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Abstract: Extensive areas with low-relief surfaces that are almost flat surfaces high in the mountain
ranges constitute the dominant geomorphic feature of the Three Gorges area. However, their origin
remains a matter of debate, and has been interpreted previously as the result of fluvial erosion after
peneplain uplift. Here, a new formation mechanism for these low-relief surface landscapes has
been proposed, based on the analyses of low-relief surface distribution, swath profiles, χ mapping,
river capture landform characteristics, and a numerical analytical model. The results showed that
the low-relief surfaces in the Three Gorges area could be divided into higher elevation and lower
elevation surfaces, distributed mainly in the highlands between the Yangtze River and Qingjiang River.
The analyses also showed that the rivers on both sides of the drainage divide have not yet reached
equilibrium, with actively migrating drainage divides and river basins in the process of reorganizing.
It was concluded that the low-relief surfaces in the Three Gorges area did not share a common uplift
history, and neither were they peneplain relicts, but rather that the effect of “area-loss feedback”
caused by river capture has promoted the formation of upland low-relief surface landscapes. A future
work aims to present the contribution of accurate dating of low-relief surface landscapes.

Keywords: three Gorges; low-relief surface; river profile analysis; river capture; numerical modeling

1. Introduction

In the 19th century, Davis [1] proposed erosion cycle and quasi-plain theories, and in conformity
with these, gentle rolling surfaces perched high in rugged mountain ranges, have been considered
widely to be the remains of large peneplains. These remains were thought to have been formed by river
dissection, after undergoing tectonic peneplain uplift, and have often been referred to as planation
surfaces. These planation surfaces were often considered to be the starting points for the evolution of
modern drainage and valley systems [2,3]. As a prominent regional element and an excellent reference
level index, planation surfaces are important in the study of long-term geomorphologic evolution.

However, some scholars have questioned the term “quasi-plain” because the modern peneplains
are either absent or exceedingly rare [4,5], with the main argument being whether tectonics could
remain stable over a suitably extended period. A balanced uplift will never cause the area where such

Remote Sens. 2020, 12, 3899; doi:10.3390/rs12233899 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0001-7783-5725
https://orcid.org/0000-0001-9275-5408
http://dx.doi.org/10.3390/rs12233899
http://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/12/23/3899?type=check_update&version=2


Remote Sens. 2020, 12, 3899 2 of 17

a landform is located to fall to sea level, where they have been found, and, considering climate change
fluctuations, the quasi-plain seems to be an idealized landform, which has never actually been formed.
More recently, when the origin and properties of a gentle geomorphologic surface have been unclear,
the concept of a “low-relief surface,” which is characterized by slightly undulating mountaintop areas,
has been used more often by scholars. This concept emphasizes the gently rolling topography, which is
usually described quantitatively as being less than a certain slope angle [6].

There have been two main theories regarding the formation mechanism of elevated, low-relief
surface landscapes. The conventional explanation has been the “quasi-plain uplift” model, which insists
that these surfaces are remnants of a previously continuous landscape [7,8]. This interpretation has
usually assumed that the river network has been static in structure and has ignored the impacts of
divide migration and reorganization of the river basin as part of the area’s geomorphologic evolution.
In contrast, more recent theory refers to a “river piracy” concept, in which it is argued that formation of
an in situ, low-relief surface can be promoted by feedback from a lost drainage area [9,10]. These two
views may be complementary, but it is important to determine which formation mechanism has been
dominant in an active tectonic region [11].

The widely distributed, low-relief surface landscapes in the Three Gorges area have attracted
geographers’ attention over the long-term. Because of the absence of dating materials, the low-relief
surfaces here have been controversial, in terms of their period, formation mechanism, and age.
Most previous studies interpreted the low-relief surfaces as a planation surface, and divided them
into different periods. Sheng [12] thought that there were three planation surface levels in the western
Hubei Mountains area, while Tian et al. [13] proposed further dividing the planation surfaces of the
Three Gorges area into three phases—as represented by the E’Xi, Shan Yuan, and Yun Meng planation
surfaces—and five levels. Xie et al. [14] abandoned the previous naming method, noting that there
were only two planation surface levels (high and low), with a single altiplanation surface level in this
area, while Li et al. [15] believed that the higher planation surface was formed at the end of the Late
Tertiary, and that its age was >25 Ma. The formation of the lower planation surface started at the
beginning of the Late Tertiary and ended at 3.0–3.4 Ma, with the upper time limit for development of
the lowest erosive surface dated to 1.80–2.04 Ma, and the lower limit dated to 3.0–3.4 Ma.

Some scholars have questioned the view that there are planation surfaces in the Three Gorges
area. Ding [16] considered that there was no multilevel denudation surface in western Hubei,
and that the differential lifting that took place during the Himalayan movement divided the previously
formed denudation surfaces into different elevations, before eventually destroying them, more or less.
Yang and Ren [17] believed that the multilevel landform surface of the western Hubei Mountains was
not correctly described as a planation surface, and that the Three Gorges area has been in the regional
watershed for a long time, making it impossible for a unified peneplain–planation surface to have
formed. Wang et al. [18] showed that the current, layered landforms in the Three Gorges area may
have resulted from crustal uplift that started in the Early Pleistocene. Overall, it seems plausible that
the actual landform evolution process may be more complicated than the ideal intermittent uplift
needed to form layered landforms, with different regions perhaps having different uplift histories.

Previous research described above has made a positive contribution to understanding the
development of the low-relief surface landscapes in the Three Gorges area. However, its origin,
and whether it should be labeled as a planation surface remain controversial topics. This shows that
analysis of the upland, low-relief surface landscape formation mechanisms is important if the
topographic evolution of the Three Gorges area is to be understood. Therefore, the purpose of the
study described in this paper was to use 30 m resolution digital elevation model (DEM) to identify the
distribution range of low-relief surfaces in the Three Gorges area, from the perspective of geomorphic
indicators. To analyze the feedback effect of river basin reorganization on the formation of the
upland low-relief surface, we constructed χ maps which provide a valuable metric for the state of
disequilibrium. We also selected three low-relief patches, to demonstrate that they were not remnants
from previous landforms, and then used a landscape evolution model (LEM) to simulate the low-relief
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surface formation mechanism visually. By using these tools and morphometric criteria, we emphasized
the importance of river capture and drainage adjustment in the landscape evolution. Thus, this work
provides both an insight into the geomorphologic origin of the current study area and a method that
may apply to other similar research areas.

2. Study Area

The Three Gorges of the Yangtze River is located on the edge of the second transitional belt in
China (Figure 1a), and its name was derived from the three adjacent gorges (Qutang Gorge, Wu Gorge
and Xiling Gorge). Because of the difference in topography caused by the uplift of the Tibetan Plateau,
the middle reaches of the Yangtze River reversed in the Three Gorges area, forming a continuous
river flowing eastward [19]. The Qingjiang River is in western Hubei and a first-level tributary of the
Yangtze River. In the study area, the trunk streams of the Yangtze and Qingjiang rivers flow from west
to east, parallel to one another, and just tens of kilometers apart (Figure 1c).
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Figure 1. Overview of the study area. (a) Map showing the location of the Three Gorges region, in the
Yangtze River basin. (b) The mean precipitation over the study region obtained from Tropical Rainfall
Measuring Mission. (c) Relief map showing study area elevations. The red lines are major faults.

The region’s geology has been controlled by a squeeze extension effect, caused by the northward
intracontinental subduction pulsations of the Indian Plate, the Tibetan Plateau uplift, and lateral
compression [20]. Since the Neogene, neotectonic movements in the Three Gorges area have been
represented by vertical motion (formation of multilevel river terraces, multilayer karst, and modern
crustal deformation), inherited fault activities and earthquakes. The geology of the study area consists
of a crystalline basement structural layer and two sedimentary covering layers [21]. The area consists
of a series of limestone ridges and gorges, which are predominantly interbedded mudstone, shale,
and thin limestone [22].

Located in the subtropical monsoon climate zone, the average annual rainfall exceeds 800 mm
in the Three Gorges region (Figure 1b), which causes severe ground erosion and makes deposit
preservation on the low-relief surface landforms problematic. These characteristics make it difficult to
obtain material suitable for dating.
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3. Data and Methods

3.1. Data

High-accuracy DEM data are essential for many fields such as topographic morphology analysis [23–25].
The DEM used in this study was derived from SRTM1 Arc-second Global, which has a spatial resolution
of 30 m [26] (https://earthexplorer.usgs.gov/). Because the SRTM1 data have the characteristic of less
noise, there are relatively fewer sinks that need to be filled, so the river networks created by SRTM1 in
this research were more accurate than those created using other DEM data [27]. The average annual
precipitation was obtained by resampling for the study area with a spatial resolution of approximately
5 × 5 km, based on the 10-year Tropical Rainfall Measuring Mission, 3B43 product (TRMM 3B43),
covering the period 2009–2018.

3.2. Low-Relief Surface Mapping

The identification and reconstruction of low-relief surfaces are essential prerequisites for
their application to geomorphologic analyses. In the past, identification of low-relief surfaces
was usually based on topographic map research combined with field surveys to carry out
ground-truthing, mapping and delineation; however, such a method is not only subjective, but also
very time consuming [28]. With the development of remote sensing technology, DEM has become
the most promising data source for extracting low-relief surfaces, as it records absolute elevations,
which can be used for landscape visualization [29].

There are currently three main methods for mapping low-relief surfaces using DEM data.
First involves manually drawing the surface distribution range by visual interpretation [22,30].
Although this method is very accurate, it demands high workload and has low efficiency. The second
method involves using fuzzy logic to extract data, through smooth transitions [28,31,32], while the third
requires the automatic extraction of low-relief surface levels, using certain geomorphic indicators [7,33].

Based on the characteristics of high efficiency and accuracy of the geomorphological factor index
method, we adopted the third method for our work. First, using the Three Gorges low-relief surface
field investigation results of Xie et al. [14], the DEM data were classified into two levels of elevation
(Table 1). Then, the mean change point analysis method (the point where the degree of relief changes
from steep to gentle, or vice-versa, in the curve) was used to determine 18 × 18 points as the optimum
statistics window (Figure 2). After several trials, different relief parameters for different relief terrain
elevation ranges were set (Table 1) to extract the distribution of terrain relief from each elevation
surface. To eliminate artifacts and terrace effects, low-relief patches <0.1 km2 were removed. Ultimately,
application of this method revealed the Three Gorges region low-relief surface distribution.

Table 1. Classification and parameter criteria for study area low-relief surfaces.

Low-Relief Surface Elevation (m) Relief (m)

Higher elevation surface 1700–2000 350
Lower elevation surface 1200–1500 300

Topographic evolution and river channel network changes are linked processes, with river basins
being an integral part of a dynamic system, balancing the adjustment between tectonic uplift and
erosion [34]. Therefore, channel morphology analysis is an effective tool for evaluating the transient
state of landforms, where river profiles can reflect signals indicating the dynamic evolution of landforms,
and their deformation history, and can inform calibration of erosion models [35–37]. In particular,
channel steepness, that is, the normalized channel steepness, can predict the response of the channel to
the rock uplift rate. Slope-area analysis is an approach widely used in river network erosion pattern
interpretation, through the normalized steepness index, or ksn [38]. There is a proportional relationship

https://earthexplorer.usgs.gov/
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between riverbed slope and upstream catchment area in nature, and this can be expressed in the
general form as:

S = ksA−θ (1)

where S represents the local channel gradient, A indicates the reference drainage area, and ks and θ
stand for the steepness index and reference concavity respectively [39].
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Figure 2. Determining the optimal statistical window for topographic relief. (a) The coefficient of
determination (R2) between the window area and topographic relief, x and y represent window area
and topographic relief, respectively; (b) mean change point graph. The curve slope changes from steep
to shallow at the 18th point, so 18 × 18 pts was selected as the window size.

When the river system is in a steady-state, the erosion rate (K) equals the uplift rate (U), and the
channel steepness (ks) is proportional to U [9], and is expressed as:

KS = (
U

KAm
0
)

1
n

(2)

Obtaining an accurate slope calculation from a low-resolution DEM is challenging. Therefore,
this study adopted the χ gradient method [35,40], using elevation instead of slope, and χ instead
of catchment to calculate channel steepness. Using the algorithm developed by Schwanghart and
Kuhn [41,42], χ plots were generated for the main streams and its tributaries.

The general form of the associated Equation is expressed as:

z = zb + (
U

KAm
0
)

1
n
× χ (3)

where zb indicates the position of the river outlet, which is generally assumed to be at the base level.
A0 represents an arbitrary scaling area, so χ has a length unit. The integration method is defined
as follows:

χ =

∫ χ

0

(
A0

A(x′)

)m/n

dx′ (4)

where A (χ′) indicates the upstream catchment area, m and n represent empirical constants, and the
ratio m/n describes the channel concavity (θ)—which is usually between 0.3 and 0.6 [43,44]. In this
study, dynamic anomalies in river networks were detected by calculating the geomorphic index (χ),
thereby providing a quantitative method for characterizing the impact of the instantaneous state on
both river system evolution and low-relief surface landscape formation. We used the concave index
as an empirical value (θ ≈ 0.45), A0 was set to 1 km2, and the χ values for rivers on both sides of the
catchment were calculated from Equations (3) and (4).
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Since elevation values along longitudinal river profiles are frequently affected by large scatters
(e.g., errors and human factors) in topographic data, we applied the constrained regularization
smoothing (crs) algorithm based on the quantile regression method to hydrological correction and to
smooth the profiles. The final χ map was drawn using ArcGIS software.

3.3. Swath Profile

Swath profiles are significant when exploring the response of a landscape to tectonic activity and
climate change. Compared with the traditional topographic profile, the swath profile is a widely used
tool to reduce the randomness of the profile line, and focus on its more important morphological
features [45,46]. Generally, low values in swath profiles, where all lines merge, indicate low to moderate
incision. Conversely, high local relief and wider swath profiles characterize the dissected landforms
that are related to high uplifts or deep river incisions in mountain belts [47].

Here, swath profiles and low-relief patch distribution were plotted together to explain the changes
in the elevation curve better, and show whether the surface patches were spatially continuous. In this
study, the Create Fishnet and Zonal Statistic tools in ArcGIS were used to draw swath profiles S1, S2,
and S3, perpendicular to the study area. A horizontal swath profile (S4) was also generated, and it
was based on the functions available in the Topographic Analysis Kit [41]. The maximum, minimum,
and mean elevations of the swath profiles were calculated by statistical analysis, and then plotted
using Origin. Among these, the relationship between the three curves revealed essential information
about the state of the landscape, while the mean elevation curve illustrated the overall topographic
trend along the swath profile.

3.4. Numerical Analytical Model

LEMs are 3D numerical simulation forms, and are crucial and valuable tools when studying the
coupled tectonic–geomorphic evolution of mountain belts, and the respective effects of geomorphic
processes, tectonic forces, and climate [48–53]. One of the most important ideas derived from numerical
simulations is the concept of a steady-state mountain belt: the rapid rise of mountains may lead to an
increase in relief, until the topography and exhumation are independent of time [54,55]. The main LEMs
include the CASCADE, CHILD, FastScape, and Divide and Capture (DAC) models [33,50,56,57]. In our
work, the DAC numerical analysis model was used to simulate landscape evolution, and included the
physical processes associated with drainage divide migration and river capture [9].

In this study, a 120 × 60 km rectangular domain was defined, which had its four edges at a constant
elevation. It was assumed that the slope index (n) was 1, the area index (m) was 0.45, the uplift rate (U)
was 6 × 10−4 m·yr−1, and the rock erodibility (K) was 4.0 × 1.0−5 (m·yr)−0.5. Steady-state terrain data
were generated using the initial random elevation field, assuming that the initial structural uplift rate
was uniform in space, without horizontal motion, and that the precipitation levels and rock types were
stable, thus forming the point for simulation initialization. After forming a symmetrical mountain
range with a maximum elevation of 1500 m, vertical uplift was imposed to represent mountain building.
The simulation started at 0 Ma and ended at 32 Ma, with 10,000 year intervals.

4. Results

4.1. Distribution of Upland Low-Relief Surfaces

Identifying the distribution of upland low-relief surfaces was an important foundation for the
study of the Three Gorges region long-term geomorphic evolution. Based on previous research [14,15],
this study identified two levels of low-relief surface landforms at different mountain heights, which we
referred to as the higher and lower elevation surfaces (Figure 3).
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Figure 3. The spatial distribution and classification of the Three Gorges region low-relief surfaces.

This work found that the higher elevation surfaces (1700–2000 m), covering an area of 1589 km2,
were mainly distributed on the high mountain tops in the drainage divide between the Yangtze and
Qingjiang rivers, spread along the direction of the major fault lines. While only present in scattered
patches on the north bank of the Yangtze River, it was found distributed over a continuous and large
area of the south bank, in a distribution related to lithology, particularly the widespread distribution of
carbonate rock on the Yangtze River south bank. Different rocks have different anti-erosion capabilities,
and so, once a low-relief surface formed on limestone, it could be preserved for a long time, while the
sandy shales on the north bank of the Yangtze River have always been more vulnerable to erosion and
destruction. The south bank is also the boundary between the Yangtze and Qingjiang rivers drainages,
and the mobility of this divide has also played a positive role in promoting low-relief surface formation.

In some instances, lithological effects change the mobility of the drainage divide [58]. When the
widespread existence of carbonate in the south bank of the Yangtze River, which, being a single block,
had reduced lithological change on both sides of the divide, was considered, the impact of lithology
difference on cross-divide movement in the Three Gorges area did not seem obvious. The landform of
the higher elevation surface was found to be a combination of wide shallow depressions and low hills
and was found to be in a steep transition with a lower elevation surface.

The lower elevation surface (1200–1500 m), covering 5296 km2, was found to be distributed mainly
around the low-relief surfaces of the higher elevation areas, with a wider distribution range. It was
most developed in the west of the gorge area, with a greater presence on the south bank than on
the north bank. The geomorphology at this level was mainly represented by a karst platform in the
limestone basin, and the low-relief surfaces near the Yangtze River usually appeared as a platform, in a
phenomenon that mainly reflected the extensive karst development in the area.

4.2. Chi (χ) Map Analysis

In this study, χ maps (Figure 4) were generated to reflect the horizontal dynamic changes of the
river network in the Three Gorges area. The results of the χ mapping showed systematic differences in
river geometry, with high χ values focused in two areas: (1) the watershed between the Yangtze River
and Qingjiang River, and (2) the rivers in the W of the study area (Figure 4a). This feature suggested
that these two parts of the overall basin had a relatively low erosion rate, and that the rivers in these
areas had not reached geometric equilibrium. This issue deserves attention with respect to the Three
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Gorges region, as the transient state of landform evolution has often been the local cause of landslides,
mudslides, and other regional disasters [59].

Remote Sens. 2020, 12, 3899 8 of 17 

 

respect to the Three Gorges region, as the transient state of landform evolution has often been the 
local cause of landslides, mudslides, and other regional disasters [59]. 

The χ values showed a pattern of clear differences on the divide between the tributaries of the 
Yangtze and Qingjiang rivers, indicating that this divide will move south to an equilibrium state through 
stream capture. Therefore, the χ-anomalies in this plot may have been reflecting either migration of the 
present-day divide, or the possibility of future divide movability in this region, due to recent river captures. 
The χ values were seen to drop off significantly on the E of the Three Gorges region, where drainage 
divides appeared stationary. There was no distinct contrast in χ values across the drainage divide at any 
scale that related to a recently captured area, reflecting its near equilibrium state. 

 
Figure 4. (a) Relationship between χ map and low-relief surfaces distribution in the Three Gorges 
region. Dashed white ovals show the location of the area shown in panel b.(b) Detailed χ map for 
the Baolong and Mashui River networks. (c) Geomorphic parameters showing the direction of the 
predicted divide migration. Black and white bars represent data from the Baolong River in the north, 
and the Mashui River in the south, respectively. 

4.3. Topographic Analysis 

In this study, the swath profiles (see profile locations in Figure 5a) were considered to describe 
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Figure 4. (a) Relationship between χ map and low-relief surfaces distribution in the Three Gorges
region. Dashed white ovals show the location of the area shown in panel b. (b) Detailed χ map for
the Baolong and Mashui River networks. (c) Geomorphic parameters showing the direction of the
predicted divide migration. Black and white bars represent data from the Baolong River in the north,
and the Mashui River in the south, respectively.

The χ values showed a pattern of clear differences on the divide between the tributaries of the
Yangtze and Qingjiang rivers, indicating that this divide will move south to an equilibrium state
through stream capture. Therefore, the χ-anomalies in this plot may have been reflecting either
migration of the present-day divide, or the possibility of future divide movability in this region,
due to recent river captures. The χ values were seen to drop off significantly on the E of the Three
Gorges region, where drainage divides appeared stationary. There was no distinct contrast in χ values
across the drainage divide at any scale that related to a recently captured area, reflecting its near
equilibrium state.

4.3. Topographic Analysis

In this study, the swath profiles (see profile locations in Figure 5a) were considered to describe
topographic trends and local relief changes quantitatively. Topographic elevations showed no clear
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increasing or decreasing trends in the swath profiles, in either the vertical or horizontal direction
(Figure 5b,c). The topography changed significantly along Sections S1 and S3, and the low-relief
surfaces were scattered. S2 showed that the highest altitude and high-relief landforms appeared in the
Shennongjia region, which is in the north of the Yangtze River.
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Figure 5. Topographic swath (S) profiles in the Three Gorges study area: (a) Locations of the S1–4,
the length of S1–3 is 150 km and S4 running parallel to the Yangtze River, together with the low-relief
surface distribution (planar shown as green); (b,c) The upper red curve and the lower blue curve
represent maximum and minimum elevations, respectively, with the solid gray line in the middle
representing mean elevation. Gray bars indicate low-relief surface patches along the topographic profile.

We could see that a strong link existed between the low-relief surfaces and local relief. The lowest
local relief values were found mainly on the highlands of the Yangtze and Qingjiang drainage divide,
which roughly matched the distribution range for the upland low-relief surfaces. The relationship
between the spatial distribution of low-relief patches and the swath profiles showed that low-relief
surfaces were widely distributed at altitudes ranging from 1300–2000 m.

4.4. χ-Transformed Profiles (χ-Plots)

To test whether low-relief surfaces had a common uplift history, we generated χ-plots. In the
study area, the knickpoints for most rivers were >1300 m, which was close to the distribution range
of low-relief surface landscapes in the study area (Figure 6). For individual low-relief surfaces,
three low-relief patches (CJ1, QJ1, and QJ2) were selected to analyze the differences in the χ-plots
between their internal and external tributaries (Figure 7a–c). Internal tributaries are rivers with
longer streams and larger drainage areas and are mainly distributed in low-relief surface landscapes.
External tributaries are mainly located outside the region of low-relief surfaces and are rivers with short
drainage systems and small catchments. It was showed that interior streams (victims) of low-relief
surfaces have anomalously high χ-values and low erosion rates, whereas exterior streams (aggressors)
have the low χ-values and high erosion rates (Figure 7d–f).
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5. Discussion

5.1. Drainage Evolution and River Basin Reorganization

The χ differences across drainage divides were evidence that the river network geometric structure
was in a state of disequilibrium, and of the river capture and the dynamic reorganization processes
of the water system [34,60,61]. When the rock uplift rate, lithology, and climate conditions does not
change significantly on either side of a divide, drainage divide moves away from channels with low χ

toward channels with higher χ [34].
The higher χ value on the southern side of the study area suggested that Qingjiang streams

were captured by the Yangtze River, and that, in its search for stable basin geometry, the drainage
divide migrated to the Qingjiang Basin. As evidence supporting this, the χ value at the source of
the Mashui River, a tributary of the Qingjiang River, was very different to that of the Baolong River,
a tributary of the Yangtze River (Figure 4b). The Baolong value was lower, and the Mashui value
higher, indicating that the Baolong River of the Yangtze system captured the Ancient Mashui River of
the Qingjiang system. The position of the ancient divide between the Yangtze and Qingjiang rivers
was further north then, and as the Yangtze Basin constantly captured the Qingjiang Basin to the south,
this caused the drainage divide to move southward (Figure 4c). This phenomenon has also been
evident in some nearby river systems, suggesting that the drainage systems in the Three Gorges region
have not yet achieved a particularly stable configuration.

The rivers with high χ values in Figure 4a are close to the low-relief surface distribution range.
Our analysis showed that this regular spatial distribution existed in the divide between the Yangtze
and Qingjiang rivers, as well as along the south bank of the Qingjiang River. High χ values were
found to be located inside the low-relief surface landform, while low χ values were mainly located
elsewhere, outside the low-relief surface areas, indicating that low-relief surface landscape formation
in the Three Gorges region was related to river capture and the subsequent dynamic reorganization of
the river basin.
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vertical uplift effect caused by neotectonic movement in the Three Gorges area (Figure 8). The model 
proved that the low-relief landscape patches formed in situ, in response to drainage area-loss 
following river capture. Although the dynamics of this landscape evolution could not be fully 
represented by this simple model, it satisfactorily constructed the concept, demonstrating the key 
role played by drainage evolution in the formation of low-relief surface landscapes in the Three 
Gorges region. Moreover, the model also reflected the sensitivity of river reorganization to vertical 
tectonic and revealed the function mechanism provided by river network geometry in the elucidation 
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Figure 7. Relationship between individual low-relief surface patches and streams: (a–c) Landscape perspective
view captured using Google Earth imagery (locations are those shown in the black boxes in Figure 4a).
The blue lines represent the exterior rivers of the low-relief surface landscape, while red lines represent
interior rivers. The white arrows indicate flow direction, the black triangles shows the knickpoint,
and the yellow points represents the downstream point common to all the rivers in the figure;
(d–f) χ-plots for the major rivers in (a–c).

5.2. Numerical Analytical Model

To investigate the roles of river capture on the formation of low-relief surfaces, we conducted
DAC numerical modeling (Figure 8). The model showed that the mountainous region was affected
by tectonic uplift, the regional drainage network was disturbed, and the river basin was reorganized,
the upstream part of the central stream was gradually captured by the surrounding pirate rivers
(Figure 8b). This led to a reduced catchment area for the central river, which weakened its ability
to erode the bedrock, to the extent that the continuous tectonic uplift was no longer balanced by
fluvial erosion. The hillsides around the captured river were continuously eroded by external rivers,
reducing local relief, and leading to a net surface uplift, that is erosion [E] < rock uplift [U]. Therefore,
the tributaries of the beheaded river near the capture point experienced a period of rise, relative to the
base level, eventually forming a low-relief surface located in the rugged peaks (Figure 8c).
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In this study, low-relief surfaces in the Three Gorges area were plotted and quantitatively 
analyzed based on the geomorphologic index method, by using a 30 m resolution DEM. The analyses 
showed that the Three Gorges area has many low-relief surfaces distributed throughout, mainly on 
the highlands of the drainage divide between the Yangtze and Qingjiang rivers. Swath profiles were 
used to analyze the topographic features, and the spatial distribution of low-relief surfaces was not 
coplanar, reflecting that these surfaces had different uplift histories in different regions.  

By characterizing the χ maps and dividing migrations, the study determined that the landform 
in the Three Gorges area was in an instantaneous state, and that the rivers were still undergoing 

Figure 8. Topographic evolution in a Divide and Capture (DAC) landscape model, showing river
reorganization and low-relief surfaces. (a–c) represent the evolutionary sequence of the rivers and
associated landforms in a region undergoing tectonic uplift. The rivers are colored based on their χ
value, and the larger the χ value, the stronger the river’s ability to capture. The white arrows indicate
the direction of drainage divide migration, and the green surface is the low-relief surface formed by
river piracy (see also Supplementary movie S1).

5.3. Was It Quasi-Plain Uplift or River Piracy Which Generated the Low-Relief Surfaces?

Detailed topographic analysis revealed that the Three Gorges area fulfilled the expectations for in
situ generated low-relief upland surfaces formed in response to drainage area-loss, rather than being
“relict” landscapes formed by quasi-plain uplift. Whipple et al. [8] noted that the diagnostic criteria
for low-relief surface landscapes were that the remnants of the surface were all preserved at a similar
altitude, they were approximately coplanar, and that they decreased in altitude systematically across the
study area [7,28]. This possibility seems less likely in the Three Gorges area, however, as the distribution
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elevation of the low-relief surface patches did not show a systematic and obvious downward trend in
the horizontal direction, as can be seen in Figure 5c.

The study found that the Three Gorges area low-relief surfaces were mostly located in the divide
between the Yangtze and Qingjiang rivers, and that the catchments of related tributaries formed the
low-relief surface patch boundaries, as shown in Figures 4 and 5b. The low-relief surfaces were found
to be distributed between 1300 and 2000 m; they occurred at various altitudes within this range, their
distribution appeared to be random and scattered, rather than continuous, and they did not appear to
have been formed as a quasi-plain, which rose uniformly and simultaneously [17].

Two samples of the ancient fluvial gravel layer located between the Mashui and Baolong rivers
were aged, using electron spin resonance dating, and were found to have been formed at 728 ± 72 ka
and 789 ± 78 ka, respectively [62]. Comparison with the Three Gorges terrace substrates indicated that
this gravel layer formed in the same period as the fifth terrace of the Three Gorges, in the early Middle
Pleistocene [15]. However, it is noted that the elevation difference between the gravel layer and the
fifth terrace was >1000 m, which indicated that there had not been a multilevel planation surface in the
Three Gorges area. Moreover, the Three Gorges area had been a regional watershed since the Mesozoic,
and had not been completely flattened into a “quasi-plain” [17]. All of which supported the concept
that the upland low-relief surface landscapes in the Three Gorges region were not preserved patches of
a landscape formerly at equilibrium.

Abrupt transitions on river profiles and log-transformed slope-area plots are termed slope-break
knickpoints [63]. If the low-relief surface was a relict formed by river incision into a quasi-plain
formed when regional uplift increased and the river network geometry was fixed, the trunk and
tributary profiles of all rivers would show slope-break knickpoint changes at similar altitudes [64].
However, according to Figure 6, the χ-plots of all the major regional catchment streams display different
collapse trends—as opposed to a regular change pattern in space. This result indicated that these
low-relief surface patches did not experience a common uplift history [18], contrary to the relict
landscape hypothesis.

The concept of “area-loss feedback” (ALF) refers to a drainage basin that has lost its catchment
area, due to the impact of river capture, which leads to a decrease in its erosion rate and an increase in
elevation; this increases the vulnerability of the catchment to further reduction, triggering a subsequent
cascade of river capture and migration to the inner catchment [8]. The river profiles away from dynamic
equilibrium and knickpoints are quite clear on the internal stream profile in Figure 7d–f. The results
here show that even in a single plot, the χ-plots also showed a large scatter, indicating that they
had different common uplift histories. Generally, the divide migrates in the direction with the lower
erosion rate, which means that rivers outside low-relief surface patches are gaining catchment area by
capturing the upper parts of inner rivers. In this work, it is noted three typical ALF mechanism cases
in the Three Gorges, which were consistent with the concept of the low-relief surfaces were generated
by river piracy. Hence, the study of well-validated cases in the Three Gorges area can improve our
understanding of the elevated, low-relief surface landscape associated with drainage captures.

To simulate this mechanism, we established a DAC numerical model, which reflected the vertical
uplift effect caused by neotectonic movement in the Three Gorges area (Figure 8). The model proved
that the low-relief landscape patches formed in situ, in response to drainage area-loss following river
capture. Although the dynamics of this landscape evolution could not be fully represented by this
simple model, it satisfactorily constructed the concept, demonstrating the key role played by drainage
evolution in the formation of low-relief surface landscapes in the Three Gorges region. Moreover,
the model also reflected the sensitivity of river reorganization to vertical tectonic and revealed the
function mechanism provided by river network geometry in the elucidation of geomorphic evolution.

6. Conclusions

In this study, low-relief surfaces in the Three Gorges area were plotted and quantitatively analyzed
based on the geomorphologic index method, by using a 30 m resolution DEM. The analyses showed that
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the Three Gorges area has many low-relief surfaces distributed throughout, mainly on the highlands of
the drainage divide between the Yangtze and Qingjiang rivers. Swath profiles were used to analyze the
topographic features, and the spatial distribution of low-relief surfaces was not coplanar, reflecting that
these surfaces had different uplift histories in different regions.

By characterizing the χ maps and dividing migrations, the study determined that the landform in
the Three Gorges area was in an instantaneous state, and that the rivers were still undergoing dynamic
reorganization, with the river basin having not yet reached equilibrium. The χ-transformed profiles
were used to analyze the χ value differences between the inner and outer rivers of the landform surfaces,
which showed that the low-relief patches in the Three Gorges area conformed to the expectations of an
ALF mechanism. A DAC numerical model was then used to simulate landform evolution, and all
the evidence taken together allowed us to form the hypothesis that the upland low-relief surface
landscapes of the Three Gorges are not relict uplifted surfaces, but rather have formed in situ, based on
long-term exchanges between river basins.

Overall, the study described here has allowed us to propose a valuable insight into the evolution
of the low-relief surface landscapes of the Three Gorges, from the perspective of feedback effects caused
by river piracy. We also recommend that the quasi-plain theory should be used more cautiously when
explaining the evolution mechanism of the upland low-relief surface landscape. Because of the absence
of dating materials, however, there is no direct evidence to show the formation age of the low-relief
surfaces. In the future, accurate dating of low-relief surface landscapes will be required, if a deeper
understanding of the long geomorphological history of the study region is to be achieved.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/23/3899/s1,
Movie S1: Numerical simulation showing the evolution of landscape and drainage network.
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