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Abstract

:

The 2008 Wenchuan earthquake destroyed large areas of vegetation in the Baisha River and Longxi River basins, in Dujiangyan County, China. There were several debris flow events in these mountainous river basins after 2008. Currently, these damaged vegetation areas are in various stages of recovery. This recovery vegetation improves the resistance of slopes to both surficial erosion and mass wasting. We introduce a probabilistic approach to determining the relationships between damaged vegetation and slope materials’ stability, and model the sediment and flow (hydrological) connectivity index to detect the hydrological changes in a given river basin, using the multi-temporal (1994‒2014) remote-sensing images to monitor the vegetation recovery processes. Our results demonstrated that the earthquake-damaged vegetation areas have coupling relationships with topographic environment and slope material properties, and can be used to assess the slope material stability. Further, our analysis results showed that the areas with horizontal distance to river streams <500 m are areas that actively contribute sediment to the stream channel network, and are main material sources for debris flow processes in one given mountainous basin.
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1. Introduction


The 2008 Wenchuan Earthquake with its strong ground motion triggered a great number of landslides [1,2,3,4,5] that caused large areas of vegetation destruction in the vegetation-covered mountain areas. Data from the forestry department of Sichuan Province, China showed that forest land deteriorated by 32.867 × 104 ha, with a direct economic loss of the forest system estimated to be as much as 23 billion RMB [6]. Most of the damaged vegetation was distributed along both sides of the river, causing erosion and formation of debris flows [2,7]. Currently, the areas of damaged vegetation are at various stages of recovery, and some fully recovered within only a few years of the earthquake. These recovered vegetation areas improve the resistance of slopes to both surficial erosion and mass wasting. Nevertheless, the potential for future slope instability still exists.



Most existing studies have focused on the earthquake-induced geo-hazards and environmental changes in the Wenchuan earthquake-affected region [3,4,5,8,9,10,11]. Only a few studies have reported vegetation recovery after the earthquake. Liu et al. monitored the early vegetation recovery within two months of the earthquake using MODIS GPP time-series products [12]. Lu et al. (2012) used a time series of Landsat TM imagery to quantitatively assess the vegetation damage and monitor the vegetation recovery process after the earthquake and its associated secondary disasters [13]. Jiao et al. assessed the spatiotemporal variations in vegetation recovery after the earthquake using the Normalized Difference Vegetation Index (NDVI) based on the Landsat images [14]. Zhang et al. documented the natural recovery of forests after the earthquake and revealed that factors including soil cover and slope were correlated with successful vegetation recovery [15]. Li et al. monitored geologic hazards and vegetation recovery in the earthquake-affected region using aerial photography, and found that the intensity and frequency of debris flows gradually decreased with the source material becoming less available and the slope structure stabilizing [16]. In general, damaged vegetation recovery is generally a long-term biological process, and the recovered vegetation also recovers the ecological and hydrological functions.



Many studies have assessed and monitored vegetation recovery in other earthquake regions [17,18,19,20,21,22,23,24,25,26,27]. For example, studies focused on the 1999 Chi-Chi earthquake in central Taiwan found that the vegetation was recovering; in particular, the vegetation restoration rate, two years after the earthquake, was high [27,28], and they documented that soil moisture is one of the most important environmental factors affecting vegetation recovery in the landslide sites in the Jou-Jou Mountain area, Taiwan [17,27]. In addition, Shieh et al. found that the rainfall threshold for debris flow was remarkably lower just after the Chi-Chi Earthquake, but gradually recovered [29].



In the Wenchuan earthquake-hit region, the Baisha River and Longxi River were selected to detect the sediment and flow connectivity changes after the earthquake, through monitoring the recovery processes of the earthquake-damaged vegetation areas. The objectives of this work were to: (1) detect the damaged vegetation during the earthquake and monitor the vegetation recovery processes in one given river basin; (2) quantify the slope material stability using the earthquake-damaged vegetation and its survival environments data; and (3) model the sediment and flow connectivity index (SFCI) and its changing processes to detect the main material sources for the debris flow processes.




2. Study Area


2.1. Location


The study area is located in the north part of Dujiangyan County, Sichuan Province, China, and is approximately 15 km northeast of the Wenchuan earthquake epicenter (Figure 1a). The earthquake generated high levels of ground shaking (seismic intensity X–XI) in the study area, which included two river basins: Baisha River (354.8 km2) and Longxi River (79.0 km2). Since the study area is situated in the transitional mountainous belt between the Sichuan basin and the western Sichuan Plateau, both river basins are characterized by rugged mountains with deeply incised valleys (Figure 1b). The Longmenshan thrust belt, which ruptured during the Wenchuan earthquake [1,2,3,4], runs through the southern part of the study area (Figure 1c). Active geotactic movements induced by the complicated faults system occur frequently in this region. The rocks of the river basins primarily consist of Carboniferous limestone and marlstone (C); Devonian limestone (D); Permian sandstone and shale (P); Proterozoic graphite-schist and quartzite (Pt); Quaternary deposits (Q); Triassic sandstone (T); Sinian sandstone and siltstone (Z); Proterozoic diorite (R1); Proterozoic K-feldspar granite (R2); Proterozoic plagioclase granite (R3); and Proterozoic biotite granite (R4).
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Figure 1. (a) Study area and Wenchuan earthquake seismic intensity map; (b) digital Elevation Models (DEM) map of the study area; (c) simplified geological map of the study area. 
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2.2. Pre-Earthquake and Post-Earthquake Vegetation in Study Area


The study area is influenced by a subtropical moist climate and monsoonal rains that start in early May and continue until September. The average rainfall in the region is approximately 1134 mm, of which about 80% is monsoonal; the mean annual temperature is about 15.2 °C (www.weather.com.cn). As a result of this variable climate, the area was rich with vegetation before the Wenchuan earthquake (Figure 2a‒c). The main vegetation types include evergreen broadleaf forest, evergreen coniferous forest, deciduous broadleaf forest, shrubs, and meadows.
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Figure 2. Multi-temporal Landsat-5/8 images at the study area (a) 26 June 1994 Landsat-5 image; (b) 13 June 2001 Landsat-5 image; (c) 18 September 2007Landsat-5 image; (d) 18 July 2008Landsat-5 image; (e) 18 March 2010Landsat-5 image; (f) 17 June 2014 Landsat-8 image. 
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Within the study area, geo-hazards induced by the 2008 Wenchuan earthquake resulted in massive movement of the surface material, which diminished and destroyed large areas of vegetation (Figure 2d). Since the earthquake, the damaged vegetation has been recovering (Figure 2e). The Landsat-8 image of the study area (Figure 2f) shows that most of the damaged vegetation has recovered, while some areas have not. For example, Figure 3 shows the pre- and post-earthquake vegetation in the Guoquanyan gully, where it can be seen that the shrubs and meadows began to recover in some of the damaged areas first.
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Figure 3. Pre- and post-earthquake vegetation in the Guoquanyan gully: (a) Guoquanyan gully location; (b) vegetation changing processes; (c) vegetation recovery conditions. 
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These areas of damaged vegetation and the recovery processes can be detected by examining changes in the normalized difference vegetation index (NDVI) values, which are derived from both the red and near-infrared spectral bands and are sensitive to changes in biophysical conditions of vegetation [24,30,31,32]. The results indicated that there were high NDVI values in most areas of the study area (Figure 4a), obvious changes in the NDVI were observed after the earthquake (Figure 4b), and the damaged vegetation had been recovering since the earthquake (Figure 4c).
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Figure 4. Multi-temporal NDVI images and vegetation changes processes at the study area: (a) Pre-earthquake NDVI image; (b) 2008‒2009 NDVI image; (c) 2014 NDVI image; (d) pre-earthquake vegetation distribution map; (e) earthquake-damaged vegetation distribution map; (f) vegetation recovery conditions map. 
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Using the NDVI maps, the study area was divided into vegetative (NDVI ≥ 0.15) and bare (NDVI < 0.15) areas (Figure 4d) based on the pre-earthquake NDVI image. These areas of damage after the earthquake were distributed along the stream network of the basin (Figure 4e), and were at various stages of recovery since the earthquake (Figure 4f).



Statistical analysis showed that the total size of the damaged area was about 102.7 km2 (28.9% of the total river area) in the Baisha River basin, and the damaged area was about 19.3 km2 (24.4 % of the total river area) in the Longxi River basin, while the recovered area was about 59.3 km2 (57.7% of the total damaged areas) in the Baisha River basin, and the recovered area was about 14.8 km2 (76.7% of the total damaged areas) in the Longxi River basin.





3. Data Analysis


3.1. Vegetation Survival Environments in Mountain Basins


Vegetation growth and distribution depend primarily on environmental factors, such as sunshine, water, temperature (heat energy), and nutrients. Furthermore, these inputs have direct relationships with environmental conditions. For example, topography influences the vegetation growing environment in a variety of ways, including through elevation effects on temperature, slope aspect controls on sunshine, and slope effects on hydrological conditions. Moreover, the geological setting (particularly lithology) affected the soil properties and stream conditions.



River basins represent natural hydrological units for which it is possible to determine balances between the major constituent fluxes of rainfall, evaporation, river discharge, and groundwater storage [33]. Additionally, river basins are a natural result of changes in geomorphic processes. Hence, river basins can be characterized by their natural features, in particular in terms of topographical and stream conditions. Further, at the basin scale, the vegetation survival environment can be characterized by topography, stream systems, and lithology conditions.



To determine the key features of the vegetation survival environment in the Baisha River and Longxi River basins, digital elevation models (DEM) data (resolution: 10m) were produced from a 1: 10,000 standard topographic map (Figure 1b), and the slope gradient (Figure 5a) and slope aspect (Figure 5b) were calculated. Then, the river streams were extracted with the accumulated threshold value 1.0 km2 using the TauDEM toolbox in ArcGIS 9.3 platform, and the vertical drop to river streams Vd (Figure 5c) and horizontal distance to river streams, Hd (Figure 5d), were calculated.
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Figure 5. (a) Slope gradient map of the study area; (b) slope aspect map of the study area; (c) drop to the streams map of the study area; (d) distance to streams map of the study area; (e) DHSAL spatial zonation map of the study area. 
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Statistical results indicate that the DEM and slope gradient values show normal distribution features, and the slope aspect shows uniform features. Furthermore, the Vd values have strong correlations with the DEM values, and the areas with Hd < 1 600 m were dominant in this region (i.e., 96.9% of the Baisha River basin, and 94.9% of the Longxi River basin).



Based on these natural features, the DEM and slope gradient data were mapped into four classes (i.e., 1: < μ − σ, 2: [μ − σ, σ), 3: [μ, μ + σ], 4: >μ + σ) using the mean (μ) and standard deviation (σ) values. The slope aspect was also divided into four classes (i.e., 1: [45°, 135°], 2: [135°, 225°], 3: [225°, 315°], 4: [315°, 360°], and [0°, 45°]) based on the direction of sunshine [34]. Furthermore, the Hd value was selected to analyze the river stream conditions and was mapped into nine classes (1: < 200, 2: [200, 400), 3: [400, 600), … … , 8: [1 400, 1 600], 9: > 1 600). The lithology units can also be divided into rock competence classes based on their lithological and structural properties. The lithology units in this region can be divided into two classes (i.e., 1: granite rocks, 2: No-granite rocks). Therefore, one DHSAL (DEM, Horizontal distance to river, Slope gradient, Aspect, and Lithology conditions) spatial zonation was defined as one spatial zonation for one given river basin, based on the natural features of the DEM, horizontal distance to river H, slope gradient S, slope aspect A, and lithology conditions.



The DHSAL spatial zonation results (Figure 5e) showed that there were 488 DHSAL classes with 9470 DHSAL regions in the Baisha River basin and 323 DHSAL classes with 2154 DHSAL regions in the Longxi River basin. Statistical analysis showed that approximately 90% of the DHSAL regions had internal reliefs ranging from 5 to 200 m, approximately 85% of the DHSAL regions had slope gradient changes within 10°, and approximately 81% of the DHSAL regions had horizontal distance to river changes within 100 m. Hence, similar conditions (e.g., elevation, horizontal distance to river, slope gradient, slope aspect, and lithology) existed in each DHSAL region.



To validate the fact that each HSAL region can represent one kind of (vegetation) survival environment, the pre-earthquake NDVI image was selected to detect the vegetation features in each DHSAL region. The results showed that there are strong correlations between vegetation growth and the associated topographical and lithology conditions. These relationships can be expressed as:


   V = α cos ( S ) + β D + κ  R h   |  sin (  A 2  −  π 4  )  |     ,    l = i       



(1)




where V is the mean of NDVI values in each of the DHSAL regions,   α  ,   β  ,   κ  , and i are the parameters of function (Table 1), which was calculated using the stepwise multiple regression method, S is the mean slope gradient in each of the DHSAL regions (°), D is the ratio of the mean height of the contour above the base (basin mouth) to the total height of the basin, Rh is the ratio of the mean Hd values to the maximum Hd value of the basin, A is the mean slope aspect in each of the DHSAL regions (°), and l is the code for the lithological zonation.
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Table 1. Parameters of Equation (1) n the river basins.
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River basin

	
  α  

	
  β  

	
  κ  

	
i

	
R2






	
Baisha

	
0.816

	
−0.307

	
0.053

	
1

	
0.874




	
Baisha

	
0.745

	
−0.208

	
0.015

	
2

	
0.835




	
Longxi

	
0.590

	
0.314

	
0.097

	
1

	
0.854




	
Longxi

	
0.600

	
0.282

	
0.181

	
2

	
0.792










3.2. Vegetation Damaged during the Earthquake and Its Recovery Conditions after


To determine the relationships between damaged vegetation and survival environment, the vegetation damaged probability (VDP) was defined as the ratio of damaged vegetation areas to total area in each of the DHSAL regions. In addition, to determine the recovery capacity of damaged vegetation, the vegetation recovery probability (VRP) was defined as the ratio of recovered vegetation area to total damaged vegetation area in each of the DHSAL regions. Here, the VDP and VRP of the Baisha River and Longxi River basins were calculated and mapped as shown in Figure 6.
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Figure 6. (a) Vegetation damaged probability, VDP map of the study area; (b) vegetation recovery probability, VRP map of the study area. 
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Further analysis indicated that there were strong correlations between VDP and the survival environments of the vegetation in the basins, as well as strong correlations between VRP and pre-earthquake vegetation survival environment. These relationships can be expressed by


   V D P = η sin ( S ) + φ V + λ ( 1 −  R h  + D  |  sin (  A 2  +  π 4  )  |     ,    l = i       



(2)






   V R P = τ V + ε [ D + cos ( S ) +  R h   |  sin (  A 2  −  π 4  )  |  ]    ,    l = i       



(3)




where VDP is the vegetation damaged probability in each of the DHSAL regions, and   η  ,   φ  ,   λ  , and i are the parameters of function (Table 2). VRP is the vegetation recovered probability in each of the DHSAL regions, and   τ  ,   ε  , and i are parameters of function (Table 3), also calculated using the stepwise multiple regression method.
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Table 2. Parameters of Equation (2) in river basins.
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River basin

	
  η  

	
  φ  

	
  λ  

	
i

	
R2






	
Baisha

	
0.676

	
−0.545

	
0.273

	
1

	
0.813




	
Baisha

	
0.561

	
−0.457

	
0.244

	
2

	
0.754




	
Longxi

	
0.613

	
−0.326

	
0.159

	
1

	
0.805




	
Longxi

	
0.754

	
−0.556

	
0.250

	
2

	
0.726
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Table 3. Parameters of Equation (3) in river basins.
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River basin

	
  τ  

	
  ε  

	
I

	
R2






	
Baisha

	
1.831

	
−0.189

	
1

	
0.874




	
Baisha

	
1.713

	
−0.231

	
2

	
0.835




	
Longxi

	
1.988

	
−0.343

	
1

	
0.854




	
Longxi

	
1.295

	
−0.132

	
2

	
0.792











4. Modeling Sediment and Flow Connectivity in One Given Basin


4.1. Modeling the Slope Material Stability


Surface materials make up the bulk of landslides, and landslide processes are largely determined by the slope gradient, slope materials, elevation, and hydrological conditions. All these causative factors influence the vegetation growth and vegetation survival environment. Thus, there are some coupling relationships between landslide processes and vegetation growth, and spatial analysis of landslide-damaged vegetation is important for understanding which terrain and surface materials are susceptible to landslide processes. Although there is not yet a complete understanding of the interaction of vegetation and landslide processes, these coupling relationships can be confirmed by the use of statistical analyses or other methods.



The reduction of shear strength and overall soil cohesion, combined with ground acceleration from seismic waves, was responsible for the failure of many shallow slopes in the Wenchuan earthquake region [35]. In essence, the earthquake-induced geo-hazards are strongly controlled by three important factors: i.e., topographical conditions, slope materials properties, and ground shaking. Since it is a complex process when an earthquake produces a range of ground shaking levels at sites throughout the region, the ground-shaking condition is more difficult to handle in modeling practice. However, the earthquake-induced geo-hazards were strongly correlated with elevation, slope gradient, slope aspect, geological units, and hydrological conditions at the basin scale.



Our spatial distribution analysis of the pre-earthquake vegetation, earthquake-damaged vegetation, and post-earthquake recovery processes indicated that vegetation growth is influenced by survival environments (i.e., topographical conditions and materials properties), and the damaged vegetation conditions during earthquakes were strongly influenced by elevation, slope gradient, slope aspect, geological units, hydrological conditions and vegetation characteristics of the slope. Further, post-earthquake recovery processes also have direct relationships with the survival environment. All these results show that the spatial analysis of earthquake vegetation can provide useful information regarding the susceptibility of particular terrain and surface materials to landslide processes and that the historical earthquake-damaged vegetation data can be used to predict future slope stability. Here, the VDP was used as one parameter to represent the slope materials’ stability at the basin scale, and the susceptibility index P of slope materials stability can be calculated according to:


   P = η sin ( s ) + φ v + λ ( 1 −  r h  + d  |  sin (  a 2  +  π 4  )  |      ) ,     l = i       



(4)




where P is the slope materials stability susceptibility index,   η  ,   φ  ,   λ  , and i are the parameters of the function (Table 2), s is the slope gradient, v is the NDVI value, rh is the ratio of the Hd value to the maximum Hd value of the basin, d is the ratio of the height of the contour above the base (basin mouth) to the total height of the basin, and a is the slope aspect. The model provides a time-varying estimate of the surface material stability by linking vegetation growth data with spatially varying topographical environment and material properties.




4.2. Sediment and Flow Connectivity Index, SCFI


Mass-wasting processes in mountainous terrain are the primary ways in which landscapes evolve, and are not only dependent on the sediment source conditions but also on the spatial organization and internal connectivity of various parts of a catchment [36,37,38]. Knowledge of the spatial distribution and temporal evolution of connectivity in the given catchment is important because they can be used to estimate the sediment and flow transfer of a specific area and its contribution elsewhere in the catchment [37]. In addition, vegetation plays an important role because it influences surface roughness and local capacity to store sediment and water. Importantly, the above-ground biomass of vegetation changes the surface material (sediment) hydrology extensively through evaporation and transpiration processes [39,40,41], and vegetation affects the mechanical and hydrological properties of sediment through the effects of developing root systems. Thus, vegetation contributes to the sediment and flow connectivity of upstream and downstream areas.



In the Wenchuan earthquake-hit region, the earthquake-induced landslides destroyed large areas of vegetation, which made the vegetation hydrological adjusting function diminish. Hence, large amounts of unconsolidated materials deposited on the steep slopes, which changed the hydrological processes (i.e., infiltration reduced, run-off increased and flow concentration expedited ) in the catchment [6]. Existing research indicates that the combination of steep slope, abundant fragmented materials, and high intensity rainfall naturally leads to the catastrophic debris flows in the earthquake-hit area [2,42,43,44].



Spatial analysis of the sediment and flow connectivity of a specific area (point) in the river basins allowed estimation of the contribution of the upslope areas as the sediment and flow source, and can be used to assess the transport progress (i.e., transport path and capacity) of the downslope areas. Since the sediment and flow connectivity of a given point in the catchment depends on its actual conditions (i.e., size, slope gradient, relief, and sediment properties) of upslope area and the transport pathway (i.e., initial elevation, flow length, and sediment supply conditions) of the downslope area, we defined one sediment and flow connectivity index (SFCI), which included the upslope (SFup) and downslope (SFdn) components, to quantify the spatial connectivity of sediment and flow in the mountain basins. The SFCI model can be expressed by


   S F C I = ln (   S  F  u p     S  F  d n     )   



(5)






   S  F  u p   =  P ¯  A  H ¯  sin (  S ¯  )   



(6)






   S  F  d n   =    V d     H d      ∑ i   ( 1 −  P i  )  R i    ,   



(7)




where     P ¯     is the mean P value of the upslope area which is used to describe the sediment properties, A is the size of the upslope area (m2),     H ¯     is the mean relative relief of the upslope area (m),     S ¯     is the mean slope gradient of the upslope area (m), and Ri is the cell size of the given point.





5. Results


5.1. Slope Material Stability Changes in Study Area


The earthquake-damaged vegetation during the Wenchuan earthquake was used in the model (Equation (4)) to describe the relations between the slope material stability with its topographical environments and geological and vegetative conditions. Then, three slope materials stability maps of the Baisha River and Longxi River basins were calculated as shown in Figure 7.
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Figure 7. (a) Pre-earthquake; (b) 2008‒2009; and (c) 2014 slope materials stability maps of the study area. 
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Figure 7 shows the changing processes of the slope material stability as found by monitoring the vegetation changes before and after the earthquake. The results indicated that high susceptibility areas were zonally distributed along the steep slopes of the stream channels and the bare areas of the mountain top (Figure 7a), the susceptibility of these vegetation-damaged areas had an obvious increase after the earthquake (Figure 7b), and the slope material stability in these damaged areas showed some improvement with the vegetation recovery a few years after the earthquake (Figure 7c).



The statistical results showed that there are about 205 km2 areas with P > 0.35 before the earthquake, which accounted for 48.1% of the total area, and there were about 86.7 km2 vegetation-damaged areas (Figure 8a) with P > 0.35 (71.1% of the total vegetation-damaged area), while there were 191 km2 areas with Hd < 500 m, which accounted for 44.0% of the total area, and there are about 68.7 km2 vegetation-damaged areas (Figure 8b) with Hd < 500 m (56.3% of the total vegetation-damaged area). Hence, the areas with Hd < 500 m are susceptible to slope failures.
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Figure 8. Vegetation-damaged distributions with the slope material stability (a) and after the horizontal distance to river streams, Hd (b). 
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5.2. SFCI Changes in Study Area


Based on the three slope material stability maps, we calculated the SFCI maps of the Baisha River and Longxi River to detect the SFCI changes before and after the earthquake (Figure 9). The results showed that the areas with Hd < 500 m had high SFCI values before the earthquake (Figure 9a), the SFCI values of these areas had obvious increases after the earthquake (Figure 9b), and the areas with obvious SFCI increased had some decreases in vegetation recovery (Figure 9c).
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Figure 9. (a) Pre-earthquake SFCI map of the study area; (b) 2008‒2009 SFCI map of the study area; (c) 2014 SFCI map of the study area. 
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The statistical results (Figure 10) show that the SFCI values of both the Baisha and Longxi River showed some increase after the earthquake, especially in areas with Hd < 500 m (average of 1.60 increases in Baisha River and 1.50 increases in Longxi River), and the SFCI values showed an obvious decrease in the areas with Hd < 500 m a few years after the earthquake. The areas with Hd > 500 m had small changes after a few years after the earthquake, although the earthquake-damaged vegetation reduced the slope material stability and increased the mass-wasting processes.
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Figure 10. SFCI change processes before and after the earthquake (pre-earthquake, 2008‒2009, and 2014) within the Baisha River basin (a) and the Longxi River basin (b). 
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After the 2008 earthquake, both the Baisha River and Longxi River suffered several debris flow events, especially from 13 to 14 August 2010, when one heavy rainstorm triggered one seriously catastrophic debris flow event in these river basins, and about 34 gully-type debris flows were triggered in the Longxi River [45]. In addition, existing studies indicate that the triggering rainfall threshold for debris flow significantly decreased after the earthquake, and the lowest rainfall intensity and rainfall amount for debris flow increased annually with the slope material stability enhancement and damaged vegetation recovery [42,46,47,48].



Considering the SFCI changes in both the Baisha River and Longxi River, the spatial results indicated that the areas with Hd < 500 m are susceptible to the mass wasting processes in mountainous rivers, and we consider that these specific areas actively contribute sediment to the stream channel network.





6. Discussion


6.1. Relationships between Vegetation and Slope Stability


Vegetation can root through thin slope material into the underlying bedrock and provide considerable strength to materials on sloping land, and most slope materials influence vegetation growth and impact the vegetation survival environment. In addition, vegetation can impact the hydrological processes along the slope. Hence, there is some relationship between the slope stability and vegetation, although there is no complete understanding of the interaction between vegetation and slope material.



Our spatial results demonstrated that the vegetation growth, earthquake-damaged vegetation, and its recovery processes had strong relationships with the topographical and slope material properties. Slope material stability is mainly controlled by the topographical conditions and material properties, and the damaged vegetation is mainly caused by the slope failures during the earthquake. Hence, spatial analysis of the damaged vegetation and its recovery processes is important for understanding what terrain and materials are susceptible to slope failures (or landslide processes). In addition, the recovery of these Wenchuan earthquake-damaged vegetation areas are generally long-term biological process; therefore, it is important to monitor regional vegetation dynamics.




6.2. Debris Flow Events in Longxi River


The identification of specific areas that actively contribute sediment to the stream channel network is a necesSARy prerequisite for understanding the sediment delivery process and developing successful sediment management programs [36]. We modeled the SFCI to find the areas with obvious SFCI increases in the Longxi River (Figure 11a) and found that there were many debris flow events after the earthquake (2008‒2010) around the areas with obvious SFCI increases (Figure 11b). Currently, these areas showed some SFCI decreases with the vegetation recovery processes (Figure 11c). In addition, some existing studies have found that the lowest rainfall intensity and rainfall amount for debris flow initiation increased annually in the Wenchuan earthquake-hit region [48]. Hence, we consider that the SFCI model can detect and monitor the specific areas that actively contribute sediment to mass-wasting processes in the mountainous river basin.
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Figure 11. (a) SFCI increase map after the earthquake; (b) post-earthquake debris flow events; (c) SFCI decrease map a few years after the earthquake at the Longxi River. 
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6.3. Validity of the Sediment and Flow Connectivity Model


This sediment and flow connectivity model was based on the slope material stability model, which was trained using the earthquake-damaged vegetation data in mountainous basins of the Wenchuan earthquake-affected region. Hence, the SFCI is strongly influenced by the quality of the (existing) damaged vegetation data. In other regions, this model requires sufficient damaged vegetation data to detect the hydrological process changes in a given mountainous basin.



In addition, this model index was influenced by the DEM resolution, which controls the quality of the topographical (slope gradient and aspect) and hydrological (flow direction and accumulation) calculations. However, this is a common question for most hydrological analysis. Using the DEM data with different resolution, there may be some obvious errors in the model calculation. Hence, suitable DEM data should be chosen for different applications to reduce errors.





7. Conclusions


In this study, we presented a probabilistic approach for slope material stability analysis that quantitatively relates the earthquake-damaged vegetation data with topographical and material properties in a given river basin. We modeled sediment and flow connectivity to detect the hydrological process changes after the earthquake by monitoring the vegetation dynamics. Our results demonstrated that the areas with Hd < 500 m actively contribute sediment to the stream channel network, and these areas are the main sources for debris flow processes in the Longxi River and Baisha River, in the Wenchuan earthquake-hit region.



Since damaged vegetation recovery is generally a long-term biological process, it is important to monitor regional vegetation dynamics (vegetation recovery processes) and determine how ecological status and trends have changed after the earthquake. The spatial analysis of the earthquake-damaged vegetation and its recovery processes is very important for understanding what terrain and surface materials are susceptible to slope failures (or debris flow processes).
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