
Quantifying the long-term evolution of post-
earthquake debris-flow activity in the epicentral
area of the 2008 Wenchuan earthquake, China
Qingyun Shi 

Chengdu University of Information Technology
Chuan Tang 

Chengdu University of Technology
Weihua Zhang 

Climate Center of Tibet Autonomous Region
Yucai Ma 

Climate Center of Tibet Autonomous Region
Wei Zhou 

Chengdu University of Technology
Jiang Xiong 

Chinese Academy of Sciences Chengdu Institute of Mountain Hazards and Environment
Yu Tie 

Chengdu Zhongke Nengsin Technology

Research Article

Keywords: LSSP, Debris flow activity intensity, Quantitative prediction, Long-term evolution, Wenchuan
earthquake

Posted Date: June 4th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9629002/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-9629002/v1
https://doi.org/10.21203/rs.3.rs-9629002/v1
https://doi.org/10.21203/rs.3.rs-9629002/v1
https://creativecommons.org/licenses/by/4.0/


 

1 

 

Quantifying the long-term evolution of post-earthquake debris-1 

flow activity in the epicentral area of the 2008 Wenchuan 2 

earthquake, China 3 

Qingyun Shia,b, Chuan Tangc*, Weihua Zhangd, Yucai Mad, Wei Zhoub, Jiang Xionge, Yu Tief 4 

a College of Resources and Environment, Chengdu University of Information Technology, Chengdu, 5 

610225, China 6 

b Key Laboratory of Meteorological Remote Sensing and Disaster Accident Prevention and Control, 7 

Sichuan Provincial Department of Education, Chengdu 610054, China 8 

c State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu 9 

University of Technology, Chengdu 610054, China 10 

d Climate Center of Tibet Autonomous Region，Lasha 850000, China 11 

e Key Laboratory of Mountain Hazards and Earth Surface Processes, Institute of Mountain Hazards 12 

and Environment, Chinese Academy of Sciences, Chengdu 610299, China 13 

f Chengdu Zhongke Nengsin Technology Co. Chengdu 610041, China 14 

Abstract  15 

The 2008 Wenchuan earthquake triggered widespread coseismic landslides and 16 

supplied large volumes of loose material on hillslopes and channels, resulting in 17 

persistent post-earthquake debris flow activity near the epicentral area. Quantifying the 18 

long-term evolution of this activity is important for geohazard assessment, but remains 19 

challenge because debris flows are jointly controlled by sediment supply, topography, 20 

and rainfall. In this study, a catchment-scale framework was developed to evaluate 21 

debris flow activity intensity in 44 catchments affected by the Wenchuan earthquake. 22 

Multi-temporal landslide inventories from 2008 to 2019 were used to calculate 23 

landslide sediment supply potential (LSSP), which integrates landslide areal density, 24 
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spatial distribution indices, and channel gradient. LSSP was then combined with 25 

representative hourly rainfall intensities from documented debris flow triggering events 26 

to derive a debris flow activity intensity index (AIDF). The results show that active 27 

landslide area decreased from 122.05 km² in 2008 to 30.55 km² in 2019, while recovery 28 

areas expanded progressively. LSSP increased sharply immediately after the earthquake 29 

and then declined over time, with a rapid decrease during 2008–2011 followed by a 30 

slower adjustment phase. Nevertheless, sediment supply in many catchments remained 31 

above the pre-earthquake level in 2019. AIDF showed an overall decline after its post-32 

earthquake peak, although temporary increases occurred during major rainfall events. 33 

Comparison with documented debris flow events indicates that AIDF captures the main 34 

temporal pattern of observed activity. The fitted long-term trend suggests three stages 35 

of post-earthquake debris flow activity: an active period from 2008 to 2013, a recession 36 

period from 2013 to 2048, and a relatively stable period after 2048. These results 37 

indicate that debris flow activity in the Wenchuan earthquake-affected area may persist 38 

for several decades, mainly controlled by the gradual depletion and redistribution of 39 

landslide-derived sediment under rainfall forcing. 40 

Key words: LSSP; Debris flow activity intensity; Quantitative prediction; Long-41 

term evolution; Wenchuan earthquake 42 

1. Introduction 43 

Earthquake-triggered landslides and their subsequent transformation into debris 44 

flows represent one of the most destructive cascading geohazard processes in 45 
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mountainous regions worldwide. Large earthquakes can instantaneously generate 46 

enormous volumes of loose, unconsolidated material, fundamentally alter hillslope-47 

channel systems and create highly unstable geomorphic conditions (Fan et al., 2019a; 48 

Keefer, 1984; Parker et al., 2011). These materials are readily remobilized by rainfall, 49 

frequently producing debris flows that pose long-lasting threats to downstream 50 

communities, infrastructure, and ecosystems (Iverson, 1997; Takahashi, 1981; Tang et 51 

al., 2012a). Compared with coseismic landslides, post-earthquake debris flows often 52 

exhibit stronger temporal persistence and broader spatial impacts, making them a 53 

critical component of multi-hazard chains in tectonically active regions (Utley et al., 54 

2025; Yang et al., 2023). 55 

Globally, numerous catastrophic debris flow disasters have been documented 56 

following major earthquakes, highlighting their significance. For example, after the 57 

1999 Chi-Chi earthquake in Taiwan and the 2015 Gorkha earthquake in Nepal, intense 58 

rainfall triggered widespread debris flows that caused severe casualties and 59 

infrastructure damage (Kargel and Hudnut, 2016; Lin et al., 2006). Similarly, the 2008 60 

Wenchuan earthquake in China triggered widespread landsliding, generating abundant 61 

loose material that has played a critical role in subsequent debris flow activity (Xu et 62 

al., 2014). These materials have since been repeatedly remobilized during rainfall 63 

events, producing numerous catastrophic debris flows over more than a decade (Huang 64 

and Li, 2014; Tang et al., 2019; Yang et al., 2017b). Importantly, field investigations 65 

and remote sensing analyses indicate that more than 70% of coseismic debris may 66 
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remain stored in the landscape for extended periods, sustaining high debris flow 67 

susceptibility for decades (Fan et al., 2018; Zhang and Zhang, 2017). 68 

The long-term evolution of debris flow activity in post-earthquake environments 69 

is governed by complex interactions among three primary factors: (i) the availability 70 

and spatial distribution of loose material, (ii) topographic conditions controlling 71 

sediment transport efficiency, and (iii) rainfall characteristics that trigger debris flow 72 

initiation (Iverson, 1997; Takahashi, 1981). In the years immediately following an 73 

earthquake, abundant loose material and low rainfall thresholds typically lead to high 74 

debris flow activity. Over time, processes such as material depletion, grain coarsening, 75 

and vegetation recovery progressively modify these conditions, resulting in dynamic 76 

changes in debris flow frequency and magnitude (Domènech et al., 2019; Huang, 2011). 77 

Understanding how these factors co-evolve and jointly control debris flow activity is 78 

therefore essential for long-term hazard assessment. 79 

Previous studies have investigated post-earthquake geohazards from multiple 80 

perspectives, including the temporal evolution of landslides (Fan et al., 2018; Shi et al., 81 

2021; Xiong et al., 2021), vegetation recovery processes (Shen et al., 2020; Yang et al., 82 

2020; Yang et al., 2017a), and rainfall thresholds for debris flow initiation (Cui et al., 83 

2010; Guo et al., 2017). Some studies have also examined the evolution of debris flow 84 

activity using empirical or statistical approaches (Yang et al., 2023; Zhang et al., 2023). 85 

Based on variations in the availability of loose material, previous studies have 86 

suggested that the elevated occurrence of geohazards in the Wenchuan earthquake 87 
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region may persist for approximately 20–25 years (Huang, 2011). Debris flow 88 

formation processes have been investigated by integrating factors such as loose material, 89 

micro-topography, and hydrological conditions (Cui et al., 2010). However, these 90 

studies are primarily event-based or qualitative in nature and do not provide a 91 

quantitative framework for evaluating the long-term evolution of debris flow activity 92 

at the catchment scale. 93 

Despite these advances, significant knowledge gaps remain. First, most existing 94 

studies focus on individual controlling factors or limited combinations thereof, and few 95 

attempts have been made to quantitatively integrate sediment supply, topography, and 96 

rainfall within a unified framework (Cui et al., 2010; Guo et al., 2017; Li et al., 2018), 97 

particularly in a manner that explicitly links sediment supply dynamics to long-term 98 

debris-flow activity following large earthquakes. Second, current studies on post-99 

earthquake debris flow evolution are largely descriptive or empirical, lacking 100 

quantitative models capable of predicting long-term variations in debris-flow activity 101 

intensity at the catchment scale (Fan et al., 2018; Zhang et al., 2023). Third, the role of 102 

landslide-derived sediment supply as a dynamic and spatially heterogeneous control on 103 

debris-flow activity has not been fully quantified, particularly in terms of its interaction 104 

with rainfall and topography (Fan et al., 2019b; Iverson, 1997). 105 

To address these limitations, this study develops an integrated quantitative 106 

framework to evaluate the long-term evolution of debris-flow activity in the Wenchuan 107 

earthquake-affected area. By incorporating sediment supply, topography, and rainfall 108 
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forcing, the framework enables assessment of debris-flow activity at the catchment 109 

scale. The framework is then used to analyze the temporal evolution of landslide-110 

derived sediment, examine its spatial controls on debris flow initiation, and estimate 111 

long-term variations in debris-flow activity intensity. This work provides a quantitative 112 

basis for linking sediment-supply dynamics with debris-flow activity and may support 113 

long-term hazard assessment in earthquake-affected mountain catchments. 114 

2. Study area  115 

The study area is located in the Wenchuan earthquake-affected region, Sichuan 116 

Province, China, and comprises 44 catchments covering approximately 440 km² near 117 

the earthquake epicenter (Fig. 1). Catchment areas range from 0.40 to 51.71 km², with 118 

relief ranging from 0.86 to 3.16 km (Table 1), while detailed information for individual 119 

catchments is provided in Table S1. The terrain is characterized by rugged mountains 120 

and deeply incised valleys, with elevations from 550 to 5600 m a.s.l., providing 121 

favorable conditions for rapid runoff concentration and sediment transport. 122 

The 2008 Mw 7.9 Wenchuan earthquake triggered more than 200,000 landslides, 123 

generating abundant unconsolidated material that was subsequently stored on hillslopes 124 

and within channels (Xu et al., 2014). Bedrock in the region is highly fractured and 125 

strongly weathered, with well-developed fault systems (notably the Wenchuan–126 

Maowen and Yingxiu–Beichuan faults) and pervasive joints and bedding planes, which 127 

further enhance slope instability and sediment availability (Fan et al., 2018; Tang et al., 128 

2011). 129 
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The study area is drained mainly by the Minjiang and Yuzixi rivers. The Minjiang 130 

River originates in the northwestern mountainous region and forms part of the upper 131 

Yangtze River system, whereas the Yuzixi River drains the southwestern part of the 132 

study area near Wolong town (Fig. 1) (Fan et al., 2018). The study area has a subtropical 133 

monsoon climate, with mean annual precipitation of approximately 1250 mm and a 134 

mean annual temperature of about 13°C. Intense rainfall during the wet season is a key 135 

trigger of debris flows (Tang et al., 2011). 136 

 137 

Fig. 1 Overview of the study area. 138 

Table 1 Summary statistics of topographic metrics for debris flow catchments. Detailed values for 139 
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individual catchments are provided in Table S1. 140 

Parameter Min Max Mean 

Area (km²) 0.4 51.71 10.10 

Channel length (km) 1.17 14.18 4.83 

Relief (km) 0.86 3.16 1.98 

Channel gradient (‰) 209.52 759.33 496.53 

3. Material and methods 141 

To provide a clear overview of the methodological framework, Fig. 2 summarizes 142 

the workflow adopted in this study. The approach integrates multi-temporal landslide 143 

inventory mapping, sediment supply assessment, topographic analysis, and rainfall 144 

forcing to evaluate the long-term evolution of debris-flow activity in the Wenchuan 145 

earthquake-affected area. Sediment supply conditions are characterized using three 146 

complementary aspects: the amount of available loose material, its spatial distribution 147 

within the catchment, and the topographic potential for mobilization. These aspects are 148 

represented by landslide areal density, spatial distribution indices, and channel gradient, 149 

respectively. The derived sediment supply potential is then combined with rainfall 150 

forcing to assess debris-flow activity intensity and its temporal evolution. 151 

The framework highlights the coupling among sediment supply, topography, and 152 

rainfall, and provides a quantitative basis for assessing long-term debris-flow activity 153 

at the catchment scale. 154 
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 155 

Fig. 2 Methodological framework for reconstructing landslide-derived sediment supply and 156 

modelling the long-term evolution of debris-flow activity in the Wenchuan earthquake-affected area. 157 

3.1. Data acquisition and preprocessing 158 

Multi-temporal remote sensing images and aerial photographs, including Spot-5, 159 

Worldview-2, ZY-1, GF-1, and Google Earth images, were collected to facilitate visual 160 

interpretation and identification of landslides. A total of six images taken in 2008, 2011, 161 

2012, 2013, 2015 and 2019 were selected for landslide inventory mapping from 2008 162 

to 2019, considering factors such as resolution, cloud cover and date of acquisition 163 

(Table 2). Additionally, the landslide inventories for 2005 and 2007, obtained from a 164 

previous study (Fan et al., 2019), were incorporated to track pre-earthquake changes in 165 
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landslide areas.  166 

To ensure accurate and reliable mapping results, the acquired images underwent 167 

geometric correction within the ENVI and ArcGIS platforms. A 10 m resolution Digital 168 

Elevation Model (DEM) supplied by the State Key Laboratory of Geological Hazard 169 

Prevention and Geoenvironmental Protection (SKLGP) was used in this process. 170 

Ground control points (GCP) and the DEM were employed to correct the images to 171 

mitigate the effects of topography, image distortion, and mismatches. The DEM also 172 

facilitated delineation of catchment boundaries and extraction of essential terrain 173 

characteristics, such as channels, elevation, and slope. Table 2 lists the detailed 174 

information of these datasets. 175 

Table 2 Data used in this research. The source, acquisition date and attributes of each layer 176 

contained in the dataset. 177 

Type Source Acquisition date Resolution (m) Usage 

Satellite 

image 

UAV 2008.06 1 

Images generating  

landslide inventories 

Spot-5 2008.07 2.5 

Worldview-2 2011.04 1 

Spot 5 2012.04 2.5 

ZY-1 02C 2013.02 5 

GF-1 2015.04 2 

Google earth 2019.10 1 

DEM SKLGP 2010 10 Extracting catchment 
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topography factors 

3.2. Multi-temporal landslide inventory 178 

A pre-earthquake landslide inventory for the years 2005 and 2007, delineated by a 179 

previous study, was used as a reference for pre-earthquake landslide conditions within 180 

a short-term observation window. Although the available pre-event data are limited, 181 

previous studies have indicated that landslide activity in the study area was relatively 182 

low before the Wenchuan earthquake (Fan et al., 2019). Therefore, these inventories 183 

provide a baseline for comparing the large post-earthquake changes rather than a 184 

complete reconstruction of pre-earthquake debris-flow activity. After the Wenchuan 185 

earthquake, 2008 imagery was used to delineate coseismic landslides, while images 186 

from 2011, 2012, 2013, 2015 and 2019 were used to identify new landslides and assess 187 

the remobilization of coseismic deposits. 188 

The landslide-affected areas were classified into five categories based on visual 189 

interpretation and comparison of multi-temporal remote sensing images: coseismic 190 

landslides (CL), enlarged landslides (EL), new landslides (NL), dormant landslides 191 

(DL), and recovery areas (RA) (Li et al., 2018; Shi et al., 2021). CL were mapped from 192 

the 2008 post-earthquake imagery, whereas NL and EL were identified from subsequent 193 

images as newly formed landslides and expansions of previously mapped landslides, 194 

respectively. DL refers to landslides that remained identifiable but showed no obvious 195 

renewed activity, while RA denotes previously mapped landslide areas that showed 196 

surface recovery, such as reduced exposed material or vegetation regrowth, with no 197 
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evident remobilization. In this study, “landslide” refers to slope failures involving the 198 

downslope movement of rock, soil, or debris (Zhang and Zhang, 2017). 199 

The inventories were derived from multi-temporal remote sensing images through 200 

visual interpretation using consistent criteria. Where possible, higher-resolution 201 

imagery was used to refine landslide boundaries, and multi-temporal images were 202 

cross-checked to ensure consistency in identification and classification. Although 203 

differences in image resolution may introduce some uncertainty, the analysis focuses 204 

on catchment-scale patterns and temporal evolution, and the influence of local 205 

delineation uncertainty is therefore considered limited. 206 

3.3. Landslide sediment supply potential 207 

To quantitatively represent sediment supply conditions relevant to debris flow 208 

initiation, it is necessary to consider not only the amount of available material, but also 209 

its spatial distribution and its mobilization potential. These aspects cannot be 210 

adequately captured by a single metric. Therefore, this study adopts three 211 

complementary indicators: landslide areal density to represent the magnitude of 212 

sediment supply, spatial distribution indices to describe the positioning of loose 213 

material within the catchment, and channel gradient to reflect the potential for material 214 

mobilization. 215 

3.3.1. Landslide areal density index 216 

Landslide areal density (LAD) was used to represent the amount of landslide-217 

derived loose material available within each catchment. This indicator can be 218 
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consistently derived from multi-temporal remote sensing images and provides a 219 

catchment-scale measure of active sediment sources (Wu et al., 2012). For each 220 

catchment, Aca was calculated from the DEM-derived catchment polygon, while Aac 221 

was obtained by overlaying the landslide inventory with the catchment boundary and 222 

summing the areas of CL, NL, EL, and DL. RA was excluded because it represents 223 

recovered or inactive areas. LAD is calculated as follows: 224 

 LAD= Aac
Aca

⁄  (1) 

where LAD is the landslide areal density, a dimensionless ratio; Aac is the total area of 225 

CL, NL, EL, and DL within the catchment (km2), and Aca is the area of catchment (km2). 226 

3.3.2. Distribution index of landslides 227 

While the amount of loose material is important, its spatial distribution within a 228 

catchment also controls whether it can be mobilized into debris flows. Material located 229 

close to the main channel or catchment outlet is more likely to be entrained during 230 

rainfall events, whereas material distributed on distal hillslopes or at higher elevations 231 

may remain less connected to the transport pathway (Fan et al., 2019b; Iverson, 1997; 232 

Tang et al., 2012a). Here, the catchment outlet refers to the downstream exit point of 233 

the catchment. For example, two catchments with similar landslide areas may exhibit 234 

different debris flow responses if loose material is concentrated near the main channel 235 

in one catchment but more widely dispersed in the other. Therefore, spatial distribution 236 

indices are introduced to quantify the relative position of landslide-derived material 237 

within the catchment. 238 
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(1) Spatial distribution index 239 

To quantify the elevation-related distribution of landslide-derived loose material, 240 

the spatial distribution function T and spatial distribution index (SDI) were introduced 241 

following Fan et al. (2012). The function T describes the relationship between landslide 242 

area and relative elevation, whereas SDI summarizes this distribution into a single value. 243 

They are defined as follows: 244 

 s=S/A (2) 

 T=h/H (3) 

 T = T(s)  (T∈[0,1], s∈[0,1]) (4) 

 SDI= ∫ T(s)ds
1

0
 (5) 

where T is the relative elevation ratio, calculated as the elevation difference between a 245 

given contour line and the lowest point of the catchment divided by the total catchment 246 

relief (dimensionless); s is the cumulative landslide-area ratio, calculated as the area of 247 

active landslides above the corresponding contour line divided by the total active 248 

landslide area in the catchment (dimensionless); h is the relative elevation difference 249 

between each contour and the lowest point in the catchment (m); H is the total 250 

catchment relief, i.e., the elevation difference between the highest and lowest points of 251 

the catchment (m); S is the area of active landslides above the corresponding contour 252 

line (m2); A is the total area of active landslides in the catchment (m2). The SDI is 253 

calculated by integrating T(s) with respect to s from 0 to 1, and is therefore 254 

dimensionless. Unlike LAD, SDI does not quantify the amount of landslide area, but 255 
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describes the elevation-related distribution of landslide-derived loose material within 256 

the catchment. 257 

The spatial distribution function reflects the relative distribution of loose material 258 

with elevation. When loose material is uniformly distributed, the function follows 259 

T=1−s. A gentler segment of the curve indicates concentration within the corresponding 260 

elevation interval, whereas a steeper decline indicates sparse distribution (Fig. 3a). SDI 261 

further indicates whether loose material is preferentially distributed at higher or lower 262 

elevations. SDI = 0.5 indicates an even distribution across elevation intervals; SDI > 263 

0.5 indicates a higher-elevation concentration; and SDI < 0.5 indicates a lower-264 

elevation concentration, where material is generally more connected to downstream 265 

flow pathways and more likely to contribute to debris-flow activity (Fig. 3a). 266 

(2) Relative spatial distribution index 267 

In addition to elevation-related distribution, the distance of landslide-derived 268 

material from the catchment outlet and main channel also affects its likelihood of 269 

mobilization. Material located closer to these flow pathways is more readily delivered 270 

to debris flows during rainfall events. Therefore, the relative spatial distribution 271 

function F and relative spatial distribution index (RSDI) were introduced to quantify 272 

the proximity of loose material to the catchment outlet and main channel (Fan et al., 273 

2012). They are defined as follows: 274 

 x= a
A⁄  (6) 

 F= l
L⁄  (7) 
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 F=F(x)  (F∈[0,1], x∈[0,1]) (8) 

  RSDI= ∫ F(x)dx
1

0
 (9) 

where F is the relative distance function (dimensionless), x is the cumulative landslide-275 

area ratio (dimensionless), l is the distance between the landslides and the outlet or main 276 

channel in the catchment (m); L is the maximum distance of the catchment boundary 277 

from the outlet or the main channel (m); a is the area of active landslides within the 278 

corresponding distance interval from the catchment outlet or main channel (m2); A is 279 

the total area of active landslides in the catchment (m2). RSDI is dimensionless. 280 

The relative spatial distribution function describes the relationship between the 281 

distribution of loose material and its distance from the catchment outlet or main channel. 282 

When loose material is uniformly distributed relative to these reference features, the 283 

function follows F(x)=x. A gentler segment of the curve indicates concentration within 284 

the corresponding distance range, whereas a steeper variation indicates a more 285 

dispersed distribution (Fig. 3b and Fig. 3c). 286 
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 287 

Fig. 3 Spatial distribution functions (a) and relative spatial distribution functions (b and c) for 288 

landslides within Chediguan catchment. T=1-s, indicating that active landslides are uniformly 289 

distributed throughout the elevation interval; Foutlet=x or Fchannel=x, indicating that active landslides 290 

distributed evenly relative to the outlet or main channel of catchment. 291 

Unlike SDI, which describes elevation-related distribution, RSDI measures the 292 

proximity of loose material to the catchment outlet or main channel. A larger RSDI 293 

indicates that loose material is located closer to the main sediment-transfer pathway 294 

and is therefore more likely to be mobilized into debris flows. A smaller RSDI indicates 295 

weaker spatial connectivity to the outlet or main channel.  296 

Buffer analysis was performed in ArcGIS using the catchment outlet and main 297 

channel as reference features. A buffer interval of 100 m was adopted to balance spatial 298 

resolution and mapping uncertainty. Smaller intervals may amplify errors associated 299 

with landslide delineation, whereas larger intervals may obscure meaningful spatial 300 
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patterns (Fig. 4). MATLAB was then used to fit the distribution functions, and SDI and 301 

RSDI were calculated according to Equations. (5) and (9). 302 

 303 

Fig. 4 Spatial distribution of landslides in specific catchment. (a) spatial distribution of landslides, 304 

(b) and (c) spatial distributions relative to the catchment outlet and main channel, respectively.  305 

(3) Channel gradient index  306 

Channel gradient (J) was used to represent the topographic potential for mobilizing 307 

loose material. Steeper channels favor the conversion of potential energy to kinetic 308 

energy and promote debris flow initiation (Zhou et al., 2019). J was calculated as the 309 

ratio of catchment relief, defined as the elevation difference between the maximum 310 

elevation and the fan apex, to the horizontal projection length of the main channel 311 

(Lh)( Fig. 5). 312 

In the study area, catchment relief ranges from 0.86 to 3.16 km, main channel 313 

length from 1.17 to 14.18 km, and channel gradient from 209.52‰ to 759.33‰ (Table 314 
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S1). These steep topographic conditions favor rapid runoff concentration and provide 315 

suitable conditions for debris flow initiation. 316 

 317 

Fig. 5 Parameters measured in the debris flow catchments. Cited and modified from (Zhou et al., 318 

2019) 319 

3.3.3. Model of landslide sediment supply potential 320 

Debris flow occurrence depends on both intrinsic catchment conditions, such as 321 

available loose material and steep terrain, and external triggering by rainfall. In this 322 

study, landslide information is used as a proxy for sediment supply rather than as a 323 

direct measure of debris-flow activity. Therefore, a LSSP model was constructed to 324 

quantify the relative potential of each catchment to supply loose material. By 325 

integrating LAD, SDI, RSDI, and channel gradient, the model captures the amount, 326 

spatial accessibility, and topographic mobilization potential of sediment supply. LSSP 327 

is calculated as follows: 328 

 LSSP=
LAD*RSDIoutlet*RSDIchannel*J

SDI  (10) 

where RSDIoutlet and RSDIchannel represent the relative spatial distribution index of active 329 



 

20 

 

landslides relative to the outlet and main channel of the catchment, respectively. LSSP 330 

represents the relative landslide sediment supply potential of a catchment. Because 331 

LAD, SDI, and RSDI are dimensionless indices and J is expressed as channel gradient 332 

(‰), LSSP should be interpreted as a relative index rather than a direct measurement 333 

of sediment volume.  334 

3.4. Debris-flow activity intensity model 335 

3.4.1. Precipitation index 336 

Rainfall triggering of debris flows is commonly described using intensity–duration 337 

(I–D) relationships, which account for both rainfall intensity and event duration (Chang 338 

et al., 2021; Guzzetti et al., 2008). However, rainfall thresholds are not static after large 339 

earthquakes because sediment supply, grain-size characteristics, and vegetation cover 340 

evolve with time (Domènech et al., 2019). Abundant coseismic loose material can lower 341 

rainfall thresholds and increase sensitivity to short-duration high-intensity rainfall. 342 

Rather than deriving site-specific I–D thresholds, this study adopted representative 343 

rainfall indices associated with documented debris flow events reported in previous 344 

studies (Guo et al., 2017; Tan and Han, 1992; Yang et al., 2021). In Equation. (11), I 345 

represents the hourly rainfall intensity of these documented triggering events, rather 346 

than long-term mean rainfall. This simplified treatment allows rainfall forcing to be 347 

incorporated consistently into the long-term catchment-scale analysis, while avoiding 348 

event-scale prediction. 349 

Several major rainfall events during the post-earthquake period, particularly those 350 
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in 2013 and 2019, were considered as representative triggering cases. These events 351 

were characterized by high short-duration rainfall intensities typical of debris flow 352 

initiation in mountainous regions, and have been widely reported as key drivers of post-353 

earthquake debris-flow activity. For the long-term extrapolation, no future rainfall 354 

scenario was imposed. The fitted trend is based on the calculated AIDF time series and 355 

therefore represents the temporal evolution of debris-flow activity under the historical 356 

triggering-rainfall framework, rather than a prediction of future event-specific rainfall 357 

conditions. 358 

3.4.2. Model of the intensity of debris-flow activity 359 

To evaluate the long-term evolution of debris-flow activity intensity in the 360 

earthquake-affected area, mean LSSP for each selected year was combined with 361 

representative hourly rainfall intensity of documented debris flow triggering events. 362 

The resulting debris-flow activity intensity index (AIDF) incorporates both intrinsic 363 

sediment supply conditions and rainfall forcing. The model is formulated as follows: 364 

 AIDF=LSSP̅̅ ̅̅ ̅̅ ̅̅ *I (11) 

where AIDF is the debris-flow activity intensity index, LSSP̅̅ ̅̅ ̅̅ ̅  is the mean landslide 365 

sediment supply potential for a given year, and I is the representative hourly rainfall 366 

intensity associated with documented debris flow triggering events (mm/h). AIDF is 367 

used as a relative index for temporal comparison rather than as a direct measure of 368 

debris-flow magnitude. 369 

3.5 Spatiotemporal analysis of debris-flow activity 370 
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Based on the AIDF values derived from the multi-temporal datasets, the temporal 371 

evolution of debris-flow activity was analyzed to identify post-earthquake trends. Time-372 

series fitting was then used to characterize the long-term decay pattern and to divide 373 

the post-earthquake evolution into three stages: active, recession, and relatively stable 374 

stages. 375 

4. Results  376 

4.1 Spatiotemporal distribution of landslides 377 

Coseismic landslides were delineated from the 2008 post-earthquake remote 378 

sensing images, and post-earthquake remobilized landslides were identified from 379 

images acquired in 2011, 2012, 2013, 2015, and 2019 (Fig. 6). In 2008, 9847 coseismic 380 

landslides were mapped in the study area, with a total area of 122.05 km², accounting 381 

for approximately 27.73% of the study area. The spatial distribution of active landslides 382 

became more concentrated in the northern part of the study area during the post-383 

earthquake period (Fig. 6b–f). This pattern may be related to faster vegetation recovery 384 

in the southern catchments, where precipitation is relatively higher than in the northern 385 

part of the study area. Active landslides also tended to occur at relatively higher 386 

elevations from 2008 to 2019, as illustrated by catchments DF06 and DF28 in Fig. 6. 387 

This may indicate that loose material in lower hillslope and channel areas was 388 

preferentially remobilized and transported out of the catchments during rainfall events 389 

in the years following the earthquake (Shi et al., 2021). 390 
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 391 

Fig. 6 Multitemporal landslide maps based on remote sensing scenes acquired in 2008 (after the 392 

M8.0 earthquake), 2011 (after the 8.10 debris flow), 2012 and 2013 (after the 7.13 debris flow), 393 

2015 and 2019 (after the 8.20 debris flow). CL, coseismic landslides; DL, dormant landslides; EL, 394 

enlarged landslides; NL, new landslides; RA, recovery areas. 395 

The temporal changes in landslide-affected area are summarized in Fig. 7. The 396 

total landslide-affected areas in 2011, 2012, 2013, 2015, and 2019 were 148.64, 141.73, 397 

146.22, 136.01, and 134.26 km², respectively. Although the total landslide-affected area 398 

remained large, the active landslide area decreased markedly from 122.05 km² in 2008 399 
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to 30.55 km² in 2019, accounting for only 6.94% of the study area. Meanwhile, recovery 400 

areas expanded progressively, and the vegetation recovery rate on coseismic landslides 401 

reached 84.97% by 2019 (Fig. 7). These changes indicate a gradual reduction in active 402 

sediment sources after the Wenchuan earthquake, despite local remobilization during 403 

major rainfall events. 404 

 405 

Fig. 7 Variation in landslide-affected area after the Wenchuan earthquake. CL, coseismic 406 

landslides; DL, dormant landslides; NL, new landslides; EL, enlarged landslides; RA, recovery 407 

areas. (Unit: km2). 408 

4.2 Long-term changes in landslide debris supply 409 

4.2.1 Change in landslide areal density 410 

Landslide areal density (LAD) was calculated for each catchment from 2008 to 411 

2019 using Equation. (1). As shown in Fig. 8, LAD ranged from 0 to 0.56, with the 412 

highest values occurring in 2008 immediately after the Wenchuan earthquake. In 413 

addition, the landslide areal density within the debris flow catchment tended to decrease 414 
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after the Wenchuan earthquake, even though rainstorms hit in 2013 and 2019, and the 415 

decrease was rapid during the first five years after the earthquake and then became more 416 

gradual (as observed in Fig. 8 from 2008 to 2019). This pattern indicates a progressive 417 

decline in landslide activity, probably associated with material consolidation and grain 418 

coarsening over time (Domènech et al., 2019). 419 

 420 

Fig. 8 Changes of landslide areal density over time 421 

4.2.2 Spatial distribution characteristics of loose material  422 

Fig. 9 presents the temporal changes in the spatial distribution parameters of 423 

sediment supply in the study area, with the detailed values listed in Table S2. In 2008, 424 
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most catchments had SDI values below 0.5, indicating that coseismic landslides were 425 

mainly located below the median elevation of the catchments. After 2008, the SDI 426 

values generally increased and remained close to 0.5, suggesting a gradual upward shift 427 

in the distribution of active landslides during the post-earthquake period (Fig. 9c). 428 

However, the temporal patterns varied among catchments: some showed an initial 429 

increase followed by a decrease, whereas others exhibited a continuous increase. These 430 

variations may reflect differences in local topography, sediment redistribution, and 431 

rainfall-induced remobilization of landslide material (Fan et al., 2018). 432 

The relative spatial distribution indices indicate a gradual reduction in the 433 

connectivity between active landslides and the main sediment-transfer pathways. 434 

Specifically, the RSDIoutlet values generally decreased from 2008 to 2019, indicating 435 

that active landslides became progressively farther from the catchment outlet. By 436 

contrast, RSDIchannel remained higher than RSDIoutlet throughout the observation period, 437 

suggesting that loose material remained spatially closer to the main channel than to the 438 

catchment outlet (Fig. 9b, c). These changes indicate a weakening connection between 439 

active landslides and the catchment outlet, while part of the loose material remained 440 

distributed near the main channel. Consequently, the delivery of loose material to debris 441 

flow transport pathways was gradually reduced, contributing to the decline in debris-442 

flow activity. 443 
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 444 

Fig. 9 Quantitative parameters of spatial distribution of sediment supply in study area. SDI denotes 445 

the spatial distribution index; RSDIoutlet and RSDIchannel denote the relative spatial distribution 446 

indices with respect to the catchment outlet and main channel, respectively. Detailed values are 447 
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provided in Table S2. 448 

4.2.3 Evolution of landslide sediment supply potential 449 

In this study, LSSP was used to quantify the intrinsic potential of each catchment 450 

to supply landslide-derived loose material to debris flow channels, rather than debris-451 

flow activity intensity itself. Higher LSSP values indicate greater sediment availability 452 

and, under comparable triggering conditions, a higher predisposition to debris flow 453 

initiation. 454 

The temporal evolution of LSSP is shown in Fig. 10. Before the Wenchuan 455 

earthquake, LSSP was low in most catchments, consistent with limited landslide 456 

activity and relatively high vegetation cover reported before the earthquake (Fan et al., 457 

2019a; Yunus et al., 2020). Following the 2008 earthquake, LSSP increased sharply, 458 

and the catchment-mean value reached its highest level in 2008, as shown by the red 459 

line in Fig. 10. This increase reflects the widespread generation of coseismic landslide 460 

deposits.461 

 462 
Fig. 10 Evolution of the LSSP over time (×10-3) 463 
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After 2008, LSSP decreased rapidly until 2011 and then declined more slowly 464 

towards 2019. The mean trend indicates a two-stage decay pattern, with rapid early 465 

depletion of readily mobilized material followed by a slower adjustment phase 466 

associated with progressive slope stabilization and deposit consolidation. A slight 467 

rebound in LSSP is observed around 2013, coinciding with a documented rainstorm 468 

event. This response likely reflects the remobilization of previously deposited material 469 

under intense rainfall forcing. In contrast, no comparable increase is evident around the 470 

2019 rainfall event, suggesting that the available loose material had become more 471 

limited by that time. 472 

Individual catchments, shown by the grey lines in Fig. 10, display considerable 473 

variability, reflecting spatial heterogeneity in post-earthquake sediment supply. 474 

Nevertheless, most catchments show an overall decline in LSSP after 2008. Based on 475 

the classification thresholds in Table 3, the catchment-mean LSSP shows a low–high–476 

medium sequence: a low level before the earthquake, a high level immediately after the 477 

earthquake, and medium during the later post-earthquake period. This pattern indicates 478 

that sediment supply remained higher than the pre-earthquake condition for several 479 

years, but progressively weakened with time. 480 

Table 3 Classification for the LSSP in strong earthquake zones (×10-3) 481 

LSSP LSSP＜1 1≤LSSP≤45 LSSP＞45 

Classification Low Medium High 

Debris-flow activity should therefore be interpreted as the combined effect of 482 
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sediment supply and external triggering, primarily rainfall. Although the supply 483 

capacity of loose material declined after 2008, residual sediment remained available in 484 

many catchments. Under heavy rainfall conditions, this remaining material may still 485 

contribute to debris flow occurrence, consistent with observations of prolonged post-486 

earthquake geohazard activity in the Wenchuan earthquake-affected region (Francis et 487 

al., 2022; Huang and Li, 2014; Yunus et al., 2020; Zhang et al., 2023). 488 

4.3 Long-term evolution of debris-flow activity intensity 489 

AIDF was calculated by combining the mean LSSP with representative hourly 490 

rainfall intensities of documented debris-flow triggering events (Equation. 11; Table 4). 491 

Although LSSP generally decreased after 2008, AIDF fluctuated because of variations 492 

in rainfall forcing. AIDF remained higher than the pre-earthquake level throughout the 493 

observation period. For example, the mean intensity of debris flow (AIDF̅̅ ̅̅ ̅̅ ) was 0.66 in 494 

2019, compared with 0.08 before the earthquake (Table 4).  495 

Based on previous studies and the calculated AIDF values, AIDF was classified as 496 

low (AIDF < 0.1), medium (0.1 ≤ AIDF ≤ 1.5), or high (AIDF > 1.5). During 2008–2013, 497 

debris-flow activity intensity remained at medium to high levels. AIDF decreased from 498 

2008 to 2012, but increased from 1.47 in 2012 to 1.76 in 2013, coinciding with a major 499 

rainfall-triggered debris-flow event with an hourly rainfall intensity of 39.56 mm/h 500 

(Table 4). 501 

Table 4 The intensity of debris-flow activity pre- and post-earthquake, the data of 502 

rainfall obtained from previous studies. 503 
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Year LSSP̅̅ ̅̅ ̅̅ ̅ I (mm/h) AIDF (relative index) Source of rainfall data 

Pre-earthquake 0.001 60 0.08 (Tan and Han, 1992) 

2008 0.158 18.2 2.88 

(Guo et al., 2017) 

2011 0.064 27.88 1.77 

2012 0.040 36.41 1.47 

2013 0.044 39.56 1.76 

2015 0.030 20.53 0.62 

2019 0.027 24.2 0.66 (Yang et al., 2021) 

To quantify the post-earthquake evolution of debris-flow activity, AIDF was fitted 504 

against time (Fig. 11). Before the Wenchuan earthquake, AIDF was low (0.08), which 505 

was taken as the reference level. After 2008, AIDF increased sharply and then declined 506 

over time. The fitted trend suggests three stages of post-earthquake debris-flow activity: 507 

an active period from 2008 to 2013, a recession period from 2013 to 2048, and a 508 

relatively stable period after 2048. The latter two stages are inferred from the fitted 509 

trend and should be interpreted as a long-term tendency rather than a direct observation 510 

or a prediction of future rainfall conditions. 511 
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 512 

Fig. 11 Long-term evolution trend of debris-flow activity intensity in the study area. The green 513 

and grey dots represent pre- and post-earthquake AIDF values calculated from mean LSSP and 514 

representative hourly rainfall intensities of documented triggering events. The red curve shows the 515 

fitted temporal trend of AIDF after the Wenchuan earthquake. The extrapolated part of the fitted 516 

curve represents the long-term tendency of the calculated index and does not prescribe future 517 

rainfall conditions. The horizontal dotted lines indicate the thresholds separating high, medium, 518 

and low activity levels; the green dotted line indicates the pre-earthquake reference level. 519 

4.4 Model validation using observed debris flow events 520 

To evaluate the reliability of the proposed model, documented debris-flow events 521 

after the Wenchuan earthquake were compiled from published datasets and field 522 

investigations. According to Wang et al. (2022), 186 debris-flow events affecting 79 523 

catchments were recorded between 2008 and 2020, with information on occurrence 524 

time, deposition volume, and spatial extent. Several major rainfall-triggered events, 525 
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particularly those in 2010, 2013, and 2019, were selected for comparison because they 526 

have been widely reported and were characterized by large sediment volumes, long 527 

runout distances, and substantial downstream impacts (Huang et al., 2016; Tang et al., 528 

2012b; Xiong et al., 2021; Yang et al., 2021). 529 

Fig. 12 compares the AIDF with the annual number of recorded debris-flow events. 530 

A positive correspondence is observed between the two series. Peaks in the observed 531 

debris-flow record generally coincide with high AIDF values, particularly during the 532 

major rainfall-triggered activity around 2010 and 2013. After 2013, both AIDF and 533 

debris-flow frequency show an overall decreasing trend, indicating a gradual reduction 534 

in debris-flow activity as loose material availability declined.  535 

Although discrepancies occur in some years, such as 2011–2012, the overall 536 

temporal patterns remain consistent. The model does not explicitly simulate event-scale 537 

parameters such as deposition volume or runout distance, but it captures the main 538 

temporal evolution of debris-flow activity at the catchment scale. This agreement 539 

supports the use of AIDF as a proxy for assessing long-term post-earthquake debris-flow 540 

activity (Iverson, 1997). 541 
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 542 

Fig. 12 Temporal comparison between AIDF and observed debris flow frequency from 2008 to 2019 543 

in the Wenchuan earthquake-affected area. The blue dashed line with circles represents AIDF, and 544 

the red dashed line with circles represents the annual number of recorded debris-flow events. Major 545 

rainfall-triggered debris-flow events are annotated.  546 

5. Discussion 547 

5.1 Advantages and applicability of the AIDF model 548 

Debris-flow activity in earthquake-affected catchments is controlled by the 549 

combined effects of sediment supply, topography, and rainfall (Takahashi, 1981; Tang 550 

et al., 2011). Previous studies have provided important insights into these controls. For 551 

example, rainfall intensity–duration models have been developed using regional debris-552 

flow records from the Wenchuan earthquake area (Yang et al., 2021), and long-term 553 

changes in landslide sediment connectivity and channel sediment supply have been 554 

examined using multi-temporal inventories (Xiong et al., 2021). However, these studies 555 

generally emphasize individual controls or limited combinations of controls. 556 
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The AIDF model proposed in this study integrates LSSP, channel gradient, and 557 

representative hourly rainfall intensity into a single catchment-scale index. This 558 

integration allows the temporal evolution of debris-flow activity to be evaluated in a 559 

consistent framework. The model is not intended to predict the magnitude of individual 560 

debris-flow events, but to provide a relative measure of long-term activity intensity 561 

among different post-earthquake stages. This makes it useful for comparing catchments 562 

and for identifying periods when debris-flow activity remains elevated after a strong 563 

earthquake. 564 

5.2 Long-term evolution of debris-flow activity 565 

Compared with the extensive research on coseismic landslides and vegetation 566 

recovery, the long-term evolution of post-earthquake debris-flow activity remains less 567 

well constrained. Previous studies suggested that enhanced landslide activity after the 568 

Wenchuan earthquake may last for about 10–20 years, based on landslide inventories 569 

and vegetation recovery (Fan et al., 2018; Tang et al., 2016; Yang et al., 2018b; Yunus 570 

et al., 2020). Other studies indicated that post-earthquake debris-flow activity may 571 

persist for more than 20 years because of the long-term storage and remobilization of 572 

coseismic sediment (Huang and Li, 2014; Zhang and Zhang, 2017; Xiong et al., 2021). 573 

The results of this study support the view that debris-flow activity can remain 574 

elevated for several decades after a large earthquake. The fitted AIDF trend shows a 575 

rapid post-earthquake increase followed by a gradual decline, reflecting the progressive 576 

depletion, redistribution, and stabilization of landslide-derived sediment. This long-577 
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term decline is consistent with reductions in active landslide area, decreasing LSSP, and 578 

weakening connectivity between sediment sources and debris-flow transport pathways. 579 

Nevertheless, the decline is not monotonic. Major rainfall events can temporarily 580 

increase debris-flow activity by remobilizing residual loose material, as indicated by 581 

the increase in AIDF around 2013. 582 

The comparison between modeled AIDF and recorded debris-flow frequency 583 

further suggests that the proposed index captures the main temporal pattern of post-584 

earthquake debris-flow activity. The agreement is strongest during major rainfall-585 

triggered periods, such as 2010 and 2013, when both abundant sediment availability 586 

and intense rainfall contributed to high debris-flow activity (Fig. 12). Some 587 

discrepancies between modeled and observed activity are expected because rainfall is 588 

spatially variable and event records are incomplete. Therefore, AIDF should be 589 

interpreted as a catchment-scale indicator of long-term activity tendency rather than an 590 

event-scale prediction tool. 591 

5.3 Limitations  592 

Although the proposed framework provides a quantitative assessment of long-term 593 

debris-flow activity, several limitations remain. First, rainfall forcing was represented 594 

by representative hourly rainfall intensity, whereas cumulative rainfall, antecedent 595 

rainfall, and rainfall duration can also influence debris-flow initiation. These factors 596 

should be incorporated when more complete rainfall records become available. Second, 597 

most rainfall data were obtained from stations near catchment outlets, which may not 598 
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fully represent rainfall conditions in the actual initiation zones. Orographic variations 599 

in rainfall may therefore introduce uncertainty into the estimated AIDF values. Third, 600 

the model focuses mainly on landslide-derived sediment supply from hillslopes and 601 

does not explicitly quantify sediment already stored within channels. As hillslope 602 

deposits are progressively transferred into channels after the earthquake, channel 603 

sediment storage and remobilization may become increasingly important. Finally, 604 

model validation was based on documented debris-flow events rather than direct 605 

simulation of event magnitude, such as volume, peak discharge, or runout distance. 606 

Despite these limitations, the framework provides a practical basis for evaluating long-607 

term changes in debris-flow activity where continuous field measurements are limited. 608 

6. Conclusions 609 

The 2008 Wenchuan earthquake generated widespread coseismic landslides and 610 

supplied large amounts of loose material on hillslopes and channels in the epicentral 611 

area. In this study, a catchment-scale framework was developed to evaluate the long-612 

term evolution of debris-flow activity by integrating LSSP, topographic conditions, and 613 

representative hourly rainfall intensity. The main conclusions are as follows: 614 

 (1) Multi-temporal landslide inventories show a clear reduction in active 615 

sediment sources after the earthquake. The active landslide area decreased from 122.05 616 

km² in 2008 to 30.55 km² in 2019, while recovery areas expanded progressively. During 617 

the post-earthquake period, active landslides became more concentrated in the northern 618 

part of the study area and tended to occur at relatively higher elevations. These changes 619 
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indicate a gradual weakening of the connection between landslide-derived sediment and 620 

debris-flow transport pathways. 621 

(2) LSSP increased sharply immediately after the earthquake because of the 622 

widespread generation of coseismic landslide deposits, and then declined over time. 623 

The decline was rapid during 2008–2011 and became more gradual afterwards, 624 

reflecting the depletion of readily mobilized material, progressive slope stabilization, 625 

and deposit consolidation. Nevertheless, LSSP in many catchments remained higher 626 

than the pre-earthquake level in 2019, indicating that residual loose material was still 627 

available for debris-flow initiation under suitable rainfall conditions.  628 

(3) The AIDF calculated by combining mean LSSP with representative hourly 629 

rainfall intensity, captured the main temporal pattern of observed debris-flow activity. 630 

AIDF decreased overall after its post-earthquake peak, although short-term increases 631 

occurred during major rainfall events. The fitted long-term trend suggests three stages 632 

of post-earthquake debris-flow activity: an active period from 2008 to 2013, a recession 633 

period from 2013 to 2048, and a relatively stable period after 2048. The latter two stages 634 

are inferred from the fitted trend and should be interpreted as a long-term tendency 635 

rather than a prediction of future rainfall conditions. 636 

Overall, the results indicate that debris-flow activity in the Wenchuan earthquake-637 

affected area may persist for several decades, mainly controlled by the gradual 638 

depletion, redistribution, and stabilization of landslide-derived sediment under rainfall 639 

forcing. The proposed framework provides a quantitative basis for assessing long-term 640 
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debris-flow activity in earthquake-affected mountain catchments. 641 
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Supplementary 816 

Table S1 Detailed topographic information for the 44 debris flow catchments. 817 

Debris Flow 

code 

Debris Flow 

name 

Area 

(km2) 

Channel 

length (km) 

Relief (km) 

Channel 

gradient (‰) 

DF01 Chediguan 16.46 7.49 2.32 310.24 

DF02 Chutou 21.68 8.63 2.88 333.92 

DF03 Dacaotou 5.61 4.05 1.60 395.16 

DF04 Dashibao 0.40 1.51 1.10 728.06 

DF05 Douyaping 2.80 2.91 1.74 596.56 

DF06 Fotangba 34.55 8.94 2.43 271.63 

DF07 Gangou 1.42 1.92 1.05 548.40 

DF08 Gaodian 7.51 4.60 2.31 502.83 

DF09 Gaojia 3.78 3.19 1.78 559.95 

DF10 Hongchun 5.49 3.70 1.26 341.45 

DF11 Huaxi 10.32 6.36 1.90 298.13 

https://doi.org/10.1016/j.jhydrol.2019.123932
https://doi.org/10.1007/978-3-319-09057-3_88
https://doi.org/10.1007/978-3-319-09057-3_88
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DF12 Huanglian 24.25 10.22 2.78 272.06 

DF13 Huangni 2.25 2.18 1.57 720.16 

DF14 Louwailou 1.78 2.53 1.74 686.16 

DF15 Luoquanwan 28.50 9.11 2.42 265.91 

DF16 Luoshi 1.31 2.04 1.49 732.63 

DF17 Maxi 15.78 7.60 1.86 244.94 

DF18 Mayangdian 2.11 2.73 1.82 666.21 

DF19 Mozi 5.52 1.17 0.86 734.40 

DF20 Mujiangping 2.51 4.64 1.64 353.59 

DF21 Niudaoping 3.39 3.14 1.50 479.16 

DF22 Niujuan 10.68 3.27 1.84 560.97 

DF23 Qingshui 3.38 6.33 1.83 289.99 

DF24 Shangyanshui 2.51 3.93 2.24 570.23 

DF25 Shaofang 0.62 2.96 1.85 625.43 

DF26 Supodian 2.95 1.68 0.94 560.90 

DF27 Taiping 27.19 2.91 1.56 537.69 

DF28 Taoguan 51.71 9.11 2.28 249.70 

DF29 Wasi 1.58 14.18 2.97 209.52 

DF30 Wayao 1.71 2.07 1.43 692.54 

DF31 Wuji 7.40 2.84 1.78 627.73 

DF32 Xiayanshui 1.31 5.20 2.60 500.66 
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DF33 Xiangjia 1.70 2.03 1.52 747.75 

DF34 Xiaojia 7.98 3.37 2.08 618.51 

DF35 Xiaogou 39.94 4.38 2.39 545.02 

DF36 Xiaoyin 23.54 11.15 3.16 283.56 

DF37 Xiezi 3.92 3.18 2.25 707.62 

DF38 Yangxianger 24.33 3.78 2.03 537.23 

DF39 Yeniu 3.60 3.63 1.68 461.35 

DF40 Yiwanshui 7.19 9.94 2.96 297.89 

DF41 Yiwanshuixi 7.22 3.34 2.53 759.33 

DF42 Yinjiaba 7.71 5.04 2.53 502.62 

DF43 Yinchang 7.05 4.21 1.99 471.87 

DF44 Yinxingping 1.61 5.53 2.48 447.74 

818 
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Table S2 Quantitative parameters of the spatial distribution of sediment supply in the study area. SDI denotes the distribution integral of sediment supply; RSDI_o and 819 

RSDI_c are used as abbreviations for RSDIoutlet and RSDIchannel, representing the distribution integrals relative to the catchment outlet and the main channel, 820 

respectively. 821 

 822 

Gully code 

Year 

2008 2011 2012 2013 2015 2019 

SDI RSDIo RSDIc SDI RSDIo RSDIc SDI RSDIo RSDIc SDI RSDIo RSDIc SDI RSDIo RSDIc SDI RSDIo RSDIc 

DF01 0.37 0.68 0.82 0.41 0.63 0.83 0.41 0.62 0.8 0.4 0.64 0.84 0.44 0.61 0.82 0.45 0.6 0.82 

DF02 0.39 0.55 0.76 0.44 0.47 0.79 0.46 0.45 0.76 0.44 0.47 0.76 0.46 0.47 0.75 0.46 0.46 0.73 

DF03 0.33 0.73 0.63 0.44 0.63 0.48 0.49 0.56 0.45 0.46 0.64 0.45 0.46 0.65 0.44 0.64 0.33 0.94 

DF04 0.36 0.7 0.9 0.41 0.65 0.76 0.58 0.47 0.86 0.47 0.57 0.61 0.56 0.49 0.76 0.56 0.49 0.76 

DF05 0.48 0.53 0.87 0.56 0.45 0.86 0.67 0.32 0.8 0.58 0.42 0.87 0.64 0.36 0.82 0.58 0.42 0.82 

DF06 0.35 0.64 0.77 0.43 0.53 0.73 0.46 0.5 0.7 0.4 0.57 0.73 0.43 0.55 0.71 0.47 0.51 0.69 
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DF07 0.42 0.62 0.87 0.5 0.53 0.9 0.81 0.15 0.96 0.65 0.37 0.91 0.66 0.36 0.9 0.64 0.39 0.9 

DF08 0.45 0.51 0.83 0.61 0.33 0.78 0.62 0.33 0.78 0.62 0.32 0.76 0.67 0.26 0.74 0.67 0.22 0.74 

DF09 0.45 0.62 0.74 0.53 0.58 0.74 0.52 0.58 0.78 0.5 0.72 0.75 0.47 0.65 0.77 0.5 0.64 0.73 

DF10 0.42 0.59 0.76 0.54 0.47 0.67 0.55 0.45 0.67 0.56 0.47 0.76 0.55 0.48 0.74 0.54 0.46 0.64 

DF11 0.4 0.65 0.91 0.34 0.75 0.93 0.35 0.74 0.92 0.34 0.74 0.93 0.37 0.71 0.92 0.34 0.76 0.93 

DF12 0.51 0.52 0.75 0.5 0.54 0.77 0.55 0.47 0.75 0.5 0.53 0.78 0.4 0.66 0.8 0.4 0.66 0.8 

DF13 0.37 0.7 0.87 0.41 0.68 0.9 0.4 0.35 0.95 0.39 0.72 0.94 0.52 0.6 0.88 0.52 0.59 0.88 

DF14 0.46 0.65 0.71 0.48 0.63 0.73 0.55 0.57 0.65 0.5 0.61 0.66 0.51 0.66 0.65 0.35 0.79 0.67 

DF15 0.4 0.6 0.76 0.46 0.53 0.75 0.51 0.49 0.75 0.41 0.61 0.72 0.47 0.51 0.74 0.48 0.51 0.73 

DF16 0.45 0.66 0.81 0.53 0.58 0.77 0.7 0.37 0.7 0.57 0.62 0.63 0.6 0.55 0.71 0.6 0.54 0.76 

DF17 0.54 0.43 0.73 0.63 0.34 0.68 0.64 0.33 0.67 0.63 0.32 0.7 0.66 0.3 0.72 0.66 0.3 0.71 

DF18 0.47 0.55 0.87 0.54 0.49 0.86 0.61 0.41 0.83 0.56 0.46 0.87 0.52 0.5 0.85 0.5 0.52 0.84 
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DF19 0.36 0.69 0.79 0.45 0.61 0.69 0.48 0.55 0.74 0.49 0.59 0.72 0.47 0.59 0.7 0.45 0.61 0.73 

DF20 0.49 0.56 0.87 0.49 0.59 0.88 0.48 0.56 0.7 0.39 0.66 0.76 0.62 0.41 0.89 0.62 0.46 0.9 

DF21 0.37 0.67 0.9 0.33 0.69 0.88 0.35 0.67 0.91 0.38 0.66 0.9 0.42 0.61 0.9 0.42 0.64 0.89 

DF22 0.49 0.52 0.71 0.56 0.43 0.71 0.65 0.41 0.63 0.63 0.66 0.61 0.63 0.44 0.59 0.64 0.44 0.59 

DF23 0.51 0.57 0.85 0.47 0.62 0.81 0.49 0.59 0.82 0.41 0.66 0.85 0.41 0.66 0.86 0.34 0.76 0.61 

DF24 0.46 0.59 0.91 0.59 0.47 0.86 0.57 0.49 0.88 0.53 0.54 0.9 0.45 0.68 0.9 0.5 0.53 0.94 

DF25 0.36 0.63 0.76 0.41 0.58 0.76 0.45 0.55 0.75 0.56 0.47 0.41 0.56 0.47 0.41 0.5 0.46 0.8 

DF26 0.57 0.46 0.77 0.5 0.57 0.73 0.48 0.59 0.77 0.65 0.43 0.63 0.63 0.45 0.64 0.63 0.4 0.62 

DF27 0.39 0.64 0.77 0.45 0.56 0.75 0.46 0.56 0.74 0.49 0.51 0.78 0.5 0.47 0.79 0.5 0.48 0.79 

DF28 0.36 0.59 0.73 0.44 0.52 0.7 0.63 0.4 0.68 0.43 0.53 0.74 0.44 0.52 0.71 0.47 0.49 0.71 

DF29 0.48 0.43 0.81 0.53 0.38 0.81 0.63 0.28 0.8 0.53 0.38 0.81 0.46 0.44 0.81 0.53 0.39 0.81 

DF30 0.41 0.57 0.86 0.49 0.49 0.7 0.45 0.64 0.78 0.48 0.51 0.74 0.48 0.51 0.71 0.35 0.62 0.73 
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DF31 0.57 0.56 0.84 0.61 0.52 0.84 0.58 0.56 0.86 0.62 0.51 0.88 0.63 0.36 0.87 0.39 0.79 0.85 

DF32 0.43 0.58 0.74 0.63 0.33 0.71 0.64 0.3 0.82 0.39 0.53 0.96 0.45 0.48 0.97 0.36 0.56 0.96 

DF33 0.54 0.52 0.89 0.59 0.47 0.9 0.73 0.33 0.91 0.59 0.47 0.92 0.64 0.43 0.93 0.64 0.43 0.93 

DF34 0.37 0.6 0.82 0.43 0.54 0.79 0.49 0.47 0.79 0.46 0.51 0.78 0.55 0.4 0.74 0.55 0.41 0.75 

DF35 0.49 0.53 0.7 0.58 0.47 0.64 0.6 0.45 0.63 0.61 0.43 0.63 0.52 0.53 0.69 0.53 0.53 0.68 

DF36 0.44 0.65 0.76 0.51 0.58 0.7 0.55 0.54 0.7 0.56 0.52 0.7 0.53 0.57 0.69 0.53 0.57 0.68 

DF37 0.58 0.47 0.8 0.64 0.41 0.76 0.75 0.31 0.76 0.75 0.31 0.77 0.73 0.35 0.76 0.72 0.36 0.75 

DF38 0.4 0.55 0.8 0.46 0.5 0.76 0.47 0.49 0.76 0.49 0.46 0.77 0.5 0.43 0.76 0.5 0.43 0.75 

DF39 0.4 0.72 0.69 0.47 0.71 0.59 0.47 0.7 0.59 0.53 0.65 0.62 0.52 0.68 0.51 0.52 0.69 0.5 

DF40 0.47 0.56 0.83 0.53 0.51 0.78 0.57 0.47 0.74 0.5 0.54 0.78 0.49 0.5 0.79 0.53 0.5 0.77 

DF41 0.28 0.75 0.89 0.18 0.86 0.89 0.2 0.84 0.89 0.24 0.8 0.93 0.29 0.74 0.93 0.25 0.79 0.95 

DF42 0.44 0.65 0.78 0.46 0.67 0.74 0.46 0.67 0.73 0.46 0.66 0.75 0.44 0.7 0.75 0.44 0.7 0.74 



 

54 

 

DF43 0.44 0.53 0.82 0.52 0.44 0.82 0.55 0.42 0.78 0.53 0.42 0.78 0.55 0.41 0.78 0.59 0.37 0.79 

DF44 0.5 0.51 0.8 0.61 0.42 0.83 0.66 0.39 0.81 0.63 0.4 0.85 0.63 0.38 0.92 0.61 0.4 0.91 

 823 

 824 


