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Abstract

:

One essential part of transportation infrastructure is highways. The surrounding eco-environment is greatly impacted by the construction of highways. However, few studies have investigated changes in eco-environmental quality during highway construction, and the main impact areas of the construction have not been clarified. The highway from Sunit Right Banner to Huade (Inner Mongolia–Hebei border) was used as the study area. GEE was used to establish RSEI. During highway construction, Sen + M-K trend analysis, Hurst analysis, and Geodetector were employed to assess RSEI changes and driving factors. The results show the following: (1) An area of 1500 m around the highway is where the ecological impact of highway construction will be the greatest. (2) The curve of the annual mean of the RSEI from 2016 to 2021 is V-shaped. From northwest to southeast, there is an increasing trend in spatial distribution. (3) The largest environmental degradation during highway construction occurred during the first year of highway construction. (4) The factor detector results indicate that DEM, precipitation, distance from the administrative district, and FVC were the main RSEI drivers in the research region. The interaction detector’s findings show that the drivers’ combined influence on the RSEI was greater than that of their individual components. (5) Compared to the 2016–2021 trend, the proportion of future degraded areas in terms of eco-environmental quality will increase by 3.16%, while the proportion of improved areas will decrease by 2.99%.
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1. Introduction


With the rapid growth of the world’s economies and the accelerating pace of urbanization, there is a significant increase in demand for public transportation infrastructure, such as highways and trains, in many different countries [1]. Public transportation facilities have a multifaceted impact on the eco-environment. Examples include increased landscape fragmentation, land-use efficiency, air pollution, and suppression of animal reproduction [2,3,4,5]. As an important component of linear transportation infrastructure, highways account for a large share of China’s public transportation facilities and will continue to grow. Therefore, achieving a balance between highway construction and eco-environmental protection has become an essential issue that must be addressed for China’s future development. Highway construction’s impacts on an area’s eco-environmental quality must be monitored and assessed in order to support sustainable regional development. This is carried out in order to strike a balance between environmental protection and socio-economic growth [6].



Remote sensing images are critical for monitoring the eco-environment due to their multiple temporal, spatial, and spectral resolution characteristics. Various vegetation parameters can be extracted from remote sensing imagery [7]. In studies on long-term dynamic changes in vegetation, FVC is a crucial metric for tracking vegetation conditions [8]. The EVI is another common indicator for monitoring vegetation cover [9]. The NDVI is widely used to monitor the ecological condition of regions using long time-series data. It is often combined with other factors to conduct an integrated assessment of the eco-environment [10,11]. The LAI has been applied in numerous ecological studies as a key indicator to measure the characteristics of terrestrial ecosystem changes [12]. The TVDI and the LST are widely applied to assess regional environmental thermal conditions [13,14]. However, due to the complex nature of ecosystems and the diverse drivers, using only one ecological indicator to assess regional ecosystems is insufficient. Therefore, many studies have integrated conceptual models that combine various indicators, such as social statistics, remote sensing data, and meteorological data [15]. These studies seek to conduct a holistic and integrated evaluation of the eco-environment. Although the construction of aggregate indices and the application of models can reflect regional eco-environment characteristics, difficulties remain in establishing aggregate indices. The establishment of various indicator weights and the accessibility of socio-economic data are two examples. The RSEI is a composite index to assess the state of the eco-environment. It consists of four remote sensing indicators, NDVI, WET, NDBSI, and LST, and is derived by PCA. It is closely related to ecological health and symbolizes how human activity affects the environment and how we respond to climate change [16]. It also avoids the errors caused by subjective factors in determining the weights. However, using standard remote sensing software (e.g., ENVI) to construct the RSEI to assess regional eco-environmental quality is tedious and time-consuming [17]. In contrast, the GEE is easy to operate. Numerous datasets, including preprocessed Landsat datasets, are available in GEE [18]. Furthermore, investigating the drivers of RSEI is a crucial area of study, and in recent years, Geodetector has been extensively employed in this context. Geodetector was created by Wang et al. in 2010 [19]. The model is less constrained in terms of assumptions and can explore whether there is an interaction between the two factors. It has been extensively employed to the effects of different drivers and the interaction of different drivers on eco-environmental factors [20,21]. With the help of Geodetector, this study makes sense of the intricate mechanisms influencing eco-environmental quality.



The relationship between the role of highways and the environment has been of wide interest, and related research has been conducted from various aspects. Most of the pertinent research that is currently available assesses how roads affect the quality of the local air and soil [22,23,24]. However, it is undeniable that highways will theoretically have an impact on regional ecosystems due to their construction process and operational mechanisms, and numerous studies have proved this fact. According to this study, the construction of highways will significantly alter a region’s land use, and there will be some continuity in the detrimental effects on the ecosystem along routes [25]. In addition, changes in the value of ecosystem services resulting from proximity to highways vary by land-use type [26]. As a direct indicator of regional ecological assessment, forest cover will also be adversely affected during highway construction, which will continue beyond the completion of construction. It is important to remember that the impact’s geographical reach extends beyond the immediate vicinity of the roadway [27]. Similarly, Klarenberg et al. found that road construction will have an impact on vegetation dynamics and thus on regional ecosystem services [28]. While the effects of constructing highways have been extensively studied in the past, the majority of these studies have concentrated on the detrimental effects on soil, air quality, and land-use types. The majority of these studies were conducted after the construction process was completed. The images were chosen from sporadic years, and the majority of the quantitative analysis of the effects of highway construction on the local ecosystem was performed using a single indicator. This is not sufficiently persuasive to identify the impacts of highway construction on the regional ecosystem.



In this study, the RSEI index was used to monitor its impact characteristics, which improved the comprehensiveness of the evaluation indicators. In order to ensure the study’s continuity, the regional eco-environmental quality of the highway was evaluated during its development cycle utilizing image data from years that followed one another. It avoids the lack of systematic evaluation that might result from a study that relies only on images from interrupted years. Furthermore, the primary regional scope of the effects of highway building on the local natural environment was elucidated. To sum up, this research provides a theoretical basis for developing eco-environmental protection strategies in areas where highways are being constructed, carrying out governance projects, and determining the boundaries of protection and governance. Simultaneously, the methods employed in this research can also be employed to evaluate the effects of more highway development on local ecological surroundings, thereby offering scientific backing for the coordinated advancement of highway construction and ecological environmental preservation and administration. This study’s objectives are the following: (1) Determine the primary spatial extent of the impact of highway construction on the eco-environmental quality of the areas along the highway by calculating the indicators and building the RSEI model with the aid of the GEE. (2) Define the spatial and temporal characteristics of eco-environmental quality during the whole cycle of highway construction and monitor the dynamic changes in RSEI in the study area with the help of trend analysis. (3) Explore the driving factors of RSEI in the area along the highway construction with the help of Geodetector. (4) Using the dynamic change characteristics as a basis, forecast the trajectory of environmental quality in the research area going forward.




2. Materials and Methods


2.1. Research Framework


In this study, the RSEI along the highway construction route was obtained through GEE, and the main impact areas of highway construction were identified. It also analyzed the characteristics of RSEI change in the research region and predicted the future trend. The drivers of RSEI in the region along the highway construction were categorized into four groups: climate, vegetation, topography, and human activities. Figure 1 depicts the study framework.




2.2. Study Area


The Sunit Right Banner to Huade (Inner Mongolia–Hebei border) highway is an important part of the Sunit Right Banner to Zhangjiakou Highway (G5516), one of the highway connections from Erenhot to Guangzhou, China. It is critical for improving regional transportation conditions and the development of regional resources along the highway. The study section is located in Inner Mongolia (41°52′ N~42°30′ N, 112°48′ E~114°17′ E) and has a length of 156.195 km. The section was started in August 2018, and the main project was completed in November 2020. We divided the study period into pre-construction (2016–2017), construction (2018–2020), and post-construction (2021) using construction process nodes. The location is shown in Figure 2. The starting point of the Sunit Right Banner to Huade (Inner Mongolia–Hebei border) highway is located in the town of Zhu Rihe, Sunit Right Banner of Xilin Gol, via Border Yellow Banner, and the endpoint is located in Huade County of Ulanqab city. Seventeen state-level protected animal species, three protected grassland plant species, and one second-level protected plant species occur in the Inner Mongolia Autonomous Region in the highway area. The region is rich in plant and animal species. The study section pathway passes through grasslands, planted forests, and agroecosystems. According to the National Ecological Function Zoning, the area through which the highway passes belongs to the western arid ecological region. It is divided into two ecological zones, two ecological subzones, and three ecological function zones, representing critical protected regions in China. The ecosystems have high biodiversity and are fragile and sensitive, making the area valuable for research.




2.3. Data Sources


This paper uses the Landsat 8 OLI dataset from 2016–2021 in the GEE platform. Moreover, 30 m is the spatial resolution, and 16 d is the time resolution of the obtained images. The data were subjected to preprocessing operations such as radiometric correction, atmospheric correction, and geometric correction. Vegetation cover was high from May to October in the study area. During the GEE programming process, the images of May–October of the selected year were screened, and the images were subjected to cloud mask processing, median synthesis, mosaicking, cropping, and removal of water bodies in the GEE. The spatial distribution of RSEI in the research region was also derived with the help of GEE platform. In addition, the data we used included FVC, temperature, precipitation, DEM, slope direction, land cover type, road network, administrative district station, nighttime light intensity, and human footprint data (Table 1). Its preprocessing operations include uniform projection, resampling, cropping, etc.




2.4. Methods


2.4.1. Calculation of RSEI


The RSEI is a comprehensive indicator that enables visual monitoring of the eco-environment [29]. Its objective is to evaluate the quality of the eco-environment. The equations for the remote sensing indices are listed in Table 2. Prior to analysis, the range of values and units of each remotely sensed indicator must be normalized. The following equation is used to obtain the RSEI by PCA [30]:


    R S E I   0   = 1 − P C 1   f   N D V I , W E T , N D B S I , L S T      



(1)






  R S E I =   ( R S E I   0   −   R S E I   0 m i n   ) /   ( R S E I   0 m a x   −   R S E I   0 m i n   )  



(2)




where     R S E I   0     is the initial RSEI, and PC1 is the first principal component of the four indicators. The final RSEI was obtained by normalizing the     R S E I   0     We used the equal interval method to classify the RSEI.




2.4.2. Trend Analysis


Sen analysis and the M-K test were used in this work to assess the RSEI trends in the studied region. The samples for the Sen analysis do not have to be normally distributed, and the results are not affected by outliers [40]. Therefore, this trend analysis method was used. The formula is as follows:


  β = M e d i a n       x   j   −   x   i     j − i       ∀ j > i  



(3)




where β is the trend of RSEI, and i and j represent the number of time series.     x   i     and     x   j     represent the RSEI values in years i and j, respectively. When β > 0, the eco-environmental quality shows an upward trend. When β < 0, the eco-environmental quality shows a decreasing trend. β = 0 indicates a constant trend. Since there is no theoretical zero value, −0.001 < β < 0.001 was chosen to indicate a constant trend.



The M-K test is a nonparametric statistical test used to identify trends in variables [41,42]. The method is widely used in climatology and hydrology [43,44]. The formula is as follows:


  Z =         S − 1    v a r   S        S > 0         0   S = 0         S + 1    v a r ( S )      S < 0        



(4)






  S =    ∑  i = 1   n − 1        ∑  j = i + 1   n     s i g n (   R S E I   j   −   R S E I   i   )      



(5)






  v a r   S   =   n   n − 1     2 n + 5     18    



(6)






  s i g n     R S E I   j   −   R S E I   i     =         1   ,     R S E I   j   −   R S E I   i   > 0         0   ,     R S E I   j   −   R S E I   i   = 0         − 1   ,     R S E I   j   −   R S E I   i   < 0          



(7)




where n is the length of the time series, and     R S E I   i     and     R S E I   j     represent the RSEI values of years i and j, respectively. S is the test statistic for the hypothesis. At the confidence level of 0.05, if |Z| > 1.96, a change in the RSEI is significant.




2.4.3. Hurst Analysis


Hurst analysis is an effective method to describe long-term time-series dependence [45,46]. Studies on vegetation, hydrology, and climatology frequently utilize it [47,48,49]. In this study, Hurst analysis was used to describe the future trend of RSEI. The process was performed in MATLAB2016a. The formula follows below.



Mean sequence was defined as:


      R S E I  ¯    τ   =   1   τ      ∑  t = 1   τ       R S E I   τ       τ = 1 , 2 , … , n  



(8)







Cumulative deviation sequence was defined as:


    X   ( t , τ )   =    ∑  t = 1   τ         R S E I   t   −     R S E I  ¯    τ       1 ≤ t ≤ τ    



(9)







Range sequence was defined as:


    R   ( τ )   =     max   1 ≤ t ≤ τ    ⁡    X   ( t , τ )   −     min   1 ≤ t ≤ τ    ⁡    X   ( t , τ )     τ = 1 , 2 , … , n      



(10)







Standard deviation sequence was defined as:


    S   ( τ )   =       1   τ      ∑  t = 1   τ       (   R S E I   ( t )   −   R S E I     τ     )   2           1   2       τ = 1 , 2 , … , n  



(11)






      R   τ       S   τ     =   ( c τ )   H    



(12)




where c is the scaling parameter. The value of H is obtained by taking the logarithm of both sides of Equation (11) and fitting it using the least squares method [50]. The Hurst index is divided into three classes. When Hurst ≥ 0.5, the past trend will continue in the future. When 0 ≤ Hrust < 0.5, the future trend is the opposite of the past trend. When Hurst = 0.5, the future trend is not related to the past trend [45].




2.4.4. Geodetector


According to Geodetector’s basic theory, if an independent variable significantly affects a dependent variable, their geographical distributions will be similar [21]. We used factor detector and interaction detector with the aid of a Geodetector software package (http://www.geodetector.cn/) to investigate the drivers influencing the quality of the eco-environment.



The factor detector was used to determine the degree to which the independent variable explained the dependent variable. q is calculated as follows:


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



(13)




where q denotes the factor’s degree of influence. h = 1, …, L represent the stratification of dependent or independent variables; Nh and N represent the number of cells in layer h and the whole region, respectively.     σ   h   2     and     σ   2     represent the variances in the dependent variables for layer h and the whole region, respectively.



The interaction detector determines the interaction between different factors by comparing the q-values of one and two factors. The main types of interactions include nonlinear attenuation, single-factor nonlinear weakening, and double-factor, independent, and nonlinear enhancements.



According to previous studies and the principles of factor selection, we selected factors in four categories: climate, vegetation, terrain, and human activity. Ten factors (temperature, precipitation, FVC, DEM, slope direction, land cover type, distance from road, distance from administrative district, nighttime light intensity, and human footprint) were used as the Geodetector factors affecting RSEI. They were referred to as X1–X10. The data were classified using the natural breakpoint method, except for the land cover type, which corresponded to the original categories. An analysis of overflow errors was conducted. Finally, 5359 sampling points were generated by establishing a 300 m × 300 m grid. Subsequently, Geodetector was used to determine the drivers of RSEI.






3. Results


3.1. The Influence of Highway Construction on the Eco-Environmental Quality of the Surrounding Area


The PC1 of the RSEI ranged from 63.49% to 87.31% over the course of 6 years, with an average contribution of over 74.06%. This result demonstrated that PC1 possessed the bulk of the data pertaining to environmental characteristics and that the RSEI was a sufficient measure of the quality of the eco-environment in the region. Fourteen buffer zones, separated by 250 m, were created around the highway center in order to gauge the extent to which the construction of the highway will impact the quality of the local eco-environment. Furthermore, we set the maximum buffer zone extent at 3500 m in order to adequately account for the effects of highway construction on the quality of the regional eco-environment. Figure 3 displays the amount of change as well as the mean RSEI values for each buffer zone before and after the highway was constructed. As can be seen in Figure 3, the impact of highway construction in the buffer zone of 250 m–500 m on the quality of the regional eco-environment showed an increasing trend. The felling of trees in the area during the construction of the highway and the destruction of the land were the direct cause of this result. The impact of highway construction in the 250 m–1250 m buffer zones on the eco-environmental quality along the route showed a decreasing trend with an increase in the buffer zone. The change in land-use structure and the impact on regional air and water environment during the construction of the highway will indirectly affect the eco-environment of the region. Since the trend of the average RSEI difference is relatively smooth in the buffer zone range of 1500 m–1750 m, the large fluctuation in the average RSEI difference in the buffer range larger than 1750 m may be influenced by other factors. Therefore, this study identifies the 1500 m buffer zone as the main ecological impact area and uses it for an in-depth analysis.




3.2. Spatio-Temporal Characteristics of Regional Eco-Environmental Quality along the Highway


3.2.1. Temporal Characteristics of Regional Eco-Environmental Quality along the Highway


Throughout the research period, the average RSEI curve for each year was V-shaped (2016–2018 and 2018–2021) (Figure 4). Table 3 lists the area and percentage of the region’s various eco-environmental quality levels in the representative years. The years selected represent pre-construction, construction, and post-construction. Post-construction quality compared with the pre-construction eco-environmental quality of the good and above level area decreased by 5.39 km2, and fair and poor quality levels of the eco-environmental quality area increased by 35.57 km2. However, the region with the lowest quality level grew by 22.03 km2. In conclusion, the region’s eco-environmental quality declined over time. The pre-construction study area’s RSEI level was primarily moderate. The eco-environmental quality began to decline in 2018 with mostly a fair level. During the construction process, the quality of the eco-environment began to decline, with most of the levels being fair. It is noteworthy that 460.1 km2, or 70.73% of the research area, was in the categories of poor and fair eco-environmental quality levels during this time. Combined with the change in the average value of RSEI in the whole cycle of highway construction (Figure 4), it is possible to conclude that the regional eco-environment along the highway is negatively impacted by the highway construction process as a whole, and the impact is most serious during this period of highway construction in the early stage, i.e., 2018. It can be seen that the initial stage of highway construction caused the greatest disturbance to the surrounding ecological environment, which may be mainly due to the sudden destruction of the regional vegetation cover.




3.2.2. Spatial Characteristics of Regional Eco-Environmental Quality along the Highway


The regional distribution of the eco-environmental quality over the research zone is shown in Figure 5. The RSEI values show an increasing trend from northwest to southeast due to the denser road network in the northwestern part of the research region. Areas with fair and poor eco-environmental quality levels occur at the boundary of the Sunit Right Banner in the northwestern section of the research region, where grassland and cropland are dominant. The areas with eco-environmental quality levels of fair and below in the process of highway construction are mainly distributed in the northwestern part of the study area within the boundary of Sunit Right Banner and the central part of the Border Yellow Banner. When paired with the map of land cover types, it becomes evident that the predominant land cover type in the area is grassland. The majority of the study area’s good and excellent quality areas are found inside Huade County’s boundaries in the southeast of the region. Grassland and cropland are the predominant land cover categories in the area. It can be seen that grassland is more susceptible to the immediate and direct impacts of highway construction than cropland.





3.3. Dynamic Change Characteristics of Eco-Environmental Quality


During the research period, growing and declining trends were seen in 45.99% and 48.14% of the districts, respectively. The trends in RSEI are shown in Figure 6. The RSEI showed that an increasing trend area was primarily dispersed in the northern part of the Sunit Right Banner in the central part of the research region and within the boundary of the Border Yellow Banner in a block shape. The RSEI showed a decreasing trend consisting of two regions. The first part was located in the northwestern part of the research region in the vicinity of the border between the Sunit Right Banner and the Border Yellow Banner. The second part was located in the southeastern part of the research region extending from within the boundary of the Yellow Banner to the vicinity of the border between Border Yellow Banner and Huade County. Most of the trend changes in eco-environmental quality of the research region are not significant. The main reasons for this may be the implementation of human environmental protection measures and the uninterrupted self-recovery capacity of the natural environment.




3.4. The Drivers of Eco-Environmental Quality


3.4.1. Factor Detector Results


The factor detector results are listed in Table 4. The effects of the factors on RSEI in 2018 from strong to weak were DEM (X4), precipitation (X2), distance from the administrative district (X8), FVC (X3), land cover type (X6), human footprint (X10), slope direction (X5), temperature (X1), nighttime light intensity (X9), and distance from the road (X7). In 2020, this ranking was DEM (X4), precipitation (X2), distance from the administrative district (X8), FVC (X3), temperature (X1), nighttime light intensity (X9), human footprint (X10), land cover type (X6), slope direction (X5), and distance from the road (X7). Among them, temperature and nighttime light intensity ranks increased; slope direction, land cover type and human footprint influence ranks showed different degrees of decline. However, the q-values of all impact factors were larger in 2020 than in 2018, except for land cover type. The results demonstrate that the DEM, precipitation, distance from the administrative district, and FVC have strong influences on the RSEI of the region during highway construction.




3.4.2. Interaction Detector Results


The interaction detector results (double-factor and nonlinear enhancement) are listed in Figure 7. The results suggest that when two components work together, their combined effect on the RSEI is larger than when one element acts alone. The interaction detector results for 2018 revealed that the most significant factors affecting the RSEI were temperature ∩ DEM, temperature ∩ precipitation, DEM ∩ slope direction, and DEM ∩ distance from the administrative district, with values of 0.5984, 0.5937, 0.5718, and 0.5624, respectively. The significant factors for the interaction effects in 2020 were temperature ∩ distance from the administrative district, DEM ∩ distance from the administrative district, DEM ∩ slope direction, and temperature ∩ DEM, with values of 0.7456, 0.7433, 0.7303, and 0.7243, respectively. Climate and terrain factors always play a significant role in the interaction detection, mainly through their direct impact on vegetation growth and thus on the eco-environmental quality.





3.5. Future Trends in Eco-Environmental Quality


Figure 8 displays the findings of the Hurst analysis used to forecast the features of future change for the RSEI in the research region. The results were classified into six categories: continuous improvement, degradation to improvement, change uncertainty, continuous stability, improvement to degradation, and continuous degradation. The area of continuous improvement of the RSEI accounted for 26.95%. This area occurred in the Sunit Right Banner and the Yellow Banner. In contrast, 20.05% of the area fell into the improvement to degradation category. This area was mainly located in the central section of the research region within the border of the Border Yellow Banner. The percentage of the area with continuous degradation was 31.26% and that in the degradation to improvement class was 15.87%. This section was mainly distributed in a mosaic in the northwestern and central parts of the research region. In the northwest and southeast of the research region, there were isolated patches of these regions.





4. Discussion


4.1. Impact of Highway Construction on RSEI


A comparison study has been carried out comparing the RSEI difference in a multi-scale buffer zone prior to and during highway construction (Figure 3). The 1500 m buffer zone was identified as the main area influenced by highway construction. The results are consistent with the spatial extent of environmental impacts during road construction identified by Song et al. [51]. When highway construction began in 2018, the surrounding environment was more vulnerable to project disruptions and was heavily impacted by the work. Predictions of future trends in RSEI exhibit that 51.31% of the area will show a degrading trend, while 42.82% will show an improving trend. The proportion of degraded areas is predicted to increase by 3.16%, whereas the proportion of areas with improved quality is predicted to decrease by 2.99%. This result suggests that there will likely be a decline in the research area’s eco-environmental quality in the future. The increased intensity of human activity in the region after completion of the highway will also contribute to this result. It is evident that the construction of the highway had a complicated, long-lasting, and cumulative effect on the environment around it [52].



We quantified the effects of highway construction along the highway from Sunit Right Banner to Huade County (Inner Mongolia–Hebei border) on the state of the surrounding environment. Taking the year of the start of construction of the Sunit Right Banner to Huade (Inner Mongolia–Hebei border) highway as the time node, the study period is divided into three stages: pre-construction I (2016–2017), construction II (2018–2020), and post-construction III (2021). The average RSEI spatial distribution was calculated for the three time periods (Figure 9a), and the percentage of the area with different levels of RSEI in the three periods was obtained (Figure 9b). The differences in the percentages of different levels of RSEI in the three time periods are shown in Figure 9c. The results indicated that the average RSEI pre-construction was 0.4469. The proportion of the area with moderate quality and below levels was 68.33%. The average RSEI in construction was 0.3834, and the proportion of the area with moderate quality and below levels was 84.16%. The percentage of moderate- and below-rated square footage in construction compared to pre-construction showed varying degrees of increase. The difference in average RSEI post-construction compared to pre-construction is not significant. However, the percentage of area in moderate- and below-rated areas is 3.71% higher than pre-construction (68.33%, 72.04%). It is evident that the eco-environment of the area along the highway would be greatly affected by highway construction [53].



We compared the variations in the different levels of RSEI since the construction period (Figure 10). During highway construction, the study area’s overall RSEI level was low, but as the work progressed, the percentage of locations with moderate and above quality grew. At the beginning of highway construction (2018), 70% of the area fell into the poor and fair quality levels. This result may be due primarily to the entry of heavy equipment onto the site during the early stages of construction and direct damage to regional vegetation from the construction of the roadbed [54]. The percentage of regions with poor and fair quality levels decreased to 56.5% by 2019. Nonetheless, there was no discernible change in the proportion of locations with excellent quality between 2018 and 2019. Over the course of these two years, the RSEI levels mostly changed between the poor, fair, and moderate levels. Areas with moderate and higher quality increased by 13.6% from 2019 to 2020, and the RSEI shifted from the fair and moderate levels to the good and excellent levels. This shift was the primary reason for the upward trend in eco-environmental quality in 2020. The main reason for this may be the environment recovered from the damages caused in the early construction stage. There is a large span of change among the levels of eco-environmental quality from 2020 to 2021, and the proportion of moderate and higher levels by 2021 is not much different from that in 2020. However, compared to the highway construction period, 2021 had the lowest proportion of poor levels and the highest proportion of excellent levels for eco-environmental quality. It is evident that the study area’s general eco-environmental quality demonstrated a positive trend following construction as compared to the time of highway construction. This result may be mainly due to the decrease in the intensity of the impact of human activities on the ecosystem after the construction of the highway and the implementation of the corresponding restoration measures. Our results indicate different impact degrees on the eco-environmental quality in different construction periods. Therefore, environmental management measures of different intensities must be implemented in different construction phases.




4.2. Factors Influencing Regional Eco-Environmental Quality during Highway Construction


Previous studies have shown that the dominant climatic factors vary from region to region due to differences in geographical location [55,56]. However, climatic factors are still considered to have a substantial influence on eco-environmental quality [57,58]. Our results agree with those of earlier research. We identified climatic factors as key indicators of regional eco-environmental quality during highway construction, with interactions with various other factors reinforcing this outcome. Precipitation had a significant impact on the area’s eco-environmental quality in this research. We also noticed that variations in temperature and precipitation in various years can lead to differences in the extent of their impact on eco-environmental quality. For example, the q-values of the temperature and precipitation increased significantly in 2020. However, the factor detector results suggested that climatic factors were not the only drivers of regional eco-environmental quality during highway construction. Figure 8 suggests that elevation had a substantial influence on eco-environmental quality, while the interaction of DEM, slope direction, and other factors all have a significant effect on eco-environmental quality. DEM had an effect on vegetation growth by influencing climatic factors [59], and this result will in turn effect the quality of the regional eco-environment. The effect of slope direction was similar. At the same time, DEM and slope direction influence surface runoff and regional soil moisture, respectively [60]. This impact will in turn further contribute to the quality of the eco-environment. Without a doubt, the rate of vegetation present directly affects the eco-environmental quality [61]. Similar conclusions were discovered in this research, which showed that in both 2018 and 2020, the FVC had an important impact on the eco-environmental quality of the region surrounding the highway construction.



In addition, human activities impact eco-environmental quality [62,63]. We used land cover type, distance from roads, distance from the administrative district, nighttime light intensity, and human footprint to characterize human activity. With the exception of the distance from the administrative district, human activity variables had an insignificant effect on the eco-environmental quality at this regional scale. Previous studies have found that highways lead to urban land expansion development [64]. It can be seen that the significant effect of distance from the administrative area may come from the counterforce of the expansion of the urban fringe due to the construction of the highway on the regional ecosystem. In addition, an interaction occurred between the distance from the road and the distance from the administrative district, and both factors influenced the change in land cover type separately [3,65]. Stated differently, the quality of the eco-environment in the research region is influenced by the interactions among the elements related to human activities. Several studies have demonstrated that the human footprint and nighttime light intensity will have an ecological impact [66,67]. Similar conclusions were obtained in the present study. However, unlike previous studies, highways, as the first construction of unengineered land, are not significantly affected by human footprint and nighttime light intensity along their construction. However, Figure 8 indicates that the interaction between human factors and natural factors had a stronger impact on eco-environmental quality than the single factors. This implies that the influence of human activity-related factors on eco-environmental quality does not exist independently but to some extent in conjunction with other natural factors.



The interaction detector results reveal that the q-values of two interacting factors are larger than those of single factors (Figure 8), and the ranking of the dominant interaction factors varies significantly from year to year, despite the fact that the factor detector results (Table 4) show no differences in the dominant drivers of regional eco-environmental quality during highway construction in 2018 and 2020. The complexity of the effect mechanism of the regional eco-environmental quality during highway construction is shown in this study, which shows that the eco-environmental quality is not controlled by one factor or a single type of factor. Thus, it is necessary to develop targeted protection and management measures for the regional eco-environment during highway construction at different time points and consider the environmental characteristics.




4.3. Limitations and Future Perspectives


We utilized continuous time-series data of the RSEI to bolster the dependability and precision of the RSEI trend analysis results compared to previous studies. However, the selection of the driving factors of the RSEI was not comprehensive; for example, no socio-economic factors were considered. In addition, the purpose of this article is to assess the ecological impacts during the construction of the highway, while the evaluation of the regional eco-environment after the construction of the highway is not comprehensive.





5. Conclusions


We explored the changes in regional eco-environment development over the full cycle of highway construction through detailed image data and investigated the evolution of regional eco-environmental quality and its drivers due to highway construction. Using the GEE platform, our work built the RSEI and used the trend analysis approach to explain changes in the dual dimensions of time–space. In addition, we explored the drivers of RSEI from four aspects: climate, vegetation, terrain, and human activities, a process accomplished with the help of Geodetector. Based on the results of the Hurst analysis, we made a prediction of the future eco-environmental quality of the region. The following are the conclusions:




	(1)

	
The analysis of several buffer zones revealed that the buffer zone extending 1500 m along the route was primarily affected by highway construction in terms of the quality of the eco-environment.




	(2)

	
The RSEI’s yearly average value during the Sunit Right Banner to Huade (Inner Mongolia–Hebei border) highway’s whole construction period (2016–2021) had a V-shaped curve.




	(3)

	
The state of the environment during and after construction has been impacted to varying degrees in comparison to the highway’s pre-construction phase, with the construction phase seeing a larger degree of effect. Furthermore, the construction process is most heavily impacted during the early stages of the project.




	(4)

	
DEM, precipitation, distance from the administrative district, and FVC were the main determinants of regional eco-environmental quality along the highway. The dominant factors of interaction effects were temperature ∩ DEM, temperature ∩ precipitation, DEM ∩ slope direction, DEM ∩ distance from the administrative district, and temperature ∩ distance from the administrative district. In summary, most driving factors were environmental factors, and the distance from the administrative district was the dominant human activity factor.




	(5)

	
It is anticipated that, compared to the study period, the percentage of places with worsened eco-environmental quality will rise by 3.16%, while the percentage of areas with improved eco-environmental quality will fall by 2.99%. As a result, highway construction had an ongoing, long-term effect on the local environment along its path.
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Figure 1. Research framework. 
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Figure 2. Overview of the study area. 
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Figure 3. The average RSEI for each buffer zone before and after the highway was constructed. 
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Figure 4. The changing trend of RSEI. 
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Figure 5. The spatial distribution of the RSEI. 
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Figure 6. Dynamic change in RSEI. 
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Figure 7. Interaction detector results. 
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Figure 8. Future trends of the RSEI. 
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Figure 9. Comparison of mean RSEI values before and after highway construction: (a) spatial distribution of mean RSEI values in pre-construction I (2016–2017), construction II (2018–2020), and post-construction III (2021); (b) distribution of RSEI values; (c) comparison of mean RSEI differences in construction and post-construction with pre-construction. 
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Figure 10. Changes in the RSEI level since highway construction. 
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Table 1. Type and source of data.
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Type

	
Name

	
Source

	
Time

	
Resolution






	
Climate

	
Temperature Precipitation

	
http://data.cma.cn/ (accessed on 12 January 2023)

	
2018, 2020

	
250 m




	
Vegetation

	
FVC

	
https://data.tpdc.ac.cn/home (accessed on 15 January 2023)

	
2018, 2020

	
250 m




	
Terrain

	
DEM

	
https://www.gscloud.cn (accessed on 17 January 2023)

	
2010

	
30 m




	
Slope direction

	
Acquired through DEM data




	
Human activity

	
Land cover type

	
http://doi.org/10.5281/zenodo.4417809 (accessed on 18 January 2023)

	
2018, 2020

	
30 m




	
Road network

	
http://www.download.geofabrik.de/ (accessed on 23 January 2023)

	
2018, 2020

	
/




	
Administrative district station




	
Nighttime light intensity

	
https://www.ngdc.noaa.gov/eog/download.html (accessed on 22 March 2024)

	
2018, 2020

	
500 m




	
Human footprint

	
https://www.x-mol.com/groups/li_xuecao/news/48145 (accessed on 23 March 2024)

	
2018, 2020

	
1000 m











 





Table 2. Index construction.
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	Indicators
	Calculation Methods
	Indicator Description





	NDVI
	   N D V I =       ρ   N I R   −   ρ   r e d      /      ρ   N I R   +   ρ   r e d         
	The description of each variable is shown in the articles [31,32].



	WET
	     W E T   O L I   = 0.1511   ρ   b l u e   + 0.1973   ρ   g r e e n   + 0.3283   ρ   r e d   + 0.3407   ρ   N I R   − 0.7117   ρ   S W I R 1   − 0.4559   ρ   S W I R 2     
	The description of each variable is shown in the articles [17,33,34].



	NDBSI
	   I B I =         2   ρ   S W I R 1    /      ρ   S W I R 1   +   ρ   N I R       −       ρ   N I R    /      ρ   N I R   +   ρ   r e d       +     ρ   g r e e n    /      ρ   g r e e n   +   ρ   S W I R 1                     2   ρ   S W I R 1    /      ρ   S W I R 1   +   ρ   N I R       +       ρ   N I R    /      ρ   N I R   +   ρ   r e d       +     ρ   g r e e n    /      ρ   g r e e n   +   ρ   S W I R 1                 

   S I =       ρ   S W I R 1   +   ρ   r e d     −     ρ   N I R   +   ρ   b l u e           ρ   S W I R 1   +   ρ   r e d     +     ρ   N I R   +   ρ   b l u e         

   N D S B I =     ρ   I B I   +   ρ   S I     2     
	The description of each variable is shown in the articles [35,36,37].



	LST
	     L   i   = g a i n · D N + b i a s   

   T =   K   2   /   l n       K   1   /   L   i     + 1       

   L S T = T /   1 +   λ T / ρ   l n ⁡ ( ε )     
	The description of each variable is shown in the articles [38,39].










 





Table 3. Changes in the RSEI in different levels.
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RSEI

	
2016

	
2018

	
2021




	
Area/km2

	
Percent/%

	
Area/km2

	
Percent/%

	
Area/km2

	
Percent/%






	
Poor (0–0.2)

	
80.61

	
12.39

	
157.55

	
24.22

	
102.64

	
15.78




	
Fair (0.2–0.4)

	
177.70

	
27.32

	
302.55

	
46.51

	
191.17

	
29.39




	
Moderate (0.4–0.6)

	
205.45

	
31.58

	
118.08

	
18.15

	
175.35

	
26.96




	
Good (0.6–0.8)

	
130.53

	
20.07

	
45.64

	
7.02

	
128.32

	
19.73




	
Excellent (0.8–1)

	
56.22

	
8.64

	
26.68

	
4.10

	
53.04

	
8.15











 





Table 4. Factor detector results of RSEI.
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	Year
	
	Temperature
	Precipitation
	FVC
	DEM
	Slope Direction
	Land Cover Type
	Distance from Road
	Distance from Administrative District
	Nighttime Light Intensity
	Human Footprint





	
	q
	0.0327
	0.4847
	0.2358
	0.5006
	0.0434
	0.0994
	0.0138
	0.2839
	0.0259
	0.0517



	2018
	p
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000



	
	q rank
	8
	2
	4
	1
	7
	5
	10
	3
	9
	6



	
	q
	0.1402
	0.6791
	0.4842
	0.6925
	0.0623
	0.0672
	0.0262
	0.5242
	0.0955
	0.0799



	2020
	p
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000



	
	q rank
	5
	2
	4
	1
	9
	8
	10
	3
	6
	7
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