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In situ low-relief landscape formation as a result
of river network disruption

Rong Yang', Sean D. Willett' & Liran Goren?

Landscapes on Earth retain a record of the tectonic, envir-
onmental and climatic history under which they formed.
Landscapes tend towards an equilibrium in which rivers attain
a stable grade that balances the tectonic production of elevation
and with hillslopes that attain a gradient steep enough to trans-
port material to river channels. Equilibrium low-relief surfaces
are typically found at low elevations, graded to sea level. However,
there are many examples of high-elevation, low-relief surfaces,
often referred to as relict landscapes™?, or as elevated peneplains®.
These do not grade to sea level and are typically interpreted as
uplifted old landscapes, preserving former, more moderate tec-
tonic conditions®*. Here we test this model of landscape evolution
through digital topographic analysis of a set of purportedly relict
landscapes on the southeastern margin of the Tibetan Plateau,
one of the most geographically complex, climatically varied and
biologically diverse regions of the world. We find that, in contrast
to theory, the purported surfaces are not consistent with pro-
gressive establishment of a new, steeper, river grade, and there-
fore they cannot necessarily be interpreted as a remnant of an old,
low relief surface. We propose an alternative model, supported by
numerical experiments, in which tectonic deformation has dis-
rupted the regional river network, leaving remnants of it isolated
and starved of drainage area and thus unable to balance tectonic
uplift. The implication is that the state of low relief with low
erosion rate is developing in situ, rather than preserving past
erosional conditions.

The Tibetan Plateau has uplifted over the past approximately
50 million years (Myr) and has been argued to be growing east-
wards through a combination of block motion on strike-slip
faults®”, uplift in response to lower crustal flow® and large-scale
shortening in response to indentation of the Indian plate®. To the
southeast of the plateau proper is a topographic transition, referred
to as the “Three Rivers’ region, taking its name from the three large
rivers (Salween, Mekong and Yangtze) that have incised the edge of
the plateau, forming bedrock gorges up to 3km deep (Fig. 1).
Although surface expression of tectonic activity is not always evid-
ent, large strike-slip faults parallel the main rivers'® and there is
evidence for tectonic disturbance to the landscape, including cap-
tures of major rivers'"">. Geodynamic models suggest that the
region, situated near the corner of the indenting India plate, has
been subjected to large horizontal strains®'"’. Thermochronometry
suggests that the major rivers accelerated their incision about
10 Myr ago (Ma), although paleo-altimetry based on stable isotope
data suggests that most of the area has been near its current eleva-
tion for more than 40 Myr'*'®. A regional low-relief surface, or
relict landscape, with low erosion rates'®™'* has been identified in
the headwaters of the three rivers and along the interfluves in the
middle and lower reaches, and its existence has been used to argue
for relatively recent uplift"*.

The transient response of a landscape to a change in uplift rate is
dominated by changes in river channel slope. Channel slope has a
first-order dependence on discharge or its proxy, drainage area, so

measures of channel slope must be normalized for drainage area.
Similar to past treatments of the problem®*’, we transform
distance from base level, x, along the channel to the surrogate
quantity, y:

o= () o

where m and » are empirical, non-integer constants, P is precipitation
rate and A is the upstream drainage area®. P, and A, are arbitrary
scaling factors for the precipitation rate and drainage area, respect-
ively. The change in channel elevation with respect to  is referred to as
channel steepness and provides a measure of the local erosion rate. For
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Figure 1 | The study area of the ‘Three Rivers’. a, The catchment boundaries
of the Salween, Mekong and Yangtze Rivers in southeast Asia. b, Map of low-
relief areas within the ‘Three Rivers’ region. Trunk channel of the Salween,
Mekong and Yangtze Rivers shown in white. Major faults shown in red. Yellow
shading indicates low-relief surfaces as identified in ref. 1. Surfaces singled out
for our study and shown in subsequent figures are labelled. ¢, Normalized
elevation plot (y-plot) for the Yangtze. Red curve is the profile of the main stem.
1 is calculated from equation (1) using m/n = 0.45. Precipitation rate is shown
in Extended Data Fig. 1. The comparable information for the Salween and
Mekong is shown in Extended Data Fig. 2. The same data for a range of values of
m/n are shown in Extended Data Fig. 2. Erosion rate scales with the slope of the
plot?, so the scatter in the slope of the tributaries implies variability in the
erosion rate'’.
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a steady, constant uplift rate, erosion rate equals the uplift rate and the
channel steepness, K, is proportional to the uplift rate, U, as

v\
= <KA6">

where K reflects the basin runoff characteristics and rock erodibility®.
According to prevailing theory, a channel steepness transient initiates
at base level and propagates upstream as a kinematic wave*’. By
normalizing for drainage area, we can compare rivers of variable size
across a landscape given that channels with a common uplift pattern
and history should collapse onto a single profile in elevation-y space®.
Even with added complexities in the incision law?®, area—slope scaling
at steady state remains a robust feature of most landscapes, so that a
1-plot gives a valuable metric for the state of disequilibrium. The y-plot
of the Yangtze River above the Sichuan Basin using the precipitation
data from the Tropical Rainfall Measurement Mission (Extended Data
Fig. 1) shows high steepness for y less than about 20 and much lower
steepness for larger y (Fig. 1¢), reflecting the low relief of the Tibetan
plateau. However, scatter in this plot is very large at all elevations. The
Salween and Mekong Rivers exhibit similarly large scatter (Extended
Data Fig. 2). This variability in steepness is consistent with the exist-
ence of low-steepness landscape fragments throughout the region, but
it is not consistent with the idea of a common history of uplift.
However, over a region as large as the ‘Three Rivers’, we expect
temporal and spatial variations in uplift and rock erodibility, so the
analysis is best applied at a smaller scale.

To test whether there is a common uplift history for individual low-
relief surfaces, we generated y-plots for the rivers draining the interior
of individual ‘relict’ surfaces as identified in ref. 1. These profiles were
compared with profiles of the rivers draining the exterior of the low-
relief landscape and with the main trunk of the nearest of the three
rivers. We attempted to select low-relief landscapes interior to one of
the three major drainage basins, and only considered tributary rivers
having a common confluence close to the low-relief surface. Any
differences between channel profiles must arise above their common
confluence, confirming that we were looking at local processes. In total,
we investigated eight regions (Fig. 2 and Extended Data Figs 3-9).

All regions showed remarkably consistent river profile characteris-
tics (see, for example, Fig. 2). It is clear that there is no common uplift
history that can explain the aggregate set of rivers, even in the limited
area of a single low-relief surface, and independent of the selection of
exponents in equation (1) (Extended Data Fig. 2). The kinematic wave
model of channel equilibration predicts collapse of all rivers onto a
single elevation-y profile”’, which is not observed. All tributaries
mapped in Fig. 2 deviate in steepness, as represented by the slope of
the y-plot, upstream from their confluence with the main stem of the
Yangtze River. What is most remarkable is that they deviate system-
atically. All rivers draining the interior of the low-relief surface plot
below the regional average; all rivers draining the exterior perimeter of
the surface have a steeper slope and plot above the interior-draining
rivers and above the trunk river. In every case, there is a specific range
of y over which the interior river channels have a lower steepness than
the exterior channels. In addition, the large contrast in y across water
divides surrounding the low-relief catchments suggests that the
regional network does not have a stable geometry and thus does not
retain an old, near-equilibrium state®’. Differences in steepness can
arise from differences in rock erodibility, uplift rate or precipitation
rate, and individual features may be attributed to these factors; how-
ever, given the restricted area of each of these examples, and the indi-
vidual geometry of each low-relief surface, we can exclude these factors
as a general explanation for the pattern of river profile diversity in all
eight areas.

The other potential source of variation in the y-plots arises from
changes in drainage basin area by river capture and divide migration.
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Figure 2 | River courses and y-plots for region of low-relief, ‘relict’
landscape CJ14 in the Yangtze drainage. See Fig. 1 for location. a, Perspective
view of the landscape. The low-relief surface is shaded and the courses of ten
rivers are keyed by colour and number to the y-plots in b. b, Graph of y-plots
for rivers shown in Fig. 2a. Red tributaries are primarily interior to the low-relief
landscape; blue rivers drain the exterior. Yellow point in each frame shows
downstream point common to all rivers. Triangles indicate prominent
inflections in profiles and their locations in Fig. 2a. ¢, Schematic of response of
%-plot to instantaneous area change or discrete river capture. Loss of drainage
area shifts plot to the right; gain of area shifts plot to the left. A discrete capture
event may preserve the slope of the captured reach. Note that interior rivers (1,
2, 3) are all shifted into the area-loss field, although the lower reaches may have
equilibrated with the main stem of the Yangtze. Tributaries 4-10 are shifted
into the area-gain field. Tributaries 4, 5, 7, 8 and 10 appear to have recently
captured additional area from the upper surface, thus exhibiting a kinked
profile. Examples of this analysis applied to other low-relief landscapes are
shown in Extended Data Figs 3-9.

Temporal changes in drainage area produce distinctive changes in the
x-profiles*’. Given that y depends inversely on drainage area, a loss
of area pushes an equilibrium profile towards higher y, preferentially
affecting the upper reaches of a river, as shown in Fig. 2c. Conversely,
anincrease in drainage area decreases y, pulling the profile to the left in
a y-plot. In the case of a large river capture, the river below the capture
pointis pulled to the left and its plot steepened, with the captured reach
retaining its original slope, thus giving a distinctive, kinked plot
(Fig. 2¢). In all cases, area change leads to a disequilibrium state of
the river channel, which will evolve back towards equilibrium through
changes in erosion rate and channel steepness. There is an important
positive feedback to this process, in that, during the disequilibrium
phase, area loss leads to a lower erosion rate and thereby to surface
uplift and higher elevation. Higher elevation increases vulnerability to
further area loss by either capture or divide migration. A river that is
the victim of drainage-area loss is therefore characterized by high
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Figure 3 | Numerical model of landscape evolution governed by stream-
power river incision in response to tectonic uplift and horizontal strain
using the Divide and Capture (DAC) landscape evolution model®. a, River
network configuration and erosion rate shown at model time of 25.8 Myr.
Tectonic rock uplift rate is constant in space and time at 0.5mm yr ™. Initial
topography is near steady state with the same uplift rate and no horizontal
motion. All boundaries are fixed elevation at nominal sea level. At time zero,
domain is subjected to horizontal contractive field with a double parabolic form
and a maximum velocity of 15mmyr~" (see Methods). Shortening vectors
shown as black arrows. Only lower (south) half of the symmetrical model is
shown, so upper (north) edge of figure is approximately the main divide of an

elevation, low channel steepness, low erosion rates and is typically
surrounded by rivers that are aggressively advancing into its current
drainage basin®'. These are precisely the characteristics of the regional
landscapes portrayed here (Fig. 2 and Extended Data Figs 3-9).

To demonstrate this mechanism and to show that tectonic short-
ening and shear deformation does produce such a landscape, we con-
structed a numerical model of a landscape experiencing a non-uniform
shortening rate representing the indentation of the Indian plate into
southeast Asia®'>. The model solves for stream-power incision of river
channels in a river network, subjected to tectonic uplift and horizontal
motion, and includes an explicit description of the water divide
motion® (Methods). In our numerical experiment (Fig. 3 and
Supplementary Video), we impose a pincer-type horizontal strain-rate
field on an initially steady state topography, but retain the initial rock
uplift rate. The tectonic strain deforms the river basins and induces
multiple river captures as the channel network attempts to regain a
more stable configuration. These changes in network configuration
also induce variations in river steepness (Fig. 2c) with a corresponding
increase in variance of erosion rate (equation (2)). In particular, a large
fraction of the model domain has erosion rates lower or higher than
the imposed tectonic uplift rate (Fig. 3d). Low erosion rates are in part
due to the lengthening of flow paths by extensional strain, but the
lowest erosion rate regions are typically victims of a large river capture.
Given the area-loss feedback, these low-erosion-rate regions are sub-
ject to multiple subsequent captures, as well as continuous inward
divide migration by steeper neighbouring basins. These processes pro-
long the transient phase of landscape response and result in isolated
catchments with anomalously high elevations and low erosion rates,
much as is observed in the “Three Rivers’ region (compare Fig. 3¢ with
Fig. 2b or Extended Data Figs 3-9).
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approximately symmetric domain. Full model is shown in the Supplementary
Video. b, A select drainage basin (see location highlighted in white in

a) exhibiting typical erosion rate variations. The red segment of river 2 has been
captured from river 1. The inset shows the drainage basin configuration just
before river capture. ¢, Graph of y-plot of river basin shown in b. River
steepness (slope of x-plot) is low in tributaries that have recently lost area and
high in tributaries that have gained area. Note similarities in overall basin
structure with natural example in Fig. 2. d, Distribution of erosion rate across
full model domain at three times, showing increase in erosion rate variance in
response to tectonic strain. Note decrease in mean and negative skewness in
distribution, reflecting the perseverance of low-erosion rate regions.

Our numerical model includes several simplifications. The imposed
strain field is continuous, whereas in nature surface deformation is
commonly brittle, with localized faults. The use of a continuous strain
field has the tendency to minimize channel network disruption; the
same strain distributed across discrete faults would probably have a
much larger effect on the channel network geometry. We also do not
include sediment production and deposition in our model. A river that
loses upstream area loses sediment carrying capacity and may not be
able to transport sediment supplied by local hillslopes. This sediment
would be locally deposited, preventing additional channel erosion®.
Thus our model provides a minimum estimate of the variations in
erosion rate expected through channel network disruption.

Drainage basin disruption slows, but does not prevent the re-
equilibration of low erosion rate catchments to base level; in fact,
we observe steepening of the lower reaches of many rivers with convex
inflections separating steep and gentle river segments (Fig. 2 and
Extended Data Figs 3-9). However, the height and position of these
inflections are typically unique to an individual drainage basin, incon-
sistent with the idea of a regional wave of incision propagating
upstream. As an end-member interpretation, each low-relief catch-
ment could correspond to a specific large capture event. In some cases,
it is possible to determine this. For example, surface CJ12 (Extended
Data Fig. 8) is downstream from the former course of the Dadu
River'2. However, in most cases, low-relief surfaces result not from
a single event, but through a series of captures accompanied by con-
tinuous divide migration, making it difficult to assign attribution to a
single event. We also cannot exclude the possibility that much of the
region has experienced an acceleration in rock uplift. In fact, an
increase in uplift rate would be expected to accompany the shortening
of our simulation. In addition, the upper “Three Rivers’ region drains
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the Tibetan Plateau, whose existence over a much larger area suggests
that other tectonic or climatic processes are important to formation of
the plateau landscape that includes the uppermost low-relief surfaces™.
However, our model suggests that an acceleration in uplift rate is not
required to form most of the landscape of the “Three Rivers’ region, nor
is an initially low-relief landscape required. We suggest, rather, that the
‘relict’ landscapes are forming and being modified, in situ through loss
of drainage area. Given the positive feedback inherent to drainage area
loss and gain, it is unlikely that these, or any high, isolated surface will
retain an unaltered record of past geomorphic conditions or elevations.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Topographic analysis was done using the SRTM3 digital elevation model, which
has a resolution of approximately 90 m (ref. 31). A threshold drainage area of 5 km*
was used to exclude regions dominated by debris flows or hillslope processes. We
extracted all information such as longitude, latitude, elevation, flow direction, flow
length, stream order and flow accumulation from the filled digital elevation model.
The averaged annual precipitation rates were obtained with a spatial resolution of
approximately 5km X 5km based on the 12-year Tropical Rainfall Measurement
Mission data during the period 1998-2009 following the methods described in ref.
32. The y-value for each pixel was calculated according to equation (1), using the
Tropical Rainfall Measurement Mission precipitation data. Note that the equation
(2) definition of y corresponds to a version of ' in ref. 21. Calculations were done
assuming concavity m/n = 0.45, a scaling area A, of 1 m* and a scaling precipita-
tion rate Py of 1 myr . This was selected according to the methodology in ref. 21.
Other values of m/n are shown in Extended Data Fig. 2. Use of another concavity
changes the position of the trunk river relative to the tributaries, but does not
change the relative position or steepness of the interior- and exterior-draining
rivers. To reduce the number of pixels for calculation, we applied a skipping factor;
the data were resampled every five pixels for the Salween and Mekong and every
ten pixels for the Yangtze but not for those pixels at confluences to maintain
the river network structure. For the trunk river profile in Figs 2 and Extended
Data Figs 3-9, flats due to filling were removed.

The landscape evolution simulation was generated using the coupled numerical-
analytical model DAC (Divide and Capture)®. This model implements the physics
of water divide motion and stream capture. We defined a rectangular domain size of
400 km X 300 km. We used n=1 for the slope exponent, m = 0.5 for the area
exponent and K= 1.0 X 107° for the rock erodibility. The simulation was

initialized by generating a steady-state topography from an initially random
(Gaussian, uncorrelated, maximum elevation of 1 m) elevation field with a
spatially uniform tectonic uplift rate of 0.5mmyr ' and no horizontal
motion. The base level on all four edges was fixed at a constant elevation,
and precipitation rate and rock type were assumed to be steady and uniform. A
symmetrical mountain range with maximum elevation of 5.4 km was gener-
ated after 100 Ma. Using this steady-state topography as an initial condition,
we imposed a horizontal velocity field to simulate the shortening in response
to indentation of the corner of the Indian plate into Eurasia. Horizontal
velocity has non-zero component only in the x direction (east-west) and var-
ies parabolically in the ydirection (north-south) from the boundary to the
centre line of the model. Velocity varies linearly in x, from maximum values at
the boundaries to zero along the centre axis. The midpoint axes in both
dimensions are thus symmetry conditions for the velocity field. Upper and
lower halves of the model can be regarded as independent realizations of the
indentation problem. The simulation starts at 0 Ma and ends at 30 Ma with a
time step length of 500 years.

Code availability: the landscape evolution model and parameters are available
from any of the authors on request.
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Extended Data Figure 1 | Mean annual precipitation for study area derived from Tropical Rainfall Measurement Mission data. See Methods.
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Extended Data Figure 2 | Yangtze, Salween and Mekong River y-plots. Plots  y-profiles with concavity. The trunk rivers are highlighted in black. We use a
are constructed using a range of m/n from 0.3 to 0.6 to test the variability of ~ value of 0.45 for the y analysis, following the methodology described in ref. 21.
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Extended Data Figure 3 | River courses and y-plots for the region of low-
relief landscape LCJ3 in the Mekong drainage. See Fig. 1 for location.

a, Perspective view of the landscape. The low-relief surface is shaded and the
courses of ten rivers are keyed by colour and number to the y-plots in

b. b, Graph of y-plots for rivers shown in a. Inset shows same data, scaled to
include the full Mekong. Red tributaries are primarily interjor to the low-relief
landscape; blue rivers drain the exterior. Bold black river is the trunk river with
flow direction indicated by the white arrow. The yellow point in each frame

20 25 30 35 40
X

shows the downstream point common to all rivers. Triangles indicate
prominent inflections in profiles and their locations in a. Interior rivers (1,2, 3)
are all shifted towards lower erosion rates. Exterior rivers are all shifted towards
higher erosion rates. Tributary 9 appears to include a recent headwater capture.
The absence of common form to the y-plots indicates no common uplift
history. The independence of individual catchments suggests variance is due to
changing catchment area.
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Extended Data Figure 4 | River courses and y-plots for the region of low-
relief landscape NJ2 in the Salween drainage. See Fig. 1 for location. Figure
format as in Extended Data Fig. 3. a, Perspective view of the landscape. The
low-relief surface is shaded and the courses of ten rivers are keyed by colour
and number to the y-plots in b. b, Graph of y-plots for rivers shown in a. This
surface is arguably part of the Tibetan Plateau proper and y-values are nearly as
large as the trunk river. Interior rivers (1, 2, 3) are all shifted into the area-loss

field, although they are arguably not significantly different from the main stem.
Tributary 4 includes a recent capture. Tributaries 5-10 are shifted into the area-
gain field. Tributaries 6 and 7 might include captured reaches. Numbers in
parentheses are erosion rates derived from '°Be concentrations'® or from
thermochronometry (in italics)'® and indicate a fivefold increase in erosion rate
in exterior basin 8, relative to interior basins.
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Extended Data Figure 5 | River courses and y-plots for the region of low-
relief landscape CJ3 in the Yangtze drainage. See Fig. 1 for location. Figure
format as in Extended Data Fig. 3. a, Perspective view of the landscape. The
low-relief surface is shaded and the courses of 15 rivers are keyed by colour and
number to the y-plots in b. b, Graph of y-plots for rivers shown in a. Rivers 1-5
are shifted into the area-loss field, and may have been captured given their
steep, common lower reach. Remaining rivers are either in equilibrium or are
shifted into the area-gain field, although all rivers in this area have a lower reach
steeper than the trunk of the Yangtze. Unique to this low-relief surface, we

analysed tributaries with two, independent, common confluence points.
Tributaries 11-15 have a common confluence independent of tributaries 1-10,
so there is potential for different base level control on each set. In addition, this
area is subject to anomalous uplift associated with the Gonga Shan massif*.
These tributaries have been illustrated in grey in b. Numbers in parentheses are
erosion rates derived from '’Be concentrations' and indicate rates in the
exterior draining rivers one to two orders of magnitude higher than in the
interior. This is consistent with the difference in slope of the y-plots and
migration of the intervening divide.
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Extended Data Figure 6 | River courses and y-plots for the region of low- number to the y-plots in b. b, Graph of y-plots for rivers shown in a. Rivers 1-5
relief landscape CJ8 in the Yangtze drainage. See Fig. 1 for location. Figure are shifted into the area-loss field, but do not show evidence of recent capture.

format as in Extended Data Fig. 3. a, Perspective view of the landscape. Thelow-  Remaining rivers are either in equilibrium or are shifted into the area-gain field.
relief surface is shaded and the courses of 14 rivers are keyed by colour and
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Extended Data Figure 7 | River courses and y-plots for the region of low- are shifted into the area-loss field, and may have been captured given their
relief landscape CJ10 in the Yangtze drainage. See Fig. 1 for location. Figure  steep, common lower reach. This interpretation would include rivers 4 and 5.
format as in Extended Data Fig. 3. a, Perspective view of the landscape. The Remaining rivers are either in equilibrium or are shifted into the area-gain
low-relief surface is shaded and the courses of 15 rivers are keyed by colourand ~ field.

number to the y-plots in b. b, Graph of y-plots for rivers shown in a. Rivers 1-3
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Extended Data Figure 8 | River courses and y-plots for the region of low- number to the y-plots in b. b, Graph of y-plots for rivers shown in a. Rivers 1-5
relief landscape CJ12 in the Yangtze drainage. See Fig. 1 for location. Figure  are shifted into the area-loss field. Tributaries 2, 3 and 7 show evidence of recent
format as in Extended Data Fig. 3. a, Perspective view of the landscape. Thelow-  capture. Tributaries 6, 8 and 9 are shifted into the area gain field.

relief surface is shaded and the courses of nine rivers are keyed by colour and
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Extended Data Figure 9 | River courses and y-plots for the region of low-

relief landscape LCJ2 in the Mekong drainage. See Fig. 1 for location. Figure
format as in Extended Data Fig. 3. a, Perspective view of the landscape. The low-
relief surface is shaded and the courses of nine rivers are keyed by colour and
number to the y-plots in b. b, Graph of y-plots for rivers shown in a. Rivers 1

and 2 are shifted into the area-loss field. Tributaries 7 and 8 indicate recent
capture. Tributaries 3-6 are shifted into the area-gain field. Numbers in
parentheses are erosion rates derived from '°Be concentrations'® or from
thermochronometry (in italics)'® and indicate rates much higher in exterior
basin 9 relative to the interior.
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