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Abstract

:

Forest roads significantly affect sediment connectivity in mountainous catchments by contributing to the production of and disturbing the confluence of sediment-loaded runoff. This study considered forest roads as pathways and sinks of sediment-loaded runoff to understand the effects of forest roads on the confluence characteristics and sediment connectivity in mountainous a catchment using a scenario simulation. In order to determine the contribution and spatial relationship between sediment connectivity and influencing factors, this study utilized buffer analysis, an extremely randomized tree model, and multiscale geographically weighted regression. The results show that the presence of forest roads significantly changes the transport process and connectivity of runoff and sediment in the mountainous catchment. Specifically, flow length increases, but flow accumulation, upslope contributing area, and topographic index decrease with increasing distance from roads and streams. Meanwhile, the effects of roads on convergence characteristics and sediment connectivity are mainly manifested within a certain threshold that varies with different confluence characteristics. Moreover, sediment connectivity increases when considering roads as pathways and sinks of sediment-loaded runoff, especially on the upper hillslopes intercepted by roads and at the road–stream crossings. In addition, the closer the distance to the roads, the greater the impact of road on the confluence characteristics and sediment connectivity. Change in flow length is the most important factor affecting the sediment connectivity among all of the other convergence, terrain, and spatial distance characteristics. The longer the flow length, the lower the sediment connectivity. In conclusion, this study demonstrates that the altered confluence processes by roads increases the possibility that sediment-loaded runoff will be transported to the catchment outlet, which is of significance for the proper management of forest roads in mountainous catchments.
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1. Introduction


Roads are one of the most important anthropogenic factors affecting material circulation, energy flow, and information transfer efficiency in watersheds worldwide [1,2]. With the intensification of human activities such as forest logging, tourism development, and mineral mining, road-related soil erosion has increasingly attracted the attention of academic researchers and government management departments [3,4]. Although the area percentage of roads in a watershed is relatively low, they change the topographical and hydrological processes within watersheds by creating and exacerbating soil erosion [5] and affect the generation and transmission of runoff and sediment [6,7], thus significantly influencing the structure, process, and function of the watershed [1]. In mountainous watersheds that are sensitive to human activities and prone to erosion, the continuous expansion of roads through the restoration of old and abandoned roads for logging, the renovation of existing roads, and the construction of new planned roads [4] has led to fragmented forest landscapes in the watershed, disturbed water and sediment transport processes, and aggravated soil erosion, and thus seriously threatens the stability of the mountainous ecosystem [5]. Given the rapid expansion of the global road network, road erosion has become an urgent ecological issue.



Roads not only contribute to the production of sediment, but they also have a profound impact on the confluence process of surface runoff [8,9,10]. On the one hand, road-induced soil erosion is an important sediment source in watersheds [7]. Studies have shown that pavements combined with vegetation removal are bound to reduce infiltration rates and increase the rainfall–runoff coefficient compared to natural hillslopes, thus improving the potential of road erosion, and resulting in considerably higher runoff and sediment loads [11]. On the other hand, as a transport pathway or channel for runoff and sediment, roads can enhance the formation of concentrated flow and improve the connectivity of transporting sediment by influencing the natural drainage networks of the watershed [12], thereby significantly changing the transport mechanisms of sediment-loaded runoff [6].



Previous studies have highlighted the response of water and sediment transport processes to roads [9,13,14]. These studies confirmed that, due to the complex network structure characteristics of the road system itself and its direct or indirect impact on the surrounding landscape as a disturbance, roads can significantly change the sediment production process by changing the landscape pattern, land use, topographical features, and vegetation cover of a watershed [1,2]. However, these studies mostly either highlighted the runoff and sediment-yielding characteristics of pavement and its erosion units at the scale of a plot or road segment [5,12], or qualitatively analyzed the relationship between road network characteristics and runoff and sediment characteristics on the scale of a watershed [15]. In contrast, studies on the driving mechanism and spatial heterogeneity of roads on the transport process of eroded sediment in watersheds are relatively lacking [16].



To reveal the transport mechanism of eroded sediment from roads, it is necessary to clarify the source it originated from, the way it happened, and the environmental conditions it depends on, as well as its efficiency and the connectivity it transported [17,18]. Sediment connectivity characterizes the transport process and transport potential of sediment from source to sink through separation and transport processes [19,20]. As an important representative of human activities in watersheds, roads are expected to affect the degree and spatial distribution of sediment connectivity by changing topography, surface flow direction, and drainage networks [21]. For instance, roads intercept surface runoff [22], collect runoff and sediment from road surfaces and upper hillslopes [23], and form a complex artificial drainage network, thereby changing the confluence of sediment-loaded runoff along the roads. At the same time, the drainage networks will be extended to places previously not reached which will increase the possibility of runoff and sediment reaching the stream [23], ultimately increasing the sediment connectivity of the watershed [24,25]. In addition, a road–stream crossing affects the confluence characteristics by changing the natural properties of a stream network within a watershed [26], which has been shown to be the main way that sediment-loaded runoff is transferred from roads to streams through a direct path with the highest transmission efficiency [27,28].



Roads affect the sediment transport process in watersheds mainly by changing the transport direction of sediment-loaded runoff [5,29]. The existence of a road changes the flow direction and intercepts and collects sediment, so that the sediment originally being transported downstream along the hillslope is transported downstream along the roads [30]. This not only changes the flow length of sediment in the upslope area intercepted by a road, but also alters the magnitude of flow accumulation in the lower hillslope area intercepted by a road, which in turn affects the sediment transport process throughout the entire watershed [31].



At present, several researchers have focused on the influence of roads on sediment connectivity at the watershed scale [23,32,33]. However, few studies quantifying sediment connectivity in watersheds have fully estimated the effects of roads on changing the direction of sediment transport, while also quantifying the changes in the confluence process of sediment and the role of roads in transporting sediment as pathways or sinks. As a result, the complex role of roads cannot be fully reflected in the spatial variation in sediment connectivity.



Therefore, taking the Xiangchagou catchment in the Dabie Mountain area of China as a case study, this research was conducted (1) to clarify the road-induced changes in the confluence direction and transmission pathways of sediment by conceptualizing the drainage networks of the catchment, (2) to comparatively analyze the response of the confluence process and sediment connectivity to roads based on scenario simulation, and (3) to determine the primary factors that contribute to sediment connectivity in a mountainous watershed. This study aids in the understanding of the influencing mechanism of roads on the sediment connectivity in a mountainous watershed, providing a basis for forest management.




2. Materials and Methods


2.1. Study Area


The Xiangchagou catchment (114°1′1″–114°3′30″E, 31°46′5″–31°48′5″N) is located in the Jigongshan National Nature Reserve in Henan Province of China, at the southern foot of Jigong Mountain (Figure 1). The catchment is situated in a typical hilly area with an area of 6.40 km2. The catchment is characterized by a transitional climate between subtropical and warm temperate with a mean temperature of 15.2 °C and annual precipitation of 1119 mm, with most precipitation occurring between April and October (more than 80% of annual precipitation occurs between these months). The soil is dominated by yellow brown and yellow cinnamon soils. This catchment is located in a transitional zone between subtropical plants and warm temperate plants. It is rich in forest resources and contains relatively complete natural secondary vegetation and native plant communities. The typical vegetation types are deciduous broad-leaved forests and deciduous evergreen broad-leaved mixed forests with canopy closure of more than 90%. The dominant tree species mainly include Chinese cork oak (Quercus variabilis Bl.), sawtooth oak (Quercus acutissima Carruth.), mono maple (Acer pictum subsp. mono (Maxim.) H. Ohashi), liquidambar formosana (Liquidambar formosana Hance), and Bunge hackberry (Celtis bungeana Bl.). The Xiangchagou catchment has seminatural characteristics with less human disturbance and well-preserved forests. Forest roads with a total length of 11.26 km and a road density of 1.76 km/km2 in this catchment were constructed for forest production, harvesting, and management. The total stream length in this catchment is 7.15 km, with a stream density of 1.12 km/km2. Due to the low design standards and lack of maintenance, the unpaved forest roads have been severely eroded due to heavy rainfall, causing the formation of numerous rills on the road surfaces. Therefore, forest roads in this catchment serve as a source of and pathway for sediment and runoff, increasing the erosion risk of the downslope area.




2.2. Data Acquisition


The data used in this study mainly include topography, stream network, road network, and vegetation datasets. The topographical data were extracted from the digital elevation model (DEM) with a resolution of 16 m from August 2018. The stream networks were generated based on the DEM using the hydrological analysis tools in ArcGIS 10.2. The road networks were extracted from Google Earth images (with a resolution of 0.5 m from November 2018) using a visual inspection method, which was calibrated and validated using the road map provided by the Administrative Bureau of Jigongshan National Nature Reserve. The vegetation data were provided by the Administrative Bureau of Jigongshan National Nature Reserve. The Google Earth images and DEM datasets were observed from the 91 satellite map assistant software (Google Earth v6.0.3). The confluence process indicators, sediment connectivity, road and stream network characteristics, and topographic characteristics were calculated based on the DEM, stream networks, and road networks datasets.




2.3. Altered Transport Pathways by Road Networks


For this study, we hypothesized that the transport process of sediment-loaded runoff from hillslopes to streams is dominated by the original processes that are influenced by the natural underlying surface, with the pathways and direction of the flow networks not affected by roads (Figure 2a).



If there is a road, the original flow direction will be changed, and the pathways will be interrupted at the intersection of the road and pathways. Therefore, once the sediment-loaded runoff from the upper hillslopes reaches the road, it will select the road as the transmission channel and transmit orientating in the lower direction of the road, while the sediment-loaded runoff originating from hillslopes and lower than the road will still transmit along the original flow direction and pathway with less flow accumulation (Figure 2b).



The sediment-loaded runoff transported along the road will be discharged from the road at the road’s drains or outlets, and then be transported downhill to the road and, finally, transported to the stream (Figure 2b,c). Alternatively, the sediment-loaded runoff transported along the road will be directly discharged into the stream at the road–stream crossing (Figure 2b,c).



Based on the above hypotheses, three scenarios were set up according to the role of roads in the confluence process of sediment-loaded runoff. Using the three scenarios, we determined the spatial differentiation characteristics of sediment confluence processes and the impact of a road on the sediment confluence characteristics to reveal the response mechanism of sediment confluence processes to roads in a mountainous watershed. The three scenarios are as follows.



(1) Scenario 1 (S1, Figure 2a): no consideration is given to the role of roads in changing the flow direction or acting as transport pathways or channels for sediment-loaded runoff. Instead, only considering the topographical factors, the D8 algorithm is used to calculate the transport direction of sediment-loaded runoff based on the original DEM of the watershed. This scenario is considered to be undisturbed by any roads within the watershed.



(2) Scenario 2 (S2, Figure 2b): Given the role of roads in changing flow direction, roads were taken as the transport pathways for sediment-loaded runoff to be transported to the sinks (the streams or channels are considered as the sink of receiving sediment-loaded runoff). Based on the original flow direction of that in S1, the flow lines can be generated using the “Bearing Distance To Line” tool in ArcGIS. The flow lines are a vector layer with attributes such as distance and azimuth and is generated from a raster layer based on the flow direction, which is used to illustrate the delivery trajectory of sediment-loaded runoff moving downhill. The sediment-loaded runoff originating from the upper hillslope is expected to migrate to the road along the flow lines and then transmit along the road. On the way, if the sediment-loaded runoff transported along the roads encounters a drainage outlet, the sediment-loaded runoff will be concentrated at the drainage outlet and be discharged to the sink (stream) through the hillslope between the road and the stream. In cases with a road–stream crossing, the sediment-loaded runoff will be concentrated and directly discharged to the sink (stream). Compared with S1, the original pathways between the road drainage outlet and the stream remains unchanged, but the volume of sediment-loaded runoff increases tremendously.



(3) Scenario 3 (S3, Figure 2c): Given the role of roads on transporting sediment-loaded runoff as streams or channels, roads were taken as the sink for directly receiving sediment-loaded runoff from the upper hillslope. Compared with S2, no consideration is given to the role of roads in changing the flow direction and acting as pathways for transporting sediment-loaded runoff to the sink, but the road is directly taken as the destination of transmission. Accordingly, the transmission distance of sediment-loaded runoff is greatly shortened.



The impact of the road on transporting sediment increases from S1 which does not consider the road, to S2 which takes the road as the pathway for transporting sediment-loaded runoff to the stream (sink), and then to S3 which takes the road as the sink (destination) of the sediment-loaded runoff.




2.4. Response Variables


The impact of roads on the transport process of runoff and sediment is first manifested through changing flow direction, which in turn affects the flow accumulation along the road and the confluence pathways on the lower hillslope, and finally changes the confluence process of the watershed. Therefore, different groups of indicators of susceptibility to roads were calculated to quantify the impact of roads on the confluence process and connectivity of sediment, including flow length (FL), flow accumulation (FA), upslope contributing area (UCA), topographic index (TI), and accessibility (Shimbel index, SHI) which were used to characterize the confluence processes, the elevation (DEM), slope gradient (SG), relative-smoothness index (RS), and terrain relief (TR) that were used to characterize the terrain features in the watershed, as well as distance to stream (Stream_DS), distance to road (Road_DS), stream density (Stream_D), and road density (Road_D) that were used to characterize the spatial structure characteristics of road and stream networks in the watershed.



2.4.1. Flow Length


Flow length (FL) refers to the distance from the grid cell to the sink or outlet of a watershed [34], which is used to reflect the transport distance of runoff and sediment from the source to the sink in the watershed. The shorter the FL, the further distance the runoff and sediment travel from the source to the sink [34]. In this study, the FL of each grid cell was calculated using the hydrological analysis tool of ArcGIS 10.2.




2.4.2. Flow Accumulation


Flow accumulation (FA) represents the amount of the grid cell with unit water flowing into a grid cell in the watershed, which can reflect the capacity of a grid cell to carry sediment downstream [35]. This calculation assumes that each DEM grid cell has a water volume of one unit, which can move to its neighboring grid cells according to differences in elevation. Based on the above movement and the principle that water always flows to the lower grid cell, the flow direction matrix of a watershed can be calculated. Then, the FA within each grid cell can be obtained based on the flow direction matrix. Assuming that the unit water of each grid is 1, FA can be calculated and is equal to the number of all other grid cells that flow through the targeted grid. The calculation of FA of each grid cell is as follow [35]:


  A  ( i )  = w  ( i )  +   ∑  n e N  ( i )     α  (  n , i  )    A  ( n )   



(1)




where w(i) represents the unit water of the grid i; N(i) represents grid cells adjacent to cell I (no more than 8); and A(n) and A(i) represent the flow accumulation of grid cells n and i.




2.4.3. Upslope Contributing Area


Upslope contributing area (UCA) refers to the summed area of all of the grid cells flowing through a node or grid cell and is used to determine the catchment area within the study area that is connected to a specified node, grid cell, sink, or watershed outlet [36]. The UCA of each node is calculated by multiplying the number of grid cells that flow through the node by the area of the grid cells [36]:


  A =  (  n + 1  )  × D  X 2   



(2)




where A represents the upslope contributing area, n represents the number of grid cells that flow through the node, and DX represents the node (grid cell) size.




2.4.4. Topographic Index


Topographic index (TI) is an important parameter that was proposed by Beven et al. [37]. It is often used to quantitatively estimate the impact of topography on runoff generation by taking into account different influencing factors such as soil water, soil saturation, soil infiltration, and soil thickness. Including these factors can more accurately reflect the generation process of surface runoff. In this study, the TI of the Xiangchagou catchment was calculated under the three scenarios using a single-flow-direction algorithm based on the changes in flow direction caused by roads. TI is calculated according to the following formula [38]:


  T I = l n  (  α / t a n β  )   



(3)




where TI represents the topographic index, α represents the catchment area upon unit contour, and tanβ represents the local slope angle along the steepest slope direction. The catchment area upon unit contour (α) is calculated based on the following formulas [38]:


  α = A / C  



(4)






  C =  {      D X     P r i n c i p a l   d i r e c t i o n       D X  2      D i a g o n a l   d i r e c t i o n        



(5)






  tan β =   Δ H   Δ L    



(6)




where A and DX are the same as in Formula (3), C represents the length of contour, ∆H is the elevation difference of the adjacent grid cells, and ∆L is the centroid distance of the adjacent grid cells.




2.4.5. Accessibility


Accessibility acts as a proxy for the effect of the geometric network [33]. In this study, accessibility is represented by the Shimbel index (SHI). In graph theory, the influence of each grid cell on sediment transport efficiency can be evaluated by considering its position in the sediment cascade. The higher the connectivity, the greater the influence of the node on the whole sediment transport network. Based on this phenomenon, the SHI is used to describe the location of each grid cell in the sediment transport network, so as to reflect the transmission characteristics of grids in hydrological networks. For each grid i, based on a distance matrix, SHI can be calculated by summing the lengths of all of the shortest pathways that connect all other grids j in the graph (dij) [33]. If the SHI is low on the slope, then the grid cell contributes by creating short pathways within the hydrological networks, leading to a high accessibility. By contrast, if the SHI is low along the channel and sink, a low accessibility will be observed. While counterintuitive, this feature has been confirmed by the proposer and is now accepted within the scientific community [33]. Meanwhile, to facilitate spatial and temporal analysis, the value of SHI can be normalized by using the following method:


  S h  i i  =    ∑   d  i j        ∑   d  j k        



(7)




where dij represents the sum of the lengths of grid cell i connecting all other grid cells j with the shortest pathways in the hydrological networks; djk represents the sum of the lengths of all of the pathways from j to k in the hydrological networks.




2.4.6. Terrain Relief


Terrain relief (TR) is an important indicator for describing and classifying landforms. It is defined as the difference in elevation between the highest and lowest grid cells within a certain surface area [39]. In this study, the neighborhood statistics analysis method was used to calculate the TR of the Xiangchagou catchment, and the mean change point method was used to determine the optimal statistical range. The steps for calculating IC are as follows. Firstly, setting the window size (scale) in increments of 2 (3 × 3, 5 × 5, 7 × 7, …, 23 × 23, 25 × 25). Secondly, calculating TR as the difference between the maximum and the minimum elevation between the grid cell and its neighborhood under different window scales using the neighborhood analysis method. Thirdly, using the mean change point method to determine the inflection point of the response curve between window scales (abscissa) and TR (ordinate). Finally, the window size corresponding to the inflection point is determined as the best analysis window size. According to the above procedures, the best window size of Xiangchagou catchment in this study is 13 × 13; thus, its corresponding TR was considered as the effective TR of Xiangchagou catchment.




2.4.7. Characteristics of Road and Stream Networks


The “Euclidean distance” tool (ArcGIS 10.2) and road and stream network data were used to generate the raster layers of distance to stream (Stream_DS) and distance to road (Road_DS) for the Xiangchagou catchment. Road or stream density was calculated as the length-to-area ratio of roads or streams within the catchment, which could be used to measure the development of roads or streams. Based on the vector data of roads and streams in the Xiangchagou catchment, this study calculated the road density and stream density, participating in the driving analysis of IC spatial variation.





2.5. Sediment Connectivity


The index of connectivity (IC) was calculated to reflect sediment connectivity in this study area. It was proposed by Borselli et al. [40] to describe the dynamics of sediment transport processes at the watershed scale, which allows for exploring variation in the potential for sediment to be transported from source to sink. The main data used for calculating the IC include terrain data (i.e., the DEM), weighting factors, and road and stream network data. Using the above data and the “Analysis Tools” in ArcGIS 10.2, the IC was calculated using and the following equation:


  I C =   log   10    (     D  u p      D  d n      )   



(8)




where Dup and Ddn represent the upslope and downslope components of IC, respectively. IC values range from [−∞, +∞], with greater values suggesting higher connectivity [40,41]. Dup describes the potential for upslope runoff and sediment to flow downstream based on the following equation [42]:


   D  u p   =  W ¯   S ¯   A   



(9)




where   W ¯   is the average weighting factor for the upslope contributing area with an average slope of   S ¯   (m/m) and size of A (m2). The downslope component (Ddn) considers the length of the pathways that sediments must travel to reach the nearest target or sink [40]. It describes the potential for downward pathways of sediment produced upslope and is expressed as:


   D  d n   =   ∑ i      d i     W i   S i       



(10)




where di represents the length of the flow pathways along the grid cells according to the steepest downslope direction (m). Wi and Si represent the weighting factor and slope of the grid cell i, respectively.



The weighting factor for the original IC is represented by C-factors of USLE-RUSLE models [40]. However, vegetation and litter in the forest watershed can significantly increase surface roughness, thus increasing the resistance of transporting sediment [43]. Although the C factor considers the resistance of land use to runoff and sediment flux, it cannot fully reflect the surface characteristics in mountain forest watersheds [21]. Therefore, in this study, the relative-smoothness index (RS) which reflects the surface characteristics of forest watersheds was introduced as a weighting factor when calculating the IC. The relative-smoothness index is expressed as:


  R S =     n   M i n    n   



(11)




where RS represents the relative-smoothness index, which is a dimensionless parameter ranging from 0.0 to 1.0. It preserves the dimensionlessness of the weighting factor (W) in the IC calculation process [43]. The n represents the Manning roughness coefficient derived from the following relationship [44]:


  M = 2.4234 ×   e   0.3005 ln  ( n )     



(12)




where M represents the terrain roughness derived from the DEM based on the following equation:


  M = 1 / cos α  



(13)




where α is the slope gradient.



It is worth noting that, besides the modification of the weighting factor, all of the other calculating procedures of IC were consistent with Borselli et al. [40]. However, the original IC and its applications in previous studies did not fully consider roads as permanent drainage lines or local sinks affecting sediment transport, and, therefore, might have underestimated the influence of road networks on IC. To address these shortcomings, this study incorporated roads as local pathways (S2) and sinks (S3) by setting different scenarios while calculating the IC. Given the potential for downward routing of sediment produced upslope, these scenarios consider not only the length of the pathways that are required for sediment to reach the nearest sink (S2), but also which sink the sediment will reach (S3).




2.6. Buffer Analysis


Buffer analysis is a useful tool to solve issues related to spatial proximity and the influencing mechanism of geographical features [45]. Using the “Analysis Tools” in ArcGIS 10.2, a buffer analysis was conducted to identify the influence of streams, roads, and road–stream crossings on confluence characteristics and sediment connectivity. Based on the streams and roads data, 7 parallel buffer zones for both streams and roads were established at intervals of 30 m. For road–stream crossings, the same number and interval as the circular buffer zones were conducted. Within each buffer zone, the confluence characteristics, sediment connectivity, terrain features, and structural characteristics of roads and streams were calculated.




2.7. Extremely Randomized Tree Model


Proposed by Geurts et al. [46], the extremely randomized tree model (ERT) is an integrated algorithm based on many decision tree models. It is widely used for regression and classification given it is resistant to over-fitting and noise, has high computational efficiency, and requires fewer iterations for feature selection [46]. It can also handle high-dimensional data and parallel computing and, thus, provides synthetic results by integrating the different decision trees and their corresponding outcomes [47]. Moreover, ERT uses all of the training sets when constructing the decision tree without sampling, which can ensure that all training samples are utilized and helps to reduce the deviation in the model. In this study, the ERT model was implemented using the ExtraTreesRegressor package in the sklearn.ensemble library in Pycharm2021 to determine the relationship between sediment connectivity and confluence characteristics, terrain features, and spatial proximity characteristics of roads and streams. Random numbers of 1000 and eigenvalues of 6 were used to run the ERT model. The performance of the established ERT model was evaluated using the coefficient of determination (R2).




2.8. Multiscale Geographically Weighted Regression


The geographically weighted regression model (GWR) can solve issues of spatial heterogeneity and nonstationarity. However, most geographical phenomena are determined by multiple spatial processes on different scales, which means using just a single bandwidth on the same spatial scale without considering the spatial differences of the predictor variables will lead to a biased estimation. To fill this gap, Fotheringham et al. [48] proposed the multiscale geographically weighted regression model (MGWR) based on GWR. The MGWR model allows the relationships between the response and predictor variables to vary spatially with different bandwidths, thus improving the accuracy of the regression model [49]. In this study, the MGWR model was introduced to determine the spatial variation in the relationships between sediment connectivity and the influencing factors, which can be expressed as:


   y i  =   ∑  j = 1  k    β  b w j      x  i j   +  ε i   



(14)




where y is the response variable (sediment connectivity), βbwj is the bandwidth used for calibration of the jth relationship, Xij is the value of the jth explanatory parameter, and εi is a random error term.



Collinearity between variables needs to be removed before running the MGWR. In this study, the ordinary least squares (OLS) method was used to select the influencing factors and eliminate the indicators with multicollinearity, to achieve the best fitting effect [50]. OLS is a simple linear regression method based on the hypothesis that there is no dependence between spatial data. In general, based on OLS, the VIF statistic is commonly employed to screen for multicollinearity. A VIF greater than 7.5 is a common threshold for detecting multicollinearity. Accordingly, slope gradient (Slope), upslope contributing area (UCA), and relative-smoothness index (RS) were removed from the explanatory parameters. Considering that stream and forest roads are linear in the study area with few confluences, the stream density (Stream_D) and road density (Road_D) were both excluded from the explanatory parameters. Finally, flow length (FL), flow accumulation (FA), topographic index (TI), accessibility (Shimbel index, SHI), elevation (DEM), terrain relief (TR), distance to stream (Stream_DS), and distance to road (Road_DS) were selected to run the MGWR. The MGWR results indicated that the selected eight explanatory parameters all were significantly related to the response variable IC. The R2 of the established MGWR in each scenario was 0.97, 0.97, and 0.95, respectively, and all scenarios had bandwidths of 43, indicating that IC in the study area was sensitive to all of the selected eight explanatory parameters under the three scenarios.





3. Results


3.1. Response of Convergence Processes to Forest Roads


Under the three scenarios, flow length (FL) gradually increases with the increasing distance to a stream or road (Figure 3(a1–a3) and Figure 4(a1,a2)), which indicates that the farther away from the stream or road, the lower the potential for sediment-loaded runoff to reach the stream (sink). When considering the road as the transmission pathways of sediment-loaded runoff (S2), the FL in each buffer zone of a stream or road is lower than that of S1, indicating that roads can shorten the travel distance of sediment-loaded runoff from a hillslope to a stream (sink) by changing its transmission direction. When considering the road as the sink of sediment-loaded runoff (S3), the road significantly shortens the distance from upper hillslope to sink (road and stream), but the influence of the road on the FL of sediment-loaded runoff gradually decreases with increasing distance to the road (Figure 4(a2)). On the contrary, affected by the average distance between the road and stream, the FL in the 0-90 m stream buffer zones in S3 is higher than that in S1 and S2, but the FL in the 120-210 m stream buffer zones in S3 is lower than that in S1 and S2 (Figure 4(a1)).



The upslope contribution area (UCA) has similar spatial variation with FA (Figure 3(b1–b3,c1–c3)). The higher values of FA and UCA are mostly distributed near the streams and roads. With increasing distance to the streams, FA and UCA in the three scenarios both show a gradual downward trend. Meanwhile, at the 90 m stream buffer zones, FA and UCA both appear reach a point in the downward trend, after which the downward trends tend to be gentle in all the three scenarios (Figure 4(b1,c1)). With increasing distance from a stream, the impact of roads on both the accumulation of sediment-loaded runoff and the area contributed by the upper hillslope gradually decreases. With increasing distance to a road, FA and UCA are generally stable, and the trends are relatively consistent under each scenario, with the largest value occurring in S1 (Figure 4(b2,c2)). This means that the presence (intercepting effect) of roads leads to a reduction in FA and UCA, both when considering roads as transmission pathways or when considering roads as sinks as the streams. Specifically, when considering the roads as sinks (S3), the roads have a greater impact on FA and UCA than the other scenarios. However, regarding the impact of roads (intercepting effect) on FA and UCA, there is a certain threshold (180 m), beyond which the influence of roads on FA and UCA gradually weakens. The topographic index (TI) shows similar spatial distribution with FA and UCA (Figure 3(d1–d3)). The higher values of the TI are mostly distributed along the streams, while TI gradually decreases with increasing distance from streams (Figure 4(d1,d2)).



The SHI describes the accessibility of a hillslope node to the catchment outlet. Under different scenarios, accessibility changes in the same way with increasing distance to streams and roads. There is little difference among the three scenarios (Figure 4(e1,e2)). In S1, the low value of SHI (high accessibility) on the hillslope is mainly concentrated on the hillside near the outlet of the catchment (Figure 3(e1)). With increasing distance to the catchment outlet, SHI increases gradually, and namely, the accessibility decreases gradually. When considering the roads as the transmission pathway or sink for sediment-loaded runoff (S2 and S3) (Figure 3(e2,e3)), although the change in accessibility from upstream to downstream is similar to that of S1, SHI values of the transmission pathway or sink in the catchment increased. This indicates that the roads can increase the accessibility of the hillslope sediment to the downstream. As the distance to stream and road increases, the accessibility in S1, S2, and S3 showed a rapid downward trend, with a turning point occurring at the 60 m and 120 m buffer zones for streams and roads, respectively. Beyond the turning point, the accessibility of each scenario tends to be stable, indicating that the influence of streams and roads on the accessibility of the upslope sediment weakens gradually and tends to be stable with increasing distance.




3.2. Response of Sediment Connectivity to Forest Roads


Under the three scenarios, IC ranges from −1.7 to 5.0 with a mean value of 1.02, 1.04, and 1.12 in S1, S2, and S3, respectively. When no consideration is given to the role of roads as shown in S1 (Figure 5a), high values of IC are generally distributed along the streams. By contrast, when consideration is given to the role of roads as pathways (S2, Figure 5b), the high values of IC are still distributed along the streams, while IC values along the roads increase. When considering the road as a sink for the sediment-loaded runoff (S3, Figure 5c), the higher IC values are mainly distributed along the roads, particularly in the upper hillslope intercepting roads in the upstream area (Figure 5d,e). By contrast, the IC value shows a decreasing trend with the transversally downward hillslope of roads. This indicates that, when considering roads as pathways or sinks for sediment-loaded runoff, the IC value is increased, especially in the upper hillslope areas intercepting roads.



To further confirm the correlation between IC and roads and streams, variations in IC with distance to roads, streams, and road–stream crossings were analyzed (Figure 6). The results show that, with increasing distance to streams, IC values under the three scenarios decreased, but with different characteristics. Within the 0–60 m stream buffer zone, IC of S1 and S2 is much higher than that of S3, while it is lower than that of S3 in the 60–210 m stream buffer zones (Figure 6a). This shows that, when roads are considered as the pathways of sediment-loaded runoff, roads have less influence on IC within each stream buffer zone, as the IC values are close to those when not considering roads. However, when considering roads as sinks of sediment-loaded runoff, the impact of roads on IC within different stream buffer zones is more obvious, as roads reduce the IC value in the area close to the stream (0–60 m) and increase the IC value in the area farther from the stream (60–210 m).



The IC decreases gradually with increasing distance from a road in the three scenarios, and the IC value of S3 was always higher than that of S1 and S2 (Figure 6b). However, in different road buffer zones, the decreasing trend in IC under each scenario varies. Specifically, the IC values and the decreasing ratio of IC in the 0–60 m road buffer zones of S3 are greater than those of S1 and S2, while the magnitude and change ratio of IC tend to be consistent under the three scenarios. This shows, to some extent, that when considering a road as the transmission pathway, roads have less influence on IC within different road buffer zones. By contrast, when considering roads as the sinks of sediment-loaded runoff, the IC within different road buffer zones increases, especially in the 0–60 m range. Meanwhile, the influence of roads on the IC may reach a certain threshold, beyond which the effects on the IC will gradually weaken. Within the buffer zones of the road–stream crossings, affected by both roads and streams, IC gradually decreases with increasing distance to the crossings (Figure 6c), and the difference in the downward trend in different scenarios is always small.




3.3. Spatial Relationship between Sediment Connectivity and Convergence Processes


3.3.1. Contribution of Influencing Factors to Sediment Connectivity


The rankings of the main factors affecting sediment connectivity (IC) distribution under different scenarios based on ERT show that FL (0.29), DS (0.12), and TR (0.09) are the most important factors influencing IC in scenario S1 (Figure 7a). When considering roads as the transmission pathways (S2, Figure 7b), FL (0.28), FA (0.10) and TR (0.10) are the most important influencing factors on IC, and the contribution rate of UCA (0.08), Road_DS (0.008) and Road_D (0.0014) increased in comparison with those in S1. When considering roads as sinks (S3, Figure 7c), FL (0.45), TR (0.09), Road_D (0.08), and Slope (0.08) are the most important influencing factors on IC. Among them, the contribution rate of FL is much higher than that of other factors. Compared with S1, the impact of Road_D and Road_DS on IC in S3 is much higher than that in S1, while the contribution rate of stream_DS (0.014) and stream_D (0.001) to IC is significantly decreased and lower than the other influencing factors. In summary, FL and TR are always the most important influencing factors and the proportion of stream_DS and stream_D in the influencing factors is obviously reduced, while Road_DS and Road_D increase when considering the influence of roads.




3.3.2. Spatial Variation in the Relationships between Sediment Connectivity and Primary Influencing Factors


Based on MGWR, the spatial relationships between IC and the influencing factors indicates that FL significantly and negatively affects the spatial distribution of IC (Figure 8(a1–a3)). This indicates that the longer the FL, the greater the resistance encountered by the sediment during the transmission process as well as the lower the probability of reaching the sinks. The regression coefficients between FL and IC are −4.12~−0.31 (−1.97 ± 1.25), −3.71~−0.24 (−1.75 ± 1.08), and −3.62~−0.42 (−1.66 ± 0.99) in S1, S2, and S3, respectively. Meanwhile, the relationship between IC and FL increases from upstream to downstream with the highest absolute value observed at the catchment outlet. When considering the influence of roads (S2 and S3), especially when considering the road as the sink of sediment-loaded runoff (S3), the absolute values of the regression coefficients between IC and FL increase significantly with high values mostly located along the road. This indicates that under the influence of the road, the increase in FL along the road will increase the local IC, which in turn affects the spatial distribution of the IC in the catchment. In the three scenarios, the spatial relationships between FA on IC are both positive and negative. The regression coefficients between FA and IC in S1 (Figure 8(b1)), S2 (Figure 8(b2)), and S3 (Figure 8(b3)) are −2.11~1.88 (0.27 ± 0.45), −1.68~2.34 (0.24 ± 0.41), and −1.76~3.68 (0.50 ± 0.69), respectively. In general, FA positively affects IC; however, the relationship is negative at some locations close to the catchment outlet. When considering the road as the sink of sediment-loaded runoff (S3), the correlation between FA and FA is enhanced. Regarding the spatial relationships between IC and TI, the relationship is more consistently significant and positive (Figure 8(c1–c3)). The regression coefficients between IC and TI are 0.40 ± 0.14, 0.40 ± 0.14, and 0.21 ± 0.14, respectively. The regression coefficient between IC and TI in S3 is lower than those in S1 and S2, suggesting that the effects of topographic features on sediment production and sediment transport weaken under the influence of roads. Similar to FA, the relationship between SHI and IC is both positive and negative (Figure 8(d1–d3)). In the three scenarios, the regression coefficients between IC and SHI are −7.18~4.25 (−0.69 ± 1.92), −8.10~5.62 (−0.69 ± 1.53), and −8.07~13.84 (−0.57 ± 2.34), respectively. The positive values mainly occurred along the stream and road, while the negative values were mainly distributed on hillslopes. This means higher accessibility will lead to a greater IC.



Figure 9 shows the spatial variation in the influences of terrain and spatial proximity characteristics on IC. The influences of elevation and TR on IC are mainly positive and dramatically decrease from upslope to downstream. The regression coefficients between elevation and IC in S1 (Figure 9(a1)), S2 (Figure 9(a2)), and S3 (Figure 9(a3)) are −0.56~3.98 (1.53 ± 1.31), −1.18~3.21 (1.36 ± 1.10), and −0.52~3.14 (1.10 ± 0.93), respectively. For TR and IC, the regression coefficients in S1 (Figure 9(b1)), S2 (Figure 9(b2)), and S3 (Figure 9(b3)) are −0.26~1.77 (0.35 ± 0.45), −0.18~1.68 (0.38 ± 0.45), and −0.66~1.43 (0.35 ± 0.37), respectively. The regression coefficients between elevation and TR on IC decrease from S1 to S3, indicating that the effects of elevation and TR on IC are lowered or reversed under the impacts on roads.



Without considering the influence of roads, the streams act as sinks of sediment-loaded runoff, and the IC is negatively correlated with the distance to stream (−0.12 ± 0.40) (Figure 9(c1)). When considering the road’s impact, the relationships between IC and distance to stream are both positive and negative. This indicates that the presence of roads may disturb the natural distribution of IC along the stream. The regression coefficients of IC and distance to stream in S2 (Figure 9(c2)) and S3 (Figure 9(c3)) were −0.72~1.08 (0.14 ± 0.41) and −1.44~2.80 (0.85 ± 0.85), respectively. Meanwhile, within a certain range on both sides of the stream, IC is positively correlated with the distance to the stream, which is most obvious in S3.



The spatial relationships between IC and distance to road were mainly positive (0.26 ± 0.26) (S1, Figure 9(d1)), indicating that the spatial distribution of IC was less determined by roads than streams or that there was no significant relationship between the spatial distribution of IC and roads, because a positive relationship is unreasonable and inconsistent with common sense. By contrast, when considering roads as transmission pathways (S2, Figure 9(d2)) or considering roads as sinks for the streams (S3, Figure 9(d3)), their relationship is reversed and mainly negative (S2: −0.14 ± 0.35; S3: −1.35 ± 1.14). Moreover, the absolute value of the regression coefficients in S3 is much greater than those in S1 and S2, which further indicates that roads significantly affect the spatial distribution of IC, particularly when considering the roads as the sink of sediment-loaded runoff.






4. Discussion


4.1. Convergence Processes Altered by Forest Roads


Roads are an important interference that cause sediment transport to redirect in mountainous catchments [1]. As a unique land use type, roads impact the soil and hydrological characteristics of the underlying surface which not only aggravates soil erosion, but also significantly changes the transport process of water and sediment [8,9,10]. The degree and mode of roads influence on water and sediment transport are related both to the type and spatial distribution of roads and to the spatial relationship between roads and streams [27]. When the roads and the sediment transmission direction are inconsistent, the road can collect runoff and sediment by intercepting sediment originating from uphill. Meanwhile, roads’ low permeability or infiltration rate make the road act as a flow path that transmits the sediment-loaded runoff that the road originally generated and intercepted from the uphill along the downward direction of the road. As one common way of transmitting runoff and sediment downstream of the road, the road drainage outlet will significantly increase the runoff and sediment content in the downhill direction [17,51]. As a result, the existence of the road not only affects the length of the confluence path, but also the confluence accumulation between the transport path and the stream, thereby changing the spatial distribution of the confluence accumulation in the catchment [26,28]. This phenomenon was further confirmed in this study. Through the comparison of different scenarios, this study found that, when considering the road as the transmission pathways or sinks, the FL and FA of sediment-loaded runoff on the upper hillslopes will be significantly reduced, while FA will significantly increase at the downhill outlet or road–stream crossings. This is mainly because the sediment transported downstream from the road drainage outlet includes not only the sediment produced by the road itself, but also the sediment from the uphill catchment area of the road segment [43,52]. Consequently, when considering the effects of roads on the flow direction of the sediment-loaded runoff, the changes in the pathways’ length and flow accumulation along the roads will affect the confluence process of the entire catchment. These findings can provide a basis for managing road erosion in mountainous catchments.



In addition to FL and FA, the UCA of a stream could be intercepted by roads; thus, the spatial location of roads will alter the confluence pathways of sediment-loaded runoff [53]. This study showed that, like the FA, the presence of roads (intercepting effect) leads to a reduction in the UCA, both when roads are considered as transmission pathways and as sinks. When considering the roads as sinks, roads have a greater impact on the UCA. However, the effect of roads on UCA will not always be significant, and there is a certain threshold beyond which the interception effects of roads are diminished [52,54,55,56,57]. In this study, the influence of roads on FA and UCA may be effective in the 180 m buffer zones, which is consistent with Marcantonio et al. [55] who found that the effect of roads was observed up to 200 m into the forest, and Jing et al. [58] who reported that the effect of roads on improving sediment delivery rates and IC gradually diminished beyond a threshold of 150 m. It is worth noting that we did not try to identify a specific threshold for the effect of roads on these specific processes, given that they are complex processes that are controlled by a wide range of factors, including not only the road itself but also the topography, soil, vegetation, rainfall, and land use at different spatial and temporal scales [55,56,57]. Additionally, the response of different factors to road networks should vary [51,54]; however, to date, little research has focused on the influence of particular distance thresholds on confluence processes. This study provides a good opportunity to explore the influencing threshold of roads on confluence characteristics, particularly for forest roads in mountainous catchment.



Topography is an important factor affecting sediment transport from hillslope (source) to stream (sink) in a watershed. In this study, the topographic index (TI) has a similar variation pattern in spatial distribution to FA and UCA. Specifically, the closer to the road, the more sensitive the FA and TI are to the response of the road, which is not surprising considering that roads are one of the main anthropogenic disturbances or drivers of topographic changes in forest-covered mountainous catchments [52,59]. This finding is consistent with previous research [53]. In addition, roads can increase the sediment transport capacity of the catchment by connecting the originally independent sediment nodes [33]. In particular, the road–stream crossings enable the sediment-loaded runoff collected by roads to directly transmit to the stream at the intersection [3], which not only connects the stream network to more sediment transport nodes, but also makes the sediment transport nodes in the sediment cascade networks more connected [8], thus increasing the accessibility of the sediment-loaded runoff, and improving the possibility of transporting sediment-loaded runoff from the hillslope to the outlet of the catchment [60]. However, the impact of roads on sediment-loaded runoff accessibility peaks at a certain threshold, beyond which the impact of roads on accessibility will gradually weaken and then stabilize. This further demonstrates that the influence of roads on the confluence process is effective within a certain range.




4.2. Sediment Connectivity in Response to Forest Roads


The sediment transmission efficiency along a road is significantly higher than that of the surrounding undisturbed hillslopes, which is likely due to the channel-like characteristics of the roads [14]. Sediment collected by roads can be transported to streams through drain outlets or road–stream crossings, thus significantly affecting the spatial distribution of the IC in mountainous catchments [14,16]. When calculating the IC in the Xiangchagou catchment of this study, roads were considered transmission pathways or sinks for the sediment-loaded runoff based on the way roads alter flow direction. The results show that IC generally decreases with increasing distance from the road or stream. When considering the roads as transmission pathways or sinks, the IC declined differently with increasing distance from the road. When considering the road as the transmission pathways, the IC near the road (within 90 m) is lower than that without considering the influence of roads, while the IC on the hillslope (90–210 m) farther from the road is higher than that without considering the influence of the road. This indicates that the transmission distance of sediment-loaded runoff to the sink (stream) may be extended when the road is taken as the transmission pathways. This result is likely related to the spatial distribution (approximately parallel) of roads and streams [27,51,58], which cause the sediment-loaded runoff to be transported along the road after altering direction, and thus extending the pathway length prior to entering the sink (steam) [13]. However, on a larger scale such as the entire catchment, roads are an efficient transport pathway for sediment-loaded runoff, resulting in higher IC in a larger range (>90 m) farther from the road than that without considering the impact of roads. This is consistent with previous studies [41]. Moreover, when considering the road as a sink, the IC value near the road (60 m) is significantly higher than the values when the road is not considered or when the road is considered as the transmission pathways, indicating that considering the road as a sink of sediment-loaded runoff has a greater impact on IC.




4.3. Relationship between Sediment Connectivity and Environmental Factors Associated with Forest Roads


The impact of roads on IC is not only related to the effect of roads acting as sediment transport pathways on the efficiency of transporting sediment, but also closely related to the confluence process of the catchments [52]. The altered pathways and confluence process significantly influence the erosion and transport processes of sediment [5,6,52]. Using ERT and MGWR, this study further verified this phenomenon. The contribution of FL and UCA to IC increased (based on ERT) from S1 to S3, and the negative effect of FL on IC and the positive effect of FA on IC both became more significant after considering roads (based on MGWR). In addition, this study further indicated that roads and streams acting as pathways and sinks of sediment-loaded runoff can be connected to most sediment nodes in the catchment, thereby increasing the sediment on the hillslope’s access to the sink or catchment outlet [60], leading to a positive correlation between accessibility and IC.



Roads change the spatial distribution of sediment connectivity in catchments by altering the spatial distribution of the confluence characteristics [51]. This study further confirmed this phenomenon. In the Xiangchagou catchment, changes in the direction of sediment-loaded runoff significantly reduces the FL along the road, which, in turn, significantly increases IC. Particularly, at the drain outlet of the road and road–stream crossings, the sediment-loaded runoff transported by the road can efficiently merge into the streams [12], which strongly changes the natural processes and sediment transport efficiency of the catchment [31]. Using MGWR, this study found that FA is significantly positively correlated with the spatial distribution of IC, and this correlation increases significantly from S1 to S3. Therefore, the presence of roads plays an important role in changing the transport direction and FA of sediment-loaded runoff through intercepting effects and expanding the transmission path in the catchment [8,10]. Furthermore, the presence of roads will reconstruct the transport mechanism of the sediment-loaded runoff from the hillslope to the stream [8,10], thereby changing the spatial distribution of sediment connectivity.



In addition to the transport pathways and confluence process of the catchment, the terrain and spatial proximity characteristics of roads and streams were also significantly correlated with IC. Relevant studies have shown that TR should be an important factor affecting the transport efficiency of sediment-loaded runoff [7,61] by altering the velocity and erosion–deposition processes [41], and thus influencing the transport processes [52,59]. This is likely related to the fact that the transmission efficiency (distance) will be higher (farther) as slope and flow velocity increase, while the transmission efficiency (distance) will be lower (shorter) as relief degree and deposition rate increase [21,34,61]. Meanwhile, ICs in this study were mainly positively correlated with TR and elevation, which further confirmed the positive effect of terrain on the IC. However, there was also a negative relationship between these two factors, indicating that the impact of terrain on IC is complex and may be affected by interactions with other factors such as vegetation, surface roughness, soil permeability, transmission channel, and the capacity to store water and sediment [20,62,63]. Therefore, further analysis is needed that focuses on determining the factors that influence the spatial variations in IC.



Previous work has reported an average transport distance of 89 m for the sediment-loaded runoff discharged from the road [16], and indicated that as the distance between the road and stream increases, the proportion of sediment transported into the stream decreases [64]. Thus, the distance between the road and stream significantly affects the connectivity of transporting road-eroded sediment. In this study, with increasing distances to the stream and road, the IC decreased, and, especially, rapidly decreased within the range of 60 m. Similarly, the impact of roads on the IC (whether as a transmission pathway or as a sink) was mainly concentrated within 60 m, which further proves that the transmission distance of road-eroded sediment is limited or that the impact of roads on the IC has a certain distance threshold, which needs to be further confirmed in future work.





5. Conclusions


This study took the Xiangchagou catchment in the Jigongshan National Nature Reserve in Henan Province of China as a case study, and set up different scenarios (S1, did not consider the impact of the road; S2, the road served as the transmission pathways of the sediment-loaded runoff; S3, the road served as the sink of the sediment-loaded runoff) to analyze the response of confluence characteristics and sediment connectivity to roads, and explore the main controlling factors that determine sediment connectivity under the influence of roads, and reveal the spatial differentiation of the relationship between the main influencing factors and sediment connectivity. The results showed that when considering the influence of the road on the flow direction, the road significantly changed the transport process and connectivity of the sediment-loaded runoff, which, in turn, affected the possibility of transporting the sediment from the hillslopes to the catchment outlet. However, the impact of roads on the confluence process (180 m) and sediment connectivity (60 m) might have a certain threshold or be significant within a certain range. Under the influence of the road, changes in the flow length of the confluence path were the most important factor affecting the IC. In conclusion, the present study considered forest road as important transport pathways and sinks when analyzing changes in confluence characteristics and sediment connectivity in a mountainous catchment, and the results help determine the contribution and influencing thresholds of forest roads on the transport of sediment-loaded runoff.
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Figure 1. Location of the study area and distribution of forest road networks. 
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Figure 2. Schematic diagram showing the natural and altered direction and converging pathways of flow and sediment in scenarios S1 (a), S2 (b), and S3 (c). 






Figure 2. Schematic diagram showing the natural and altered direction and converging pathways of flow and sediment in scenarios S1 (a), S2 (b), and S3 (c).



[image: Remotesensing 14 03603 g002]







[image: Remotesensing 14 03603 g003 550] 





Figure 3. Spatial distribution of flow length (a1–a3), flow accumulation (b1–b3), upslope contributing area (c1–c3), topographic index (d1–d3), and Shimbel index (e1–e3) in scenarios S1, S2, and S3. 
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Figure 4. Variation in flow length (FL, a1,a2), flow accumulation (FA, b1,b2), upslope contributing area (UCA, c1,c2), topographic index (TI, d1,d2), and Shimbel index (SHI, e1,e2) with distance from stream and road in scenarios S1, S2, and S3. 
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Figure 5. Spatial distribution of sediment connectivity under scenarios of S1 (a), S2 (b), and S3 (c), and changes in sediment connectivity in scenarios S2 (d) and S3 (e) compared to scenario S1. 
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Figure 6. Changes in sediment connectivity of scenarios S1, S2, and S3 under different buffer zones of stream (a), road (b), and road–stream crossing (c) in Xiangchagou catchment. 
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Figure 7. Contribution of influencing factors to sediment connectivity in scenarios S1 (a), S2 (b), and S3 (c). DEM, Digital Elevation Model; SG, slope gradient; TR, terrain relief; stream_DS, distance to stream; Road_DS, distance to road; stream_D, stream density; Road_D, road density; FL, flow length; FA, flow accumulation; UCA, upslope contributing area; TI, topographic index; SHI, Shimbel index. 
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Figure 8. Spatial distribution of regression coefficients between sediment connectivity and convergence processes including flow length (FL, a1–a3), flow accumulation (FA, b1–b3), topographic index (TI, c1–c3), and Shimbel index (SHI, d1–d3) under scenarios S1, S2, and S3 based on MGWR model. The colors indicate the relationships between sediment connectivity and convergence processes are significant (p < 0.05). 
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Figure 9. Spatial distribution of regression coefficients between sediment connectivity and spatial characteristics including elevation (DEM, a1–a3), terrain relief (TR, b1–b3), distance to stream (Stream_DS, c1–c3), and distance to road (Road_D, d1–d3) under scenarios S1, S2, and S3 based on MGWR. 
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