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Large earthquakes can trigger landslides and collapses, which not only increase the mass
of loose solid materials but also change the topography of catchments. Debris flow activity
in response to earthquakes is of widespread concern; however, most studies have
focused on the material conditions and flow property variations prior to and after
earthquakes. In this study, we investigate temporal variations in the debris flow activity
in a typical catchment in the Wenchuan Earthquake area via the sediment connectivity
index (IC), which reflects the sediment delivery efficiency in the catchment. The IC values in
different tributaries and during different time periods were calculated to determine their
spatial distribution and temporal variations. The results show that high IC values are
distributed in downstream tributaries near the main fault. The IC values decreased
significantly following a 2008 Wenchuan Earthquake, indicating a continuous decrease
in the sediment transfer ability. The debris flow history and loose solid material amounts
were also investigated via field surveys. The debris flow activity is closely related to
variations in the solid material source amounts and the IC values in the catchment. This
study provides a new insight into the assessment of debris flow activity with respect to its
close relationship with the distribution of loose solid materials and the sediment
connectivity.

Keywords: debris-flow activity, sediment connectivity, material source, Wenchuan Earthquake, geomorphometry

1 INTRODUCTION

Earthquakes that occur in mountains can instantaneously change landscapes, release massive
amounts of energy, and trigger large numbers of landslides as sources of debris flows.
Earthquakes play an important role in increasing erosion, sediment transport, and deposition
(Pearce and Watson, 1983; Pearce and Watson, 1986; Guo et al., 2016; Fan et al., 2019a; Hu et al.,
2019). For example, an earthquake that occurred on May 12, 2008, in Wenchuan County, Sichuan
Province, China, triggered more than 56,000 landslides and collapses (Parker et al., 2011; Fan et al.,
2019a), with abundant loose solid materials retained in channels and on hillslopes. Debris flows
subsequently occurred very frequently in the following years, especially in the rainy seasons in
neighboring catchments close to the epicenter (Cui et al., 2009; Guo et al., 2015; Guo et al., 2016; Fan
et al., 2019a). The influence of an earthquake is estimated to last more than 20 years (Dadson et al.,
2004; Tang et al., 2009; Guo et al., 2016). Therefore, it is necessary, both scientifically and practically,
to assess the debris flow activity and its temporal evolution.
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FIGURE 1 | Topography, land use, and channel profile of the Qipangou Valley.
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FIGURE 2 | Recorded debris flow occurrences and volumes in
Qipangou Valley since 1970.

Earthquakes influence debris flows by creating numerous
material sources for debris flows and by changing the
topography of the slopes and channels, both of which need
to be considered in evaluations of post-earthquake debris
flows. Previous studies have indicated that there are
temporal variations in the post-earthquake debris flow
activity; for example, Fan et al. (2019a) proposed spatial
and temporal patterns of enhanced mass wasting based on

multi-temporal inventories of coseismic landslides and
collapses. Guo et al. (2021) proposed variations in the
characteristics of debris flows using actual monitoring data
and presented increased triggering conditions after analyzing
the hydrological process of debris flow formation. However,
the effect of topographic variations is rarely considered.

Connectivity is a concept that represents the materials and
energy transfer in a catchment system. It can be expressed at
different spatio-temporal scales and is widely used in fields such
as hydrology, geomorphology, geography, and landscape
ecology (Michaelides and Chappell, 2009). Connectivity
represents the linkage of sediment transfer in different parts
of a catchment (e.g., the progress of sediment from sources
thorough the catchment to the outlet) and is crucial to sediment
redistribution over a landscape (Bracken et al., 2015; Najafi
et al., 2021). It also provides a constructive framework to
describe both the erosion and deposition processes of
sediment transport with respect to the spatio-temporal
variability of a catchment (Wainwright et al, 2011) and
reflects the pathways of runoff and sediment at a given time
as an effective concept for sediment management (Heckmann
and Vericat, 2018).

Debris flows represent a special type of sediment transfer
behavior in a catchment, involving a large amount material
movement in a very short period. High connectivity indicates
that a debris flow can be easily transferred downstream from its
source in a catchment. Nevertheless, the sediment connectivity
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FIGURE 3 | Field investigation and remote sensing images in Qipangou valley (A,B) photography of Qipangou valley (C,D) Ikonos images and UAV images of

Qipangou valley.
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FIGURE 4 | Definition of the sediment connectivity index (IC; Borselli
et al., 2008).

is not static; changes in the connectivity not only usually affect
the development process of a debris flow, such as the addition

of materials and the efficiency of sediment delivery, but can
also be used as an index with which to assess the debris flow
activity.

As a proxy variable, sediment connectivity is not measured
directly. Various indices, existing models, and graph theories
have been proposed and employed to quantify the sediment
connectivity (Borselli et al., 2008; Hoffmann, 2015; Cossart
and Fressard, 2017; Sadeghi et al., 2017; Zanandrea et al., 2019;
Pearson et al., 2020; Najafi et al., 2021). In general, it is
expressed by the sediment connectivity index (IC), which is
calculated using factors affecting the sediment yield
and transport, such as topographic characteristics and the
vegetative cover (Foerster et al., 2014; Lisenby and Fryirs,
2017; Zanandrea et al, 2021). A model for calculating
the IC value on a slope and in a small headwater
catchment has been proposed (Borselli et al., 2008; Cavalli
et al., 2013) based on the topographic characteristics of the
catchment.

The debris flows are a special sediment transfer in a
catchment. Debris flows strongly control sediment transfer
patterns in mountainous catchments and their frequent and
geomorphic changes are rapid. Recently, sediment
connectivity method has been used in debris flows transfer
(Abattietal., 2021) and the high IC values have a superposition
with debris flows path. So, sediment connectivity could be used
to describe the potential transfer path for debris flows. It is a
linkage of materials movements, no matter the materials come
from general sediment transfer or debris flows. Here, we use
this approach to investigate how the connectivity and
topographic variations in a debris flow catchment, which
has more extensive and complex sediment transfer behavior
than a single slope, correspond to the debris flow activity in
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TABLE 1 | Potential debris flow sources in the catchment.

River Area (km2) Length (km)
Main stream 54.2 14.5
1 2.58 3.22
2 1 1.13
3 2.52 1.46
4 5.49 3.05
5 3.81 4.26
6 1.13 0.97
7 2.88 2.86
8 1.91 0.94
9 5.57 2.57
10 2.09 3.24
iR 0.96 2.76
12 2.19 1.82
13 418 1.15
14 0.75 0.66
15 1.29 1.32

that catchment. We investigate how the variation in the loose
solid materials and the sediment connectivity of a debris flow is
influenced by an earthquake. Both the spatial distribution and
the temporal variation of the loose solid materials and
sediment connectivity were analyzed in a catchment to
study the effect of an earthquake on the debris flow activity
in the 2008 Wenchuan Earthquake area.

2 STUDY SITE

The Qipangou Valley was selected to assess the debris flow activity in
response to an earthquake. This valley is situated in Wenchuan
County in Sichuan Province, southwestern China, approximately
44 km from the epicenter of the 2008 Wenchuan Earthquake. It is a
tributary of the Minjiang River and covers an area of 54.2 km”. The
elevation ranges from 1320 m at the basin outlet to 4360 m at the
mountain ridge. The channel is 15.8-km long and the channel
gradient is approximately 180%o. Mid-alpine mountains and deep
canyon landforms characterize the catchment. It hosts a variety of
glacial-erosion geomorphic structures, including a horn, cirque, and
hanging valley above 3000 m. In contrast, in the main channel, the
catchment is characterized by a deep-cutting V-shaped valley.

The average annual mean precipitation is 530 mm. The catchment
is situated in the southern part of the Jiudingshan Cathaysian tectonic
belt and is a part of the interstitial fold subsystem of the Ganzi-
Songpan geosynclinal belt and the Yangtze Platform. The lithology is
principally composed of dolomite, diorite, and granite, which have
developed rock joints and fissures over time. As a result of the hard
rocks and the stable vegetation, the primary sediment source for
debris flows prior to 2008 was shallow slope sediments near the outlet.
Debris flows occurred with low frequency and contained small
amounts of sediment as a result of the dry climate conditions and
limited source materials.

The catchment was significantly affected by the 2008 Wenchuan
Earthquake, which caused large-scale collapses and landslides; for
example, earthquake-related landslides occurred over 22% of the
area in 2010 (Figure 1). The most disastrous debris flows event
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occurred on July 11, 2013; this event was triggered by a storm with
118 mm of rainfall and resulted in eight deaths and six missing,
caused infrastructure destruction, and blocked the Minjiang River,
forming a dammed lake. Associated debris flows are still currently
active, indicating the necessity of assessing the debris flow activity in
this region (Figure 2). From 2014 to 2021, we took many field
investigations in Qipangou valley, and many data have been
acquired, especially the real-time distribution of landslides and
collapses after the 2008 Wenchuan Earthquake. Therefore,
Qipangou valley is the best for this research.

3 DATA SOURCES AND METHODS
3.1 Data Acquisition

The geographic information data used for this study consisted of
digital elevation models (DEMs) and remote-sensing images. The
studied time period was divided into periods before 2008, from 2008
to 2013, and after 2013, based on two catastrophic events: the
Wenchuan Earthquake on May 12, 2008, and the debris flow on July
11, 2013. The DEM derived from the SRTM data in 2008 with a
resolution of 30 m x 30 m, ALOS PALSAR data collected in 2010
with a horizontal accuracy of 12.5 m x 12.5 m, and an unmanned
aerial vehicle DEM with a resolution of 12.5 m x 12.5 m were used
for the topographic analyses in the different time periods. The aerial
photographs from Landsat-4/5 on June 30, 2000, with a resolution of
30 m x 30 m, Ikonos on May 23, 2008, with a resolution of 1 m x
1 m, and an unmanned aerial vehicle on July 13, 2013, with a
resolution of 1 m x 1 m, were used to determine the land use and
analyze the debris flow sources in the different time periods
(Figure 3).

3.2 Methods to Identify IC

In this study, we use IC to represent the potential debris flows
transfer pathway and to describe the storage capacity of a debris
flow catchment. IC is a dimensionless parameter that has upslope
and downslope components and is therefore used to express the
sediment transport and the potential connectivity between units
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FIGURE 5 | Distribution of loose source materials for debris flows. (A) Debris flow sources in 2000, prior to the 2008 Wenchuan Earthquake. (B) Debris flow
sources in 2008, just after the earthquake. (C) Debris flow sources in 2013, after a catastrophic debris flow.
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(Figure 4). It is calculated using Eq. 1 (Crema and Cavalli, 2018),
which describes the sediment changes over an entire catchment.
The upslope component describes the main distribution of the
sediment yield, and the amount of loose solid materials is related
to the slope and the area. Sediment transfer primarily takes places
in the channels in the downslope component and is influenced by
the runoff length and the channel slope. The ratio of the upslope
and downslope sediments could represent the sediment transfer
efficiency from upslope to downslope.

D, ng
IC = loglo(D—P) =log = A (1)

| S
down z wis;
1

Here, D,, and Dy, are the upslope and downslope
components, respectively, of the connectivity in the catchment;
s indicates the slope in D,,, and Dy, [m/m]; A is the upslope
contributing area [m’]; and w is the weighing factor for the upslope
and downslope. In this paper, sediment connectivity is mainly
expressed the potential sediment transfer pathway, which
influenced by terrain characteristics. So that w is replaced with
the roughness in this paper, which is the impedances for sediment
transfer and computed as the standard deviation of the residual
topography at a scale of few meters. (Cavalli et al., 2013). d; is the
length of each cell along the sediment transfer pathway [m]; w; is
the weight of each cell, which represent the roughness in this paper;
and s; is the slope gradient of each cell [m/m]. IC is computed using
the two slope components and is defined in the range of [— oo, +eo].

4 RESULTS

4.1 Debris Flow Sources in the Catchment
4.1.1 Amount and Distribution of Debris Flow Sources
in the Catchment

According to field investigations and the remote-sensing
interpretation, shallow slope failures, landslides, and loose solid

accumulations in the channels are the main sources of the debris
flows. Of these, slope sources, including landslides and shallow
failures, can potentially increase the sediment connectivity,
whereas solid materials in channels can decrease the
connectivity (Zhou et al., 2022).

Landslides and collapses are the main source types on
hillslopes in the headwater regions and along the main
channel. These sources generally occur on steep slopes of
20-40°. An earthquake can devastate the vegetation (forest,
shrub, and grass) on the original slopes and increase the
slope surface runoff, which can increase the slope erosion.
The surface runoff may deeply cut the slope surface and
form a channel on the slope, transferring material from the
upper slope to the toe of the slope. In addition, an earthquake
may cause multiple cracks on the heads of hillslopes, which
increases the potential for post-earthquake landslides. These
types of slope failures increase the sediment connectivity from
the slopes to the channels.

There are several types of channel materials. For example,
deposits from coseismic landslides may accumulate in the
channels and increase the roughness. Shallow slope deposits
on both sides of the channels may partially block the channels
and increase their curvature. Compared with natural
landslides, individual deposits may be smaller in
amount but occur in larger numbers. Shallow rills formed
on the slopes also contribute materials to debris flows
during rainstorms. These accumulations greatly raise the
channel bed; for example, the field survey indicated that the
main channel was uniformly raised by approximately 3 m
after the debris flow in 2013. Accumulations also change the
slope gradient and increase the impedance for debris
flows, which decreases the sediment connectivity in the
channels.

To quantify the amount of source materials, remote-sensing
images were used to analyze the distribution and areas of the
slope sources. Then, Eqs 2, 3 (Larsen et al., 2010; Li et al., 2014)
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were used to calculate the volumes of the loose solid materials on
the slopes and in the channel, respectively.
V = aA’
V = Ah

2)
©)

In Eq. 2, V'is volume of the landslide on the slope; A is area of
the landslide; a is the intercept, and y is a scaling exponent.
Researchers set a to 0.146 and y to 1.332, which computed by
collecting a large number of landslides all over the world. In Eq. 3,
V is the volume of sediment in the main channel, A is area of
deposits in the channel, and h is the average thickness of the
sediment in the channel. In this paper, h is set to 3 by the field
survey.

The calculated amounts of loose materials in the catchment
are listed in Table 1. Shortly after the earthquake in 2008, the
loose materials were primarily distributed in the tributaries in the
middle part of the catchment; this may reflect the close proximity
of this region to the active fault (Figure 1). The amounts of
potential solid materials in tributaries 2, 3, and 4, all of which have
areas of approximately 1 km* on the right-hand side of the main
channel, were found to be 11.25 x 10* m?, 1.6 x 10* m’, and 2.25 x
10* m?, respectively. Tributary 15 contributed the largest amount

of material sources on the left-hand side of the main channel and
is also close to the fault. The total volume of material sources was
found to be 8.6 x 10*m> (Table 1).

4.1.2 Temporal Variations in the Debris Flow Source
Material Amounts

The loose materials resulting from the Wenchuan Earthquake
were transferred in the years following the earthquake.
Therefore, the variation in the potential sources is of great
interest. Accordingly, the spatial distribution and amounts of
loose solid materials in different periods need to be
determined.

The total area of landslides and collapses was 1.4 x 10* m?; the
volume of 1.1 x 10*m® calculated in 2000 represents the
conditions prior to the earthquake (Figure 5A). The sources
were primarily landslides and collapses on the hillslopes in the
middle of the catchment and downstream. This amount was not
sufficient to form large-scale debris flows.

The 2008 Wenchuan Earthquake triggered multiple landslides
on the hillslopes, which then subsequently accumulated in the
channels. Therefore, the amount of source materials for debris
flows increased significantly. Remote-image interpretation
indicates that the earthquake triggered 983 coseismic
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FIGURE 7 | Topographic variation in response to the earthquake (A-C) Slope variation in 2000, 2008, and 2014, respectively. (D) Channel steepness index
variation in the Qipangou catchment. (E) Average slope of the main channel in 2000, 2010, and 2014. (F) Main stream longitudinal slope gradient in 2000, 2010,

FIGURE 8 | (A) Dammed lake formed by the earthquake and (B) artificial dam in the catchment.

landslides and a large amount of loose deposits in the catchment,
with a total landslide area of 1307 x 10* m?, covering 24.3% of the
catchment. The volumes of loose solid materials were 125.6 x
10°m’ and 70.2 x 10°m’ on the slopes and in the channels,
respectively (Figure 5B).

The available source materials definitely increased the
debris-flow frequency and scale. However, these materials
were then transported out of the catchment in the form of
debris flows and other fluvial mechanisms (e.g., hyper-
concentration flows and debris floods). In addition, the

natural vegetative recovery decreased the areas and the
volumes of the landslides. In 2013, the landslide area was
calculated to be 901.46 x 10* m?, consisting of 603.36 x 10* m?
on the hillslope and 298.1 x 10*m® in the main
channel (Figure 5C). The volume of sources on the slope
was 83.3 x 10°m?, less than the volume in 2008, and the
volume in the channel was 62.9 x 10° m>, 10.4% less than the
volume in 2008.

The variation in the normalized difference vegetation index
(NDVI) reveals the variation in the vegetation and the landslide
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TABLE 2 | Sediment connectivity index (IC) values in 2000, 2010, and 2014.

River IC Value
2000 2010 2014

Max min Mean Max Min Mean Max min Mean
Main river 5.01 -2.79 0.11 2.24 -6.99 -3.85 -0.83 -11.70 -9.30
1# tributary 2.22 -0.55 0.57 1.26 -4.96 -3.67 -2.56 -10.48 -9.20
2# tributary 1.92 -0.39 0.41 -1.80 -4.92 -3.80 -7.30 -10.41 -9.18
3# tributary 1.23 -0.84 0.08 -0.04 -5.20 -3.96 -7.76 -10.37 -9.27
44 tributary 1.45 -0.79 -0.04 1.98 -5.23 -4.01 -1.86 -10.80 -9.37
5# tributary 1.47 -0.95 -0.04 2.07 -5.85 -4.02 -1.55 -10.78 -9.29
6# tributary 1.44 -0.80 -0.05 -2.67 -4.77 -3.94 -8.06 -10.03 -9.27
T# tributary 1.24 -0.86 -0.02 -2.27 -5.19 -4.00 -0.83 -10.56 -9.23
8# tributary 1.13 -0.97 -0.12 1.72 -6.49 -4.04 -1.34 -11.02 -9.35
9# tributary 1.00 -2.79 -0.24 1.69 -6.99 -4.25 -1.81 -11.18 -9.43
10# tributary 1.06 -1.06 0 2.24 -6.22 -3.96 -1.21 -10.37 -9.20
11# tributary 5.01 -0.63 -0.05 1.89 -5.02 -4.04 -8.09 -10.16 -9.30
12# tributary 1.08 -0.87 -0.04 1.24 -5.40 -4.09 -7.87 -10.67 -9.33
13# tributary 1.26 -0.78 0.02 1.59 -6.36 -4.05 -7.78 -10.65 -9.35
144# tributary 0.98 -0.78 0.15 -3.05 -5.07 -4.11 -8.32 -10.58 -9.36
15# tributary 1.25 -0.19 0.33 1.94 -4.56 -3.72 -7.98 -10.16 -9.28

area in the catchment. Prior to the earthquake, areas with NDVI
>0.4, representing high vegetative cover, dominated the
catchment, accounting for 80% of the total area. Meanwhile,
in 2008, this area decreased to 62.6% and areas with NDVI <0.2,

which represents nearly bare land, accounted for 18.25% of the
total area. In 2013, the area with NDVI >0.4 recovered to 72.8%
and areas with NDVI <0.2 accounted for 2.3% of the total area
(Figure 6).
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FIGURE 10 | Distribution of the IC values in the 15 tributaries. (A) Sediment connectivity in 2000, prior to the 2008 Wenchuan Earthquake. (B) Mean IC values of the
15 tributaries in 2000. (C) Sediment connectivity in 2010. (D) Mean IC values of the 15 tributaries in 2010. (E) Sediment connectivity in 2014. (F) Mean IC values of the 15

TABLE 3 | IC values in the channels and on the slopes.

Site IC Value
2000 2010 2014

Max min Mean Max min Mean Max min Mean
Whole catchment channel 3.86 2.41 0.73 0.71 6.99 -3.33 7.22 10.76 -9.16
slope 5.01 2.79 0.07 2.24 6.83 -4.00 0.83 11.70 -9.31
1# tributary channel 2.22 0.02 1.07 1.67 4.64 -2.98 7.22 10.15 -8.90
slope 1.63 0.55 0.55 2.40 4.96 -3.69 7.86 10.48 -9.20
9# tributary channel 1.00 1.15 0.24 2.61 6.99 -3.85 9.08 10.76 -9.38
slope 0.83 2.79 -0.26 1.69 6.83 -4.26 1.81 11.18 -9.43

4.2 Topographic Variation in Response to
the Earthquake

The local topography in the catchment also changed significantly
as a result of the earthquake and the following sediment
transformation activities.

As previously mentioned, debris flows in the tributaries have a
significant influence on the main channel by not only suppling
sediment accumulation to the main channel but also by changing
the local terrain. The maximum slope in the catchment decreased

from 77.2° in 2000 to 72.9° in 2010 and 69.6° in 2014. However,
the area with slope >40° increased with time. The area was 139.4 x
10* m?, accounting for 2.57% of the total area prior to 2000. The
earthquake triggered landslides and mass movements on the
slope, which caused the slope to steepen; the area with slope
>40" increased to 142.3 x 10* m?, accounting for 2.63% of the total
area in 2008, shortly after the earthquake. This area increased
further to 161.64 x 10* m?, accounting for 3.0% of the total area in
2014. This can be attributed to repeated erosion events on the
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FIGURE 11 | Distribution of the IC values in tributary 1 near the outlet.

slopes caused by rainfall, increasing the local gradient of slope, as
well as the failure of the slope toe triggered by the channel runoff,
which induced additional landslide events and increased the slope
gradient (Figures 7A-C).

The channel steepness index reflects the steepness of the entire
channel profile (Trauerstein et al., 2013). Affected by the 2008
Wenchuan Earthquake, the high steepness of the main river
decreased. Before and after the earthquake, the change was
quick, while from 2008 to 2014, the rate of change slowed
down (Figure 7D). The average slope of the main Qipangou
River changed slowly (Figure 7E), and the longitudinal slope
gradient of the main stream increased; this is an important factor
affecting the hydrodynamic conditions in the river (Figure 7F).
After the earthquake, large amounts of loose solid materials were
deposited in the channel and the riverbeds that were steep prior to
the earthquake were filled after the earthquake. The main river
was therefore relatively gentle. However, the debris flows
scrapped the channel after the earthquake, such that the
average groove gradient then increased.

The local channel topography has also changed with time.
First, the loose materials triggered by the earthquake accumulated

in the channels causing the channel beds to raise. Second, the
deposits of debris flows in tributary 2 blocked the main stream
and generated a quake lake (Figure 8A), which suffered an
outburst in 2009. In 2010, dams were built downstream, which
intercepted the debris flow movements (Figure 8B). Initially, the
dams decreased the smoothness of the channel, further
decreasing the sediment connectivity. However, later, debris
flows may fill up the dams and raise the main channel.

4.3 Spatio-Temporal Variation in the

Sediment Connectivity of the Debris Flows
4.3.1 Temporal Variations in IC

The material transformation process occurs from the slope to the
channel and then to the outlet of the catchment. Therefore,
topographic variations influence the sediment connectivity in
this catchment. The IC values in the total catchment and in the 15
tributaries in 2000, 2010, and 2014 were calculated using Eq. 1. In
each time period, the values in the 15 tributaries are found to fit a
Gaussian distribution, which provides a method to obtain a mean
value to represent the characteristics of the sediment connectivity
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of the catchment (Figure 9). The derived values are listed in
Table 2.

The IC values ranged from —2.79 to 5.01, with a mean value of
1.11 in 2000 prior to the earthquake (Figure 9A). The high
sediment connectivity regions were distributed in the
downstream region of the catchment and along the runoff
pathway in the channels; the mean IC value in the channel
was 0.73, and that on the slope was 0.07.

In 2010, the IC values ranged from 2.24 to —6.99, with a mean
value of —3.85. The mean IC values were —4.00 and —3.33 on the
slopes and in the channels, respectively; both values were lower
than those in 2000. This indicates that the sediment connectivity
of the debris flows decreased. The IC value decreased on the
hillslopes because landslides and collapses destroyed the ground
cover, such that boulders were stored on the slope, increasing the
impedance for sediment movement. In the channels, the IC value
decreased because of the abundant materials accumulated from

the landslides, collapses, and slope failures of other forms
triggered by the earthquake and because the debris flow
deposits from the tributaries partially blocked the main channel.

In 2014, the IC values ranged between —0.83 and —11.7, with a
mean value of —9.30. The mean IC values on the slopes and in the
channels were —9.31 and -9.16, respectively, both values being
lower than those in 2010. On the slopes, the vegetative recovery
increased the roughness, therefore decreasing the connectivity. In
the channels, the decreasing values were primarily a result of the
formation of debris flow dams, which significantly blocked the
transportation of materials.

4.3.2 Spatial Distributions of IC

The IC value is not evenly distributed in the catchment, as shown
in Figure 10. Prior to the earthquake, the IC values in the
tributaries close to the catchment outlet (downstream) were
higher than those in other tributaries; however, the earthquake
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FIGURE 13 | Comparing the distribution of landslides and collapses with

the distribution of the sediment connectivity in tributary 1 in (A) 2010 and (B)
2014. In 2010, the distribution of landslides and collapses is consistent with
distribution of high IC values. In 2014, the areas of landslide and

collapses are decreasing, as are the areas with high IC values.

caused the IC values to become more evenly distributed
throughout the catchment. As Figure 9 shows, the standard
deviation in the values in all 15 tributaries is decreasing and
homogeneous after the earthquake.

Tributaries 1 and 9, which are located in the downstream and
upper stream regions of the catchment, respectively, are taken as
examples (Figures 11, 12). Prior to the earthquake, the mean IC
value in tributary 1 was 0.57; this decreased to —3.67 and —9.20 in
2010 and 2014 (Figures 11A-F), respectively. In tributary 9, the
mean value in 2000 was 0.57; this decreased to —4.25 and —9.43 in
2010 and 2014 (Figures 12A-F), respectively. The values
decreased temporally in both tributaries after the earthquake,
and the degree of the decrease in tributary 1 was much higher
than that in tributary 9 (4.42 and 4.01, respectively) (Figures 11G,
12G). This indicates that the earthquake affected the connectivity
unevenly throughout the catchment.

As shown in Table 3, the IC values in the main channel are
constantly higher than those on the slopes, both before and after
the earthquake, indicating that it is easier to transport sediment in
the channels than on the slopes.

In each tributary, the IC values decreased both on the slope
and in the channel. For example, the mean value decreased from
0.07 in 2000 to —4.00 in 2010 and to —9.31 in 2014 on the slopes,
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while in the channels, the IC value decreased from 0.73 to —3.33
and then to —9.16. This decrease reflects the effects of landslides
and collapses on the slopes and the blocking effect of the
abundant loose materials, which increased the roughness in
the channels from 2000 to 2010. Meanwhile, in the following
years, the deceases in the IC values occurred because of vegetative
recovery on the slopes and the building of dams in the channels;
similar processes occurred throughout the entire catchment. In
some tributaries, such as tributary 9, even though there were no
dams built, the IC value decreased in the channel because the
mean gradient was smoother and sediment deposition occurred
in the channel bed raising the main channel of the catchment.

The earthquake affected the connectivity in the channels more
than that on the slopes. In tributary 1, the mean channel and slope
IC values were 1.07 and 0.55, respectively, in 2000 prior to the
earthquake, showing an evident difference; however, the mean IC
values of the two regions were later much closer, —2.98 and -3.69,
respectively, in 2010 and —8.90 and —9.20, respectively, in 2014.
This indicates that the earthquake caused the connectivity to
become more even in each tributary. Even though the overall IC
decrease in tributary 9 is 9.19, which is lower than the value of
9.77 in tributary 1, the connectivity became more even during the
same period (Figures 11, 12).

5 DISCUSSION

The time scale over which an earthquake affects debris flows is an
issue of great interest (Guo et al., 2016; Fan et al., 2019b). Previous
studies examined the temporal variations in post-earthquake
debris flow activity primarily by analyzing the variation in the
material amounts and via actual monitoring (Fan et al., 2019a;
Guo et al., 2021). In this study, we examined this issue from the
perspective of the loose solid materials distribution and the
sediment transfer conditions to explain the spatio-temporal
variation in the debris flow activity in response to an
earthquake. Despite the influences of the amount of movable
materials, the triggering rainfall and/or runoff conditions, and the
composition of the soil particles, the topographic conditions of
the slopes and channels and the sediment connectivity also
considerably influenced the debris flows.

Earthquakes change the local landscape and vegetation, which
affect the sediment distribution and debris flow movement.
However, it is also interesting to compare the distribution of
the landslides and collapses with the distribution of the sediment
connectivity in the catchment, even though no significant general
similarities were observed in this study, that is, the areas with
landslides and collapses do not necessarily correspond to the
areas with high IC values. In most cases, conversely, the channels
accumulating abundant loose solid materials have higher values
and, with decreasing amounts of loose solid materials, the
sediment connectivity decreases (Figure 13) as does the debris
flow activity. The sediment connectivity also influences the
frequency of the debris flows.

The loose solid materials and sediment connectivity are two
main factors which influenced the debris flows activity. In this
work, we consider the mount of sediment and its transfer
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pathway to represent debris flows activity affected by the
earthquake, which gives a new method for debris flows activity
in respond to an earthquake. This is simple and easy to compute.
But, limiting by the data, some details are imperfect, they need to
be improved in the future.

6 CONCLUSION

Debris flow activity is linked to the loose solid material conditions
and sediment transfer capacity in a catchment. In this study, we
used the IC to evaluate the sediment transfer capacity and,
combining this with an analysis of the material amount
variations, assessed the debris flow activity in a typical
catchment affected by the 2008 Wenchuan Earthquake.

The earthquake triggered the significant generation of loose
materials in the catchment. Prior to the earthquake, loose
materials constituted an area of only 1.1 x 10*m® and were
unevenly distributed throughout the catchment. However, this
area increased to 195.8 x 10° m® in 2008 and then decreased to
146.2 x 10° m’ in 2013, indicating a tendency of the amount of
loose material to increase as a result of an earthquake and then
gradually decrease.

The local topography, including the slope and channel
gradient, varied as a result of the effect of the earthquake and
the manual debris flow-control works. This resulted in variations
in the sediment connectivity in the catchment. Prior to the
earthquake in 2000, the mean value of the sediment
connectivity was 1.11, which was favorable to sediment
transfer. However, the 2008 Wenchuan Earthquake changed
the terrain and the sediment connectivity in the Qipangou
valley. After the earthquake, the sediment connectivity
decreased. The mean values of the sediment connectivity were
—3.851in 2010 and —9.30 in 2014, both of which are lower than the
mean value prior to the earthquake.
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