sections near these areas. High, flat, and vertical roads should be used to reduce direct contact between road construction and the ecological environment. This can also prevent species from dying across roads and ensure the connectivity of biological channels. To avoid excessive encroachment on land space, which makes it difficult to maintain ecological self-restoration, it is necessary to tightly regulate the site selection for road engineering construction to avoid roads directly crossing ecologically sensitive areas and to ensure the connectivity of ecological spaces [56,57].



	(2)

	
Natural resource protection and resilient development







In the future construction of Fuzhou City, it is necessary to focus on protecting the ecological function areas of land and sea to ensure sustainable economic construction, and to plan multiple green wedges in the central city, coastal new town, and Sanjiang port to prevent unlimited urban expansion. The distribution of landscape ecological risks in Fuzhou is closely related to the urban development. With the expansion of the road network, ecological risks around the city have increased significantly. Therefore, the protection of natural resources and urban ecology has become the key to mitigating increased local risks. First, the areas along the roads are strictly controlled to avoid crossing the original ecological environment, such as woodlands and grasslands, destroying the overall function of the ecosystem, improving the forest structure, and strengthening the overall function of the forest ecosystem. Second, strictly adhering to the ’red line’ of cultivated land protection and focusing on the protection of Fuqing City, Changle District, Lianjiang County, Luoyuan County, and other concentrated areas of cultivated land, the efficient development of abandoned land reclamation, moderate development of cultivated land, and reserve land resources. Buffer zones should be established according to different road grades to avoid nature reserves and ecologically sensitive areas that are too close to the road, thus leading to fragmentation of landscape space [58,59].



	(3)

	
Slope ecosystem restoration







Serious soil erosion along road zones leads to serious degradation of the surrounding ecosystem and a reduction in species richness. Fuzhou has rich vegetation resources, which can effectively mitigate the impact of road cutting on land types in Fuzhou through vertical greening and slope greening. To alleviate the impact of road cutting, applicable grass species or seedlings should be selected according to different slope types, combining trees, shrubs, grasses, flowers, and vines to form an all-round three-dimensional greening and protection effect combining shallow and deep protection [60]. The selected vegetation should be mainly local native plants with near-natural growth, which can be highly integrated with the surrounding landscape and promote the improvement of ecological self-healing ability. In addition, a protective forest belt should be set up around the slope to reduce noise interference caused by traffic on the side slope. Paying attention to ecological protection along the road can improve the diversity of the ecosystem around the road, strengthen its ecological resistance, and reduce the impact of road damage.




4.3. Limitations and Prospects of the Study


Quantifying the impact of road cutting is realized by the corridor cutting degree model based on roadway impact zones, which is the ecological effect zones formed between the road space and the surrounding ecological environment, and the width of roadway impact zones should be different in different geographical environments due to the influence of geographical conditions. The roadway impact zones in this study are divided according to international standards by the construction of road grade and do not construct suitable roadway impact zones based on the geographic features of the research area, so there are certain limitations. In the future, it will be considered to modify the road influence area in combination with the resistance coefficient of the study area. In addition, the landscape ecological risk evaluation is constructed based on the landscape pattern index, which focuses on the static landscape pattern analysis and pays insufficient attention to the dynamic changes of ecosystem and landscape structure function, and the index construction relies on expert experience and has strong subjectivity. Principal component analysis is a statistical analysis method that converts multiple variables into a few principal components through dimension reduction technology. It can objectively reflect most of the information of the original variables and can be considered to build a landscape ecological risk index. The assessment of landscape ecological risk is to prevent possible hidden dangers and should take into account its impact on human life, production, and ecology, ultimately providing strategies to serve human well-being. Research limited to the ecological level cannot provide effective practical help. Therefore, in the future, we can try to introduce the value of ecosystem services and further explore the impact of road networks on ecosystems by integrating social, tourism, and economic factors.





5. Conclusions


This study uses a corridor cutting degree model of roadway impact zones to evaluate the possible effects of road networks on landscape ecological risk. Through spatial auto-correlation analysis and a geographical detector model, we examined the relationship between the spatial and temporal distribution of landscape ecological risk and the characteristics of the road network and identified the major factors influencing this risk in Fuzhou. The findings of this study can serve as a sound scientific foundation for national space planning that integrates transportation and ecological restoration. The following are the key findings of the study:




	(1)

	
The corridor cutting effect of roads on landscape types increases with increased road network area, and the intermediate cutting effect of the road network is the most significant. Woodland, cultivated land and grassland are the land types with high corridor cutting degree index;




	(2)

	
In the past 20 years, the area of the sub-high and high ecological risk areas in Fuzhou continued to increase, increasing by 9.47% and 7.63%, respectively. The ecological risk in the traffic intensive areas was generally high, and the spatial distribution pattern was mainly high-high and low-low;




	(3)

	
The bivariate Moran’s I of landscape ecological risk and shortest distance can reach up to −0.37 at most, and the bivariate Moran’s I of landscape ecological risk and CCI can reach up to 0.24 at most. The shortest distance and CCI are the two factors that affect the spatial variation of landscape ecological risk the most;




	(4)

	
The interactive influence of land type and CCI, land type, and shortest distance has a greater impact on landscape ecological risk than the synergy of the other two factors.









In recent years, Fuzhou has attached great importance to urban traffic construction, but neglected the negative impact of roads on the ecological environment, resulting in the aggravation of regional ecological risks. Our research shows that with the increase of the road network area, the corridor cutting effect of urban roads will become significant, and the impact of road cutting will gradually penetrate into the landscape patches, which will hinder the energy and information transmission between the source areas, and seriously affect the stability of the urban ecological environment and the habitat and survival of animals. We suggest that in the urban construction planning, we should focus on the site selection of road construction, especially in cities with rich landscape resources, such as Fuzhou. Additionally, blind road laying will have an irreversible impact on the ecology. The forest land, cultivated land, and grassland in Fuzhou are most seriously affected by road cutting, so we should focus on protecting these three types of land to avoid direct crossing of road projects. At the same time, diversified vertical greening and slope greening can also effectively alleviate the cutting damage of roads to the ecological environment.
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Table A1. Percentage of cutting area and length of adjoining sides in different road cutting modes.
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Cutting Mode

	
Time

	
Land Use Type




	
Woodland

	
Grassland

	
Cultivated Land

	
Water Body

	
Wetland

	
Building Land

	
Unused Land






	
Cutting area (%)

	
Edge cutting

	
2000

	
46.34

	
6.42

	
36.99

	
3.18

	
0.76

	
5.93

	
0.39




	
2010

	
52.09

	
6.47

	
32.12

	
3.06

	
0.92

	
5.02

	
0.32




	
2020

	
55.58

	
6.38

	
26.35

	
3.32

	
0.80

	
7.34

	
0.24




	
Intermediate cutting

	
2000

	
21.57

	
6.06

	
49.16

	
5.66

	
1.44

	
14.81

	
1.32




	
2010

	
27.74

	
6.56

	
43.40

	
4.64

	
1.06

	
15.66

	
0.95




	
2020

	
33.61

	
5.95

	
35.24

	
5.51

	
0.65

	
18.45

	
0.59




	
Complete cutting

	
2000

	
10.62

	
3.92

	
31.72

	
12.91

	
2.53

	
34.28

	
4.02




	
2010

	
13.91

	
4.13

	
31.94

	
10.53

	
1.75

	
33.96

	
3.78




	
2020

	
15.85

	
6.52

	
26.94

	
13.53

	
1.27

	
33.43

	
2.45




	
The adjacent side length (%)

	
Edge cutting

	
2000

	
46.35

	
17.09

	
26.46

	
3.23

	
0.84

	
4.47

	
1.56




	
2010

	
49.04

	
17.22

	
24.92

	
3.09

	
0.93

	
3.51

	
1.29




	
2020

	
49.53

	
17.62

	
23.52

	
2.79

	
0.81

	
4.65

	
1.08




	
Intermediate cutting

	
2000

	
22.02

	
19.86

	
32.89

	
6.62

	
1.50

	
11.74

	
5.36




	
2010

	
25.91

	
21.20

	
29.93

	
6.00

	
1.07

	
11.71

	
4.20




	
2020

	
30.24

	
20.66

	
28.36

	
4.95

	
0.68

	
12.13

	
2.98




	
Complete cutting

	
2000

	
8.69

	
10.52

	
17.67

	
17.50

	
3.29

	
28.54

	
13.79




	
2010

	
11.91

	
11.96

	
19.13

	
14.55

	
2.36

	
25.50

	
14.59




	
2020

	
16.46

	
19.03

	
18.77

	
13.77

	
1.88

	
20.26

	
9.83




	
CCI (%)

	

	
2000

	
10.57

	
39.98

	
36.71

	
4.77

	
1.34

	
5.43

	
1.19




	
2010

	
12.12

	
37.35

	
38.45

	
4.26

	
1.31

	
5.62

	
0.90




	
2020

	
17.39

	
33.81

	
38.91

	
3.63

	
1.16

	
4.94

	
0.15











References


	



Zhao, G.; Zheng, X.; Yuan, Z.; Zhang, L. Spatial and Temporal Characteristics of Road Networks and Urban Expansion. Land 2017, 6, 30. [Google Scholar] [CrossRef]

	



Miao, Z.; Pan, L.; Wang, Q.; Chen, P.; Yan, C.; Liu, L. Research on Urban Ecological Network Under the Threat of Road Networks—A Case Study of Wuhan. Int. J. Geogr. Inf. Sci. 2019, 8, 342. [Google Scholar] [CrossRef]

	



Mo, W.; Wang, Y.; Zhang, Y.; Zhuang, D. Impacts of road network expansion on landscape ecological risk in a megacity, China: A case study of Beijing. Sci. Total Environ. 2017, 574, 1000–1011. [Google Scholar] [CrossRef]

	



Fan, K.; Li, Y.; Shao, J. Regional Eco-risk Analysis of Highway: A Case Study of Yu-Yi Highway in Chongqing. J. Chongqing Norm. Univ. 2013, 30, 28–34. [Google Scholar]

	



Zhang, J.; Feng, Z.; Jiang, L.; Yang, Y.; Liu, X. Effect of Road Disturbance on Landscape Pattern in the Lancang River Valley. J. Nat. Resour. 2013, 28, 969–980. [Google Scholar]

	



Peng, J.; Dang, W.; Liu, Y.; Zong, M.; Hu, X. Review on landscape ecological risk assessment. Acta Ecol. Sin. 2015, 70, 664–677. [Google Scholar]

	



Forbes, V.; Calow, P. Developing predictive systems models to address complexity and relevance for ecological risk assessment. Integr. Environ. Assess. Manag. 2013, 9, E75–E80. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, S.; Chen, B.; Xia, C.; Sui, R. Ecological risk assessment and spatial threshold analysis of wetlands in the Sanjiang Plain. Acta Ecol. Sin. 2022, 42, 6595–6606. [Google Scholar]

	



Xu, K.; Wang, J.; Chi, Y.; Liu, M.; Lu, H. Spatial optimization and sustainable use of land based on an integrated ecological risk in the Yun-Gui plateau region. Acta Ecol. Sin. 2016, 36, 821–827. [Google Scholar]

	



Kang, Z.; Zhang, Z.; Wei, H.; Liu, L.; Ning, S.; Zhao, G.; Wang, T.; Tian, H. Landscape ecological risk assessment in Manas River Basin based on land use change. Acta Ecol. Sin. 2020, 40, 6472–6485. [Google Scholar]

	



Yang, L.; Deng, M.; Wang, J.; Que, H. Spatial-temporal evolution of land use and ecologocal risk in Dongting Lake Basin during 1980–2018. Acta Ecol. Sin. 2021, 41, 3929–3939. [Google Scholar]

	



Chen, X.; Xie, G.; Zhang, J. Landscape ecological risk assessment of land use changes in the coastal area of Haikou City in the past 30 years. Acta Ecol. Sin. 2021, 41, 975–986. [Google Scholar]

	



Zhang, Y.; Zhang, F.; Zhou, M.; Li, X.; Ren, Y.; Wang, J. Landscape ecological risk assessment and its spatio-temporal variations in Ebinur Lake region of inland arid area. Chin. J. Appl. Ecol. 2016, 27, 233–242. [Google Scholar]

	



Qu, C.; Chen, W.; Bi, J.; Huang, L.; Li, F. Ecological risk assessment of pesticide residues in Taihu Lake wetland, China. Ecol. Modell. 2011, 222, 287–292. [Google Scholar] [CrossRef]

	



Sun, D.; Xue, Z.; Han, X.; Zhao, Y.; Sun, W.; Zhang, K. Polluting Characteristics and Ecological Risk Assessment of Heavy Metals in Cultivated Land Around a Mining Area in Northern Hebei Province. J. Ecol. Rural Environ. 2020, 36, 242–249. [Google Scholar]

	



Li, Y.; Lin, J.; Sun, X. An early warning method on ecological risk and its application to improve landscape ecological security pattern regulation. Res. Geogr. 2017, 36, 485–494. [Google Scholar]

	



Li, L.; Feng, R.; Xi, J. Ecological Risk Assessment and Protection Zone Identification for Linear Cultural Heritage: A Case Study of the Ming Great Wall. Int. J. Environ. Res. Public Health 2021, 18, 11605. [Google Scholar] [CrossRef]

	



Zhen, J.; Yin, S.; Liu, G.; Te, R.; Su, R. Landscape pattern change and ecological risk assessment on the grassland culture relics area—A case of Yuanshangdu. J. Arid. Land. Res. Environ. 2014, 28, 159–165. [Google Scholar]

	



Dong, T.; Xu, W.; Zheng, H.; Xiao, Y.; Kong, L.; Ouyang, Z. A Framework for Regional Ecological Risk Warning Based on Ecosystem Service Approach: A Case Study in Ganzi, China. Sustainability 2018, 10, 2699. [Google Scholar] [CrossRef]

	



Zhang, X.; Du, H.; Wang, Y.; Chen, Y.; Ma, L.; Dong, T. Watershed landscape ecological risk assessment and landscape pattern optimization: Take Fujiang River Basin as an example. Hum. Ecol. Risk Assess. 2021, 27, 2254–2276. [Google Scholar] [CrossRef]

	



Ai, J.; Yu, K.; Zeng, Z.; Yang, L.; Liu, Y.; Liu, J. Assessing the dynamic landscape ecological risk and its driving forces in an island city based on optimal spatial scales: Haitan Island, China. Ecol. Indic. 2022, 137, 108771. [Google Scholar] [CrossRef]

	



Liu, S.; Yang, Z.; Cui, B.; Gan, S. Effects of road on landscape and its ecological risk assessment: A case study of Lancangjiang River valley. Chin. J. Ecol. 2005, 24, 897–901. [Google Scholar]

	



Forman, R. Estimate of the area affected ecologically by the road system in the United States. Conserv. Biol. 2000, 14, 31–35. [Google Scholar] [CrossRef]

	



Li, S.; Xu, Y.; Zhou, Q.; Wang, L. Statistical Analysis on the Relationship between Road Network and Ecosystem Fragmentation in China. Prog. Geogr. 2004, 23, 78–85, 110. [Google Scholar]

	



Coffin, A. From roadkill to road ecology: A review of the ecological effects of roads. J. Transp. Geogr. 2007, 15, 396–406. [Google Scholar] [CrossRef]

	



Zhang, Z.; Liu, S.; Zhao, Q.; Yang, J. Effects of road network on landscape ecological risk: A case study of Red River watershed. Chin. J. Ecol. 2010, 29, 2223–2228. [Google Scholar]

	



Cai, X.; Wu, Z.; Cheng, J. Analysis of road network pattern and landscape fragmentation based on kernel density estimation. Chin. J. Ecol. 2012, 31, 158–164. [Google Scholar]

	



Karlson, M.; Mortberg, U. A spatial ecological assessment of fragmentation and disturbance effects of the Swedish road network. Landsc. Urban Plan. 2015, 134, 53–65. [Google Scholar] [CrossRef]

	



Wang, D.; Qiu, P.; Fang, Y. Scale effect of Li-Xiang Railway construction impact on landscape pattern and its ecological risk. Chin. J. Appl. Ecol. 2015, 26, 2493–2503. [Google Scholar]

	



Liu, Z.; Zhang, G.; Fu, F. Assessing landscape ecological risk based on landscape pattern and services in Guangzhou during 1990–2015. Acta Ecol. Sin. 2020, 40, 3295–3302. [Google Scholar]

	



Yu, J.; Tang, B.; Chen, Y.; Zhang, L.; Nie, Y.; Deng, W. Landscape ecological risk assessment and ecological security pattern construction in landscape resource-based city: A case study of Zhangjiajie City. Acta Ecol. Sin. 2022, 42, 1290–1299. [Google Scholar]

	



Sun, L.; Zhou, D.; Cen, G.; Ma, J.; Dang, R.; Ni, F.; Zhang, J. Landscape ecological risk assessment and driving factors of the Shule River Basin based on the geographic detector model. Arid. Land. Geo. 2021, 44, 1384–1395. [Google Scholar]

	



Shi, H.; Shi, T.; Yang, Z.; Wang, Z.; Han, F.; Wang, C. Effect of Roads on Ecological Corridors Used for Wildlife Movement in a Natural Heritage Site. Sustainability 2018, 10, 2725. [Google Scholar] [CrossRef]

	



Kang, J.; Qi, Y.; Liu, P.; Len, D.; Fu, Y.; Zhang, Z. Experience and Enlightenment of Beautiful Bay Construction in the Coastal Zone of Fuzhou Binhai New Area. Environ. Prot. 2021, 49, 24–29. [Google Scholar]

	



Wang, J.; Bing, L.; Yin, Y.; Xi, F.; Ma, M.; Zhang, W.; Niu, L.; Zhang, L. Accounting for the cost of ecological degradation in Fuzhou City, China. Chin. J. Appl. Ecol. 2021, 32, 3781–3792. [Google Scholar]

	



Bao, X.; Dai, W.; Liu, S.; Chen, S. Spatial differentiation and influencing factors of rural territorial multi-functions in urban-rural integration area: A case study of Eastern Fuzhou. J. Nat. Resour. 2022, 37, 2688–2702. [Google Scholar] [CrossRef]

	



Lai, S.; Sha, J.; Eladawy, A.; Li, X.; Wang, J.; Kurbanov, E.; Lin, Z.; Wu, L.; Han, R.; Su, Y. Evaluation of ecological security and ecological maintenance based on pressure-state-response (PSR) model, case study: Fuzhou city, China. Hum. Ecol. Risk Assess. 2022, 28, 734–761. [Google Scholar] [CrossRef]

	



Xue, L.; Zhu, B.; Wu, Y.; Wei, G.; Liao, S.; Yang, C.; Wang, J.; Zhang, H.; Ren, L.; Han, Q. Dynamic projection of ecological risk in the Manas River basin based on terrain gradients. Sci. Total Environ. 2019, 653, 283–293. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Liu, X.; Zhao, T.; Zhang, M.; Nian, L.; Li, X. Landscape ecological risk assessment of Qilian Mountain National Park based on landscape pattern. Ecol. Sci. 2022, 41, 99–107. [Google Scholar]

	



Li, L.; Wang, R.; Zhang, Z.; Zhu, X. Ecoligical risk assessment based on land use changes in Jiaodong Peninsula, China. J. Shandong Norm. Univ. 2022, 37, 137–145. [Google Scholar]

	



Igondova, E.; Pavlickova, K.; Majzlan, O. The ecological impact assessment of a proposed road development (the Slovak approach). Environ. Impact Assess. Rev. 2016, 59, 43–54. [Google Scholar] [CrossRef]

	



Huang, Q.; Chen, L.; Li, S.; Sun, Z.; Yang, M.; Zhang, D.; Li, C.; Mao, R.; Li, Z.; Zhang, L. Effects of roads on the abundance and habitat of Tibetan wild ass and Ti-betan gazelle in the Yellow River Source Zone of Sanjiangyuan National Park. Acta Ecol. Sin. 2022, 42, 34–48. [Google Scholar]

	



Liu, S.; Wen, M.; Cui, B.; Fu, W.; Yang, M. Definition and Spatial Differentiation of Road-effect Zone: A Case Study in Longitudinal Range-Gorge Region. Prog. Geogr. 2008, 27, 122–128. [Google Scholar]

	



Ginebreda, A.; Sabater-Liesa, L.; Rico, A.; Focks, A.; Barcelo, D. Reconciling monitoring and modeling: An appraisal of river monitoring networks based on a spatial autocorrelation approach—Emerging pollutants in the Danube River as a case study. Sci. Total Environ. 2018, 618, 323–335. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Liu, S.; An, N.; Yin, Y.; Wang, J.; Qiu, Y. Landscape Pattern in Da’an City of Jilin Province Based on Landscape Indices and Local Spatial Autocorrelation Analysis. J. Nat. Resour. 2015, 30, 1860–1871. [Google Scholar]

	



Wang, X.; Feng, Y.; Li, Y.; Wu, B.; Chen, S.; Li, X.; Wang, X.; Mo, Y.; Song, B. Spatial variability of soil physiochemical properties and their autocorrelations at village-region in karst mountainous area, Guizhou Province. Acta Ecol. Sin. 2015, 35, 2926–2936. [Google Scholar]

	



Shen, Z.; Zeng, J. Spatial relationship of urban development to land surface temperature in three cities of southern Fujian. Acta Ecol. Sin. 2021, 76, 566–583. [Google Scholar]

	



Liang, S.; Fang, H. Quantitative analysis of driving factors in soil erosion using geographic detectors in Qiantang River catchment, Southeast China. J. Soils Sediments 2021, 21, 134–147. [Google Scholar] [CrossRef]

	



Ren, B.; Wang, Q.; Zhang, R.; Zhou, X.; Wu, X.; Zhang, Q. Assessment of Ecosystem Services: Spatio-Temporal Analysis and the Spatial Response of Influencing Factors in Hainan Province. Sustainability 2022, 14, 9145. [Google Scholar] [CrossRef]

	



Bi, K.; Niu, Z.; Huang, N.; Kou, P. Effects of road network on landscape ecological risk: A case study of “China and Indochina Peninsula economic corridor”. J. Univ. Chin. Acad. Sci. 2019, 36, 347–353. [Google Scholar]

	



Zong, Y. The corridor effects in urban ecological landscape planning—A case study on Beijing. Acta Ecol. Sin. 1999, 19, 3–8. [Google Scholar]

	



Torok, P.; Brudvig, L.; Kollmann, J.; Price, J.; Tothmeresz, B. The present and future of grassland restoration. Restor. Ecol. 2021, 29, e13378. [Google Scholar] [CrossRef]

	



Yang, X.; Lei, S.; Xu, J.; He, X.; Cheng, W. Influence of roads on the fragmentation of grassland landscape. J. Arid. Land. Res. Environ. 2021, 35, 149–156. [Google Scholar]

	



Lu, Q.; Liu, G.; Yan, B.; Zhao, D. Research on the impact of road network on landscape pattern and landscape ecological risk: A case study of Ruijin-Xingguo-Yudu region. Chin. J. Ecol. 2022, 41, 2236–2244. [Google Scholar]

	



Chen, X.; Zeng, X.; Zhao, C.; Qiu, R.; Zhang, L.; Hou, X.; Hu, X. The ecological effect of road network based on remote sensing ecological index: A case study of Fuzhou City, Fujian Province. Acta Ecol. Sin. 2021, 41, 4732–4745. [Google Scholar]

	



Liu, J.; Chen, F.; Zhu, J.; Qiu, X. Study on Ecosystem Suitability Stressed by Road Projects. Res. Soil. Water. Conserv. 2009, 16, 10–15, 21. [Google Scholar]

	



Zheng, C.; Zhang, Q.; Li, D.; Li, Z.; Zhao, H. Ecological Impact Assessment of Road Construction in Wetland of China—A Case Study of Highway Projects in Northeastern Area. J. Highw. Transp. Res. Dev. 2017, 34, 153–158. [Google Scholar]

	



Zhang, Y.; Zhang, B.; Peng, L.; Zhao, L.; Liu, S. Research on land-use change and driving factors in Fuzhou City from 2005 to 2020. J. Fuzhou. Univ. 2022, 50, 408–416. [Google Scholar]

	



Zhu, Y.; Yao, X.; Chen, W.; He, Z.; Chen, L.; Yang, L.; Chen, S.; Chi, T. Evaluation of the quality of human settlement in downtown Fuzhou based on multi-source data. Chin. J. Appl. Ecol. 2020, 31, 2721–2730. [Google Scholar]

	



Zhu, Z.; Guan, Z.; Xu, G.; Tong, K.; Chen, X. Application of Centipedegrass (Eremochloa ophiuroides) as Pioneer Plants in Ecological Restoration of Road Slope. J. Northwest For. Univ. 2017, 32, 263–268. [Google Scholar]








[image: Sustainability 15 01724 g001 550] 





Figure 1. The Geographical location of Fuzhou, Fujian, China. 
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Figure 2. Research framework. 
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Figure 3. Corridor cutting degree model based on roadway impact zones. (A) is the internal cutting mode; (B) is the intermediate cutting mode; (C) is the edge cutting mode; (D) is complete cutting mode; SP is the area of roadway impact zones in patch; S1 is the left area of the cutting patches; S2 is the right area of the cutting patches; and LP is the adjacent side lengths between the road and the cutting surface. 
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Figure 4. Distribution of CCI of Fuzhou from 2000 to 2020. The corridor cutting degree index is reclassified into the following five categories by natural breakpoint method: low ecological risk, sub-low ecological risk, medium eco-logical risk, sub-high ecological risk, and high ecological risk. 
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Figure 5. The number of times on different land types in the study area are cut by roadway impact zones. 
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Figure 6. Distribution of landscape ecological risk index in Fuzhou from 2000 to 2020. The landscape ecological risk index is reclassified into the following five categories by natural breakpoint method: low ecological risk, sub-low ecological risk, medium ecological risk, sub-high ecological risk, and high ecological risk. 
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Figure 7. Local spatial auto-correlation aggregation map (LISA) of landscape ecological risk in Fuzhou. 
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Figure 8. All districts and counties in Fuzhou. 
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Figure 9. Analysis of interactive detection strength of driving factors from 2000 to 2020. 
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Table 1. Two factor interactive detection relationship [49].
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	Basis of Judgement
	Interaction Relation





	   q   X 1 ∩ X 2   < M i n   q   X 1   , q   X 2       
	Nonlinear weakening



	       q   X 1   , q   X 2       m i n          <   q   X 1 ∩ X 2          <       q   X 1   , q   X 2       M a x     
	Single-factor nonlinear weakening



	   q   X 1 ∩ X 2   > M a x   q   X 1   , q   X 2       
	Bifactor enhancement



	   q   X 1 ∩ X 2   = q   X 1   + q   X 2     
	Two-factor independence



	   q   X 1 ∩ X 2   > q   X 1   + q   X 2     
	Nonlinear enhancement







q(X1 ∩ X2) is their interaction,   M i n   q   X 1   , q   X 2       is their minimum value,   M a x   q   X 1   , q   X 2       is their maximum value, and q(X1) + q(X2) is their sum.
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Table 2. Cutting area and length of adjoining sides under different road cutting modes.
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Cutting Mode

	
Time

(Year)

	
Land Use Type




	
Woodland

	
Grassland

	
Cultivated Land

	
Water Body

	
Wetland

	
Building Land

	
Unused Land






	
Cutting area (km2)

	
Edge cutting

	
2000

	
245.40

	
33.99

	
195.88

	
16.83

	
4.00

	
31.38

	
2.09




	
2010

	
288.93

	
35.90

	
178.15

	
16.99

	
5.09

	
27.87

	
1.76




	
2020

	
329.84

	
37.87

	
156.35

	
19.72

	
4.72

	
43.53

	
1.41




	
Intermediate cutting

	
2000

	
197.57

	
55.48

	
450.33

	
51.81

	
13.21

	
135.63

	
12.05




	
2010

	
382.22

	
90.32

	
597.87

	
63.94

	
14.54

	
215.73

	
13.02




	
2020

	
625.23

	
110.65

	
655.45

	
102.58

	
12.00

	
343.22

	
10.97




	
Complete cutting

	
2000

	
7.18

	
2.65

	
21.45

	
8.73

	
1.71

	
23.18

	
2.72




	
2010

	
10.50

	
3.12

	
24.11

	
7.95

	
1.32

	
25.63

	
2.85




	
2020

	
30.50

	
12.55

	
51.83

	
26.03

	
2.45

	
64.31

	
4.71




	
The adjacent side length(km)

	
Edge cutting

	
2000

	
5502.42

	
2028.96

	
3140.70

	
383.16

	
100.26

	
530.52

	
185.16




	
2010

	
6150.72

	
2159.46

	
3124.80

	
387.72

	
116.88

	
439.98

	
161.82




	
2020

	
6383.04

	
2270.70

	
3030.90

	
359.76

	
104.76

	
599.82

	
138.90




	
Intermediate cutting

	
2000

	
3387.12

	
3054.48

	
5058.36

	
1018.20

	
230.76

	
1805.28

	
824.64




	
2010

	
5849.40

	
4785.24

	
6756.06

	
1354.38

	
240.54

	
2642.64

	
947.58




	
2020

	
8344.62

	
5701.62

	
7824.78

	
1367.10

	
188.64

	
3346.68

	
821.34




	
Complete cutting

	
2000

	
134.70

	
163.02

	
274.02

	
271.38

	
51.00

	
442.44

	
213.78




	
2010

	
197.10

	
198.00

	
316.68

	
240.90

	
39.00

	
422.04

	
241.50




	
2020

	
605.04

	
699.54

	
689.70

	
506.22

	
69.06

	
744.60

	
361.26




	
CCI

	

	
2000

	
30,893.48

	
116,802.03

	
107,266.61

	
13,946.28

	
3922.013

	
15,857.29

	
3491.29




	
2010

	
50,569.35

	
155,852.72

	
160,449.51

	
17,765.98

	
5450.517

	
23,461.65

	
3751.99




	
2020

	
100,620.51

	
195,586.41

	
225,109.60

	
21,020.34

	
6704.392

	
28,550.62

	
889.46








Note: cutting area is the cutting surface between roadway impact zones and different land types; the adjacent side length is the lengths between roadway impact zones and the cutting surface; CCI is the corridor cutting degree index of roadway impact zones.













[image: Table] 





Table 3. Landscape ecological risk area and proportion in 2000, 2010 and 2020.
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Ecological Risk Grade

	
Year 2000

	
Year 2010

	
Year 2020




	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)






	
Low ecological risk

	
332.66

	
2.91

	
280.97

	
2.46

	
318.24

	
2.78




	
Sub-low ecological risk

	
3860.75

	
33.75

	
2344.09

	
20.49

	
2915.52

	
25.49




	
Medium ecological risk

	
4329.85

	
37.85

	
4277.11

	
37.39

	
3333.28

	
29.14




	
Sub-high ecological risk

	
2468.22

	
21.58

	
3422.95

	
29.92

	
3552.01

	
31.05




	
High ecological risk

	
446.95

	
3.91

	
1113.32

	
9.73

	
1319.39

	
11.53
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Table 4. Spatial autocorrelation analysis of landscape ecological risk in fuzhou from 2000 to 2020.
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	Time (Year)
	Moran’s I
	p
	Z





	2000
	0.53
	0.001
	51.23



	2010
	0.56
	0.001
	52.54



	2020
	0.57
	0.001
	52.50
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Table 5. Results of bivariate spatial correlation analysis between four categories of road factors and landscape ecological risk.
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Independent

Variable

	
Time

(Year)

	
Landscape Ecological Risk Index




	
Moran’s I

	
p

	
Z






	
Road density (i)

	
2000

	
0.17

	
0.001

	
20.94




	
2010

	
0.22

	
0.001

	
27.49




	
2020

	
0.19

	
0.001

	
23.71




	
CCI (ii)

	
2000

	
0.16

	
0.001

	
20.01




	
2010

	
0.24

	
0.001

	
28.09




	
2020

	
0.21

	
0.001

	
24.16




	
Road grade (iii)

	
2000

	
0.17

	
0.001

	
20.81




	
2010

	
0.18

	
0.001

	
22.44




	
2020

	
0.17

	
0.001

	
21.18




	
Shortest distance (iv)

	
2000

	
−0.32

	
0.001

	
−36.99




	
2010

	
−0.35

	
0.001

	
−40.73




	
2020

	
−0.37

	
0.001

	
−41.97








Note: Moran’s I is bivariate global Moran’s I; p is a significance test method in statistics, and it is generally considered that when the p < 0.01 is considered to be statistically significant; Z represents a multiple of the standard deviation, and it is generally considered statistically significant that the absolute value of Z is greater than 2.58.
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Table 6. Contribution degree of landscape risk factors.
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Time

(Year)

	
Analysis

Results

	
Driving Factors




	
Land Type

	
Elevation

	
Slope

	
Relief

	
Road Density

	
Road Grade

	
CCI

	
Shortest Distance






	
2000

	
Q value

	
0.09

	
0.14

	
0.07

	
0.08

	
0.09

	
0.10

	
0.11

	
0.12




	
2010

	
Q value

	
0.18

	
0.23

	
0.13

	
0.14

	
0.17

	
0.18

	
0.20

	
0.19




	
2020

	
Q value

	
0.11

	
0.12

	
0.07

	
0.08

	
0.12

	
0.12

	
0.15

	
0.16








Note: land type, elevation, slope and relief are natural factors; road density, road grade, CCI and Shortest distance are human factors.
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