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The southeastern Tibetan Plateau has been deeply dissected by major rivers and their
tributaries into high-relief topography with deep gorges. In this region, most hillslope
gradients in the high-relief areas approach a threshold value, and landslides are the
dominant surface erosion process. For this work, we analyzed the hillslope erosion
process by determining the excess topography from the threshold hillslope. Slope
analysis found a similar normal distribution of slope values for six large drainage basins
with different lithology, precipitation, and tectonic settings. Overall, 82% of the slopes in our
study area were 30 ± 5°, so this was taken as a reasonable range of threshold hillslope
angles. We determined that the excess topography calculated for different threshold values
all occur along major fluvial inner gorges. We found a linear relationship between excess
topography and the mean erosion rate in drainage basins, which indicates that hillslope
erosion, especially landslides, is the main erosion process. In contrast, the correlation
between excess topography and the slope is only found for low-relief topography. This
suggests that excess topography is a better metric than the slope to reflect the spatial
distribution of erosion rates in the southeastern Tibetan Plateau. In addition, for a threshold
value of 30°, we collected data from 4,430 landslides and found that 71% of these landslides
had occurred in an area of excess topography. This implies that most recent landslides did
not reduce the slope below the threshold value. As a result, the potential for future landslides
remains high in areas where landslides have recently occurred.
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INTRODUCTION

Hillslopes usually occupy the main area of mountain ranges which are formed by the downcutting of
rivers and glaciers during uplift (Burbank, 2002; Roering et al., 2005; Korup et al., 2010). When the
orogen approaches a topographic steady state, a hillslope will continue to steepen in response to
increasing rates of river/glacier incision. This leads to diffusive erosion and shallow landslides and,
finally, to bedrock landslides. After these processes have occurred, the hillslope gradient will not
increase further, which is known as the threshold hillslope (Montgomery, 2001; Burbank, 2002).
Under this condition, slope erosion is dominated by bedrock landslides. This not only maintains a
steep slope but also limits relief height (Schmidt and Montgomery, 1995), affects valley morphology
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(Densmore et al., 1997), and prevents river incision because of the
landslide debris load in the channel (Ouimet et al., 2007; Korup
et al., 2010). Landslides also cause the hillslope gradient to
decrease over a relatively short timescale (Roering et al., 2005;
Korup et al., 2007). Although landslides dominate erosion
processes in several mountain ranges (Hovius et al., 1998;
Larsen and Montgomery, 2012), more studies are needed to
understand the role of landslides in landscape evolution.

The Tibetan Plateau covers an area of 2.6 × 106 km2. With an
average altitude of more than 4,000 m, it is the highest plateau on
Earth (Zhang et al., 2002). Overall, the most prominent
geomorphic features of the Tibetan Plateau are very flat
interiors and steep, abrupt margins (Fielding et al., 1994). The
southeastern margin, however, has low topographic gradients and
a gradual change in elevation (Clark and Royden, 2000; Clark et al.,
2006). This topography allows large amounts of water vapor from
monsoons to penetrate deep into the plateau. The precipitation
from this is the origin of some famous rivers, including the Yangtze
River, the Lancang River, and theNuRiver (Figure 1). The incision
of these rivers and theirmain tributaries formdeep valleys and low-
relief landscape dissection (Clark et al., 2006; Yang et al., 2015). The
threshold hillslopes, rapid erosion, and frequent landslides of this
area (Ouimet et al., 2007; Ouimet et al., 2009; Henck et al., 2011;
Zhang et al., in press) make this an ideal area to study the role of
landslides in mountain range evolution.

At present, landslide inventories in large regions are mainly
performed via remote sensing, and some uncertainties remain.
For example, estimates of the number of landslides caused by the
2008 Wenchuan earthquake, which, as seismic landslides, are
relatively easy to identify, vary from 50,000 to 190,000 (Gorum
et al., 2011; Parker et al., 2011; Xu et al., 2014). In addition, there
are also large differences in estimates of the volume of these

landslides (Li et al., 2014). Excess topography refers to the
potentially unstable rock mass that is above the threshold
hillslope. This is a quantitative calculation that can
approximate landslide erosion (Blöthe et al., 2015; Campforts
et al., 2017). In this work, we apply the excess topography model
to the southeastern Tibetan Plateau. The distribution of excess
topography and its relation with landslides are then used to assess
the importance of slope erosion to geomorphic evolution.

STUDY AREA

The study area is limited to the traditionally defined Hengduan
Mountain area. There are six mountains and six rivers, from the
western GaoligongMountains to the eastern Min River (Figure 1).
The region spans 24°40ʹ–34°00ʹN and 96°20ʹ–104°30ʹ E, and covers
360,000 km3 (Zhang et al., 1997). The southeastern Tibetan Plateau
has been separated into several blocks by a series of large strike-slip
and thrust faults formed by the convergence of India and Eurasia
(Xu et al., 2003). In the northern region, the Min River, the Dadu
River, and the Yalong River, all tributaries of the Yangtze River,
incise deep gorges. The Jinsha River (upstream of the Yangtze
River), the Lancang River, and the Nu River flow in parallel for
thousands of kilometers in the southern region, which is called the
“Three Rivers region.” Large landslides frequently inundate these
river valleys (Liu et al., 2019; Liu et al., 2021).

METHODS

We first calculated the slope values and then systematically
analyzed the slope distribution after removing the relatively

FIGURE 1 | Overview of the southeastern Tibetan Plateau. The fault locations are from the study by Taylor and Yin (2009).
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flat non-slope component that is far away from the channels.
Reasonable threshold hillslopes were obtained using slope
distributions over 1° intervals of each river basin
(Montgomery, 2001; Korup and Schlunegger, 2007). The
excess topography was then calculated following the method
of Blöthe et al. (2015). First, the height ( _z) of the ideal slope
body at a given threshold hillslope angle st is obtained as follows:

_z(x, y) � min
(s,t) ∈ (−∞,∞)

{z(x + s, y + t) + st
�����
s2 + t2

√
}, (1)

where z is the real elevation of the topography, x, y are
coordinates, and s, t are the filter coefficients, which refer to
the distance from the center of the filter to the point (x, y).

The elevation of excess topography zE can then be obtained by
subtracting the elevation of the threshold hillslope surface from
the real surface elevation as follows:

zE(x, y) � z(x, y) − _z(x, y). (2)

The calculated excess topography is shown in Figure 2.
Among the widely used global digital elevation models

(DEMs), only the shuttle radar topography mission (SRTM)
and Tan dem-x provide radar data with high elevation
accuracy (Rodríguez et al., 2006; Vassilaki and Stamos, 2020).
However, after the early free use of Tan dem-x data, it is now
difficult to apply for free data (https://tandemx-science.dlr.de/).
Therefore, the SRTM is the most widely used in the calculation of
geomorphic parameters (Yang et al., 2015; Adams et al., 2020).
The geomorphic indexes are analyzed using 30-m SRTM, from
the United States Geological Survey (https://earthexplorer.usgs.
gov/), and are calculated using TopoToolbox 2 software
(Schwanghart and Scherler, 2014).

To analyze the relationship between excess topography and
landslides, landslide information was collected from GeoCloud,
an online geological database (http://geocloudsso.cgs.gov.cn/)
established by the China Geological Survey. Data on 4,430
landslides were collected by local governments in the study

area, including the name, type, location, and other disaster
information. In addition, 62 erosion rates calculated using in
situ 10Be in river sand quartz were collected from the OCTOPUS
database (Codilean et al., 2018) (Supplementary Table S1).
For these, the data from the Min River are primarily from
the study by Godard et al. (2010), the data from the Dadu
River and the Yalong River are from the study by Ouimet
et al. (2009), and the remaining data are from the study by
Henck et al. (2011).

RESULTS

Slope Values
All slope values are between 0° and 89°, with an average of 25°

(Figure 3). The slope values in the gorges are generally higher
than those of the planation far away from the river valley. If a
hillslope reaches the threshold, the real slope is given by a normal
distribution because it is randomly distributed around the
threshold slope. Previous studies have used the mode value to
determine the threshold slope (Montgomery, 2001; Korup and
Schlunegger, 2007). From the histogram of slope values for each
drainage, the Min River, the Dadu River, and the Lancang River
all have normal distributions, and the mode values for them are
32°, 33°, and 26°, respectively.

The slope values of the Yalong River, the Jinsha River, and the
Nu River, however, have negative skew distributions because of
low planation with low slope values. These have the mode values
of 29°, 29°, and 32°, respectively. The slope mode values of the six
major river basins are all approximately 30° and between 30 ± 5°.
A reasonable range of threshold hillslope angles in this study is
thus 30 ± 5°. The ranges of the threshold slope values determined
for other mountain ranges, such as the Olympic Mountains, the
Southern Alps of New Zealand, and the eastern Himalayas, are all
also 30 ± 5°, similar to our study area (Montgomery, 2001; Korup
and Schlunegger, 2007; Larsen and Montgomery, 2012).

FIGURE 2 | Schematic diagram of excess topography. The black line represents the DEM elevation profile, the gray line represents the threshold hillslope surface
under 30°, and the gray shaded part represents excess topography.
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Distribution of Excess Topography
To determine whether different slope values affect the
distribution of excess topography, we calculated the volume of
excess topography above slope values of 30°, 35°, 40°, and 45°.
With an increase in the slope angle, the excess topography
volume decreased substantially; the calculated values were
11.6 × 103 km3, 5.25 × 103 km3, 2.19 × 103 km3, and 0.95 ×
103 km3, respectively, which are inversely proportional to the
slope angle. The spatial distribution characteristics of the excess
topography are similar. However, most of them are concentrated
in high-relief areas and valleys (Figure 4). Therefore, slope values
do not affect the distribution of excess topography. We focus on
excess topography above 30° for this analysis. The thickness of the
excess topography differs substantially and ranges from 0 to
2,680 m, with an average of 32.2 m. As with the slope, excess
topography is mainly distributed along the channel in the middle
and lower reaches of the major rivers.

DISCUSSION

Correlation Between Excess Topography
and Erosion Rates
To further analyze the correlation between excess topography
and the erosion rate, we took the erosion rate of a 10Be
sampling site as the center and calculated the excess
topography volume and the average slope value within
5 km. The results are shown in Supplementary Table S1.
The excess topography volume is widely variable, similar to
the erosion rate, and ranges from 0.01 to 18.03 km3. Moreover,

there is a clear positive correlation between excess topography
and the erosion rate (the correlation coefficient is 0.83,
Figure 5A). We have 62 erosion rate values, and the critical
value of the correlation coefficient is at a level of 0.001 is 0.41.
Therefore, the value 0.83 indicates a linear correlation between
excess topography and the erosion rate. This indicates that
erosion in the study area is mainly driven by slope erosion.
However, the correlation between the slope and the erosion
rate is not clear, with a coefficient of only 0.0001 (Figure 5B).
This demonstrates that excess topography can better reflect the
erosion rate than the slope.

Because the erosion rate of the slope is a response to the
tectonic uplift, it can quickly adjust. When the uplift rate is
high, slope erosion can restrain the increase in topographic
relief. This makes the slope values in different regions converge
to the threshold hillslope (Burbank, 2002). The excess
topography is an extension of the threshold hillslope. When
the mountain reaches the threshold hillslope, it should
conform to the linear correlation between excess
topography and erosion rates.

For example, the slope erosion rate of the eastern Himalayan
syntaxis increases more than ten times within 150 km to
accommodate the extremely large difference in erosion rates
inferred from thermochronometry data, but the slope does not
change considerably (Larsen and Montgomery, 2012; Roering,
2012). Continuous tectonic uplift and river undercutting always
create topographic relief and provide an opportunity for slope
erosion. Excess topography thus continuously exists, and the
mountain is in dynamic balance. The formulas for calculating
excess topography show that the calculated volume is
determined by the slope and the local relief. Both are critical

FIGURE 3 | Slope of the study area and the slope frequency distribution of each river drainage.
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factors that determine the erosion rate (Montgomery and Brandon,
2002). A small change in the slope will cause a major difference in
the excess topography, and excess topography indicates the volume
of potential landslides. Although it is not clear how long the

potential landslide represented by the excess topography will
erode, the linear relationship with the erosion rate indicates that
the excess topography ismore indicative of changes in erosion rates
than the slope.

FIGURE 4 | Excess topography under different threshold hillslopes ((A–D) are 30°, 35°, 40°, and 45°, respectively).

FIGURE 5 | (A)Correlation between the erosion rate and the excess topography volume in the study area. (B)Correlation between the erosion rate and the slope in
the study area.
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The Relationship Between Excess
Topography and Landslides
Among the 4,430 landslides studied, 3,146 landslides occurred in
excess topography, which is more than 71%. A total of 1,518
landslides were located within excess topography with a height
greater than 50m. This encompassed an area of only 6.7 × 104 km2.
The area in which the height of the excess topography is less than
5 m is about 1.67× 105 km2, and only 554 landslides were recorded.
In addition, the landslides that did not occur in an area of excess
topography were mostly located in the southeast of the study area
(Figure 6). We suggest that the rock strength in the southeastern
region is substantially lower because of higher rainfall, resulting in a
lower threshold slope value.

Although exact occurrence times are not given in the landslide
data, they all occurred between 1949 and 2014. The SRTM-DEMdata
we used were collected in 2000. Therefore, many of the landslides
occurred before theDEMdata collection. This indicates that although
the landslides occurred and caused a decline in the hillslope, most of
them did not reduce the slope below the threshold hillslope. This is
consistent with the observation that 75% of the landslides in the
western margin of the Himalaya–Karakoram ranges occurred in
excess topography (Blöthe et al., 2015).

This is because in the formation of a landslide, a potential slip
plane forms first, and the weakness plane subsequently penetrates to
form a slip plane. The formation of this weakness plane is related to
lithology, fracture development, and so on. In addition, when a slope
is steeper, it is under a higher degree of shear stress, and a slip plane
forms more readily. Therefore, a landslide is usually not able to
reduce the slope below the threshold hillslope. A second landslide is
thus likely to occur (Ghazvinian et al., 2010). In other words, existing
excess topography requires multiple landslides to be eroded away,
and an area with excess topography is at high risk of landslides.
Theoretically, when the slope is larger, the same mass of rock is

subject to a greater sliding force. Therefore, the slope is an important
index in landslide susceptibility identification (Reichenbach et al.,
2018). The excess topography represents a steep hillslope, which is
prone to future landslides.

CONCLUSION

We have calculated the slope and excess topography in the
southeastern margin of the Tibetan Plateau and analyzed the
relationship between landslides and the erosion rate. From this,
we propose the following conclusions:

1) In the study area, the slope value is generally 30 ± 5°, which
accounts for about 82% of the total area. Themodes of the six river
drainage slopes are between 26° and 33°, which are also close to 30°.
Therefore, 30 ± 5° can be used as a reasonable value range for the
threshold hillslope. The amount of excess topography is inversely
proportional to the value of the threshold hillslope, and it is spatially
distributed mainly along the river channels. The highest values are
inside the gorge. The average thickness of excess topography for a
slope above 30° is 32.2m, with a total volume of 11.6 × 103 km3.

2) The correlation coefficient between the excess topography and
the erosion rates on the millennium scale reaches 0.69, which
indicates a clear positive correlation. This relationship
suggests that erosion is mainly driven by landslides
resulting from excess topography. In addition, more than
71% of the 4,430 landslides observed in the study area
occurred in excess topography. This implies that landslides
generally cannot decrease the slope below the threshold
hillslope, allowing for the occurrence of future landslides.
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