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Abstract: The eastern margin of the Tibetan Plateau is characterized by two end-member morphologies: 2-3-km-deep
canyons that are juxtaposed against extensive high elevation, low relief landscapes. Past researchers have highlighted
topographic evidence for mobile drainage divides in this region. Active thrusting is thought to drive river gorge incision
originating from the east, but within the eastern Tibetan plateau, there is no evidence for focussed thrusting, and no
significant post-Cenozoic shortening structures are evident at the surface upstream of the Three Rivers regions. In this
region, researchers have attributed the evident landscape transience to different mechanisms, including upward propagation
of an incision signal, regional uplift, and local uplift caused by strike-slip motion. Here, we quantify topographic metrics to
document the geomorphic response to the proposed tectonic forcing. Specifically, we quantify channel steepness and
identify knickpoints to assess evidence for landscape transience and potential accelerated incision triggered in eastern Tibet.
We find that ks, and slope systematically increase downstream along the Tongtianhe River (TR) which bisects the study
area from NW to SE and is part of the Yangtze River system, but not along adjacent main stem rivers with similar
orientation, therefore ruling out the effect of a regional uplift gradient. The spatial distribution of knickpoints does not
cluster along or around fault lines, which we interpret to mean that local faulting is not likely a significant factor causing the
systematic variations in the topographic metrics. We find that tributaries of the TR exhibit large non-lithological channel
convexities, and that the elevation of these knickpoints above the tributaries’ mouth increases towards the SE, in the TR’s
downstream direction. This observation can be best explained by a transient signal propagating upstream along the TR. An
additional large non-lithological knickpoint along the TR, as well as a strong local drainage divide disequilibrium between
the TR’s tributaries and adjacent basins, suggest that waves of incision, potentially set by regional uplift, are propagating up
the TR but not up the adjacent major river systems (the Mekong and eastern branch of Yangtze rivers). We propose these
waves of incision are the first-order driving force for river arrangements in eastern Tibet. Accordingly, we reconstruct the

evolution processes of landscapes in eastern Tibet.

Keywords: River capture; River networks reorganization; Eastern Tibet; Chi analysis
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Drivers of landscape evolution in eastern Tibet

1 Introduction

The shape of the Earth’s surface is mainly determined by the competition between tectonic motion and
Earth surface processes. Because the response time of river systems to perturbations is on the order of
millions of years (Whipple, 2001; Whipple and Tucker, 1999; Whittaker and Boulton, 2012; Willett et al.,
2014), landscapes are far from equilibrium in many settings. Many landscapes exhibit river channel
steepening, headward erosion, drainage divide migration and river capture (Fan et al., 2018). Beyond
landscape morphology, such drainage reorganization processes have been shown to affect ecology (Gallen,
2018; Ott, 2020) and river ecosystems (Albert et al., 2018; Gallen, 2018; Lyons et al., 2020; Souza et al.,
2020; Swartz et al., 2007; Waters et al., 2020; Willett et al., 2014). For instance, the presence of the Tibetan
Plateau is thought to profoundly influence biodiversity in Asia (Deng et al., 2020; Spicer, 2017).
Understanding the land surface dynamics of the Tibetan Plateau, which is the most extensive elevated
surface on Earth, is critical for exploring the links between morphology and other components of the Earth
system. The central plateau is internally drained, which contrasts sharply with the plateau’s steep and active
eastern margin, where three of the world’s largest rivers (Salween, Mekong and Yangtze) are incising at
~0.3 to 0.4 mm/year (Clark et al., 2005; Ouimet, 2007). In addition, the unique geomorphology of eastern
Tibet, as well as its unique aquatic plants, plankton, benthic animals, and fish (Pan et al., 2013), testify to a

highly dynamic history over the last few million years.

As the headwaters of the ‘Three Rivers’ (Salween, Lancangjiang River, Yangtze) region, eastern Tibet
is the topographic transition zone connecting bedrock river gorges up to 3 km deep (Yang et al., 2015) and
high-elevation, low-relief landscapes with low erosion rates (Duvall et al., 2004; Henck et al., 2011; Ouimet
et al., 2009; Wilson and Fowler, 2011). Farther west and away from the Three Rivers region, the events
leading to and the drivers of the development of modern topography are less clear. One such region is the
Qiangtang terrane (Figure 1-a), the eastern component of which features steep canyons inset into a mosaic
of spatially extensive high elevation, low-relief landscapes (Figure 1-a). Some authors have argued that this
morphology is caused by incision into a uniform elevated pre-existing low-relief landscape (Clark et al.,
2006; Whipple et al., 2017a; Yuan et al., 2022), whereas others claim its origin is due to river network
reorganization driven by tectonic deformation, a process that might leave remnants of the original network
isolated and starved of drainage area (Yang et al., 2015). Towards the Three Rivers region, active thrust

faulting is thought to drive channel incision (Clark et al., 2004; Clark et al., 2005; Ou et al., 2021), but to
- 2 -
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Drivers of landscape evolution in eastern Tibet

the east, the contrasting gorges and low relief surfaces are not co-located with major faults (Whipple et al.,
2017). One hypothesis is that this morphology is driven by channel incision signals propagating upstream
from the tectonically active region (Harkins et al., 2007; Fan et al., 2021), which we aim to test in this study,

as detailed below.

The uplift of Tibet involves a series of collisional events of several Gondwanan terranes with Asia and
the final accretion of the Indian subcontinent (Molnar and Tapponnier, 1975; Yin and Harrison, 2000; van
Hinsbergen et al., 2012). Since the India/Eurasia collision, ~2000 km of shortening has occurred in the
Tibetan Plateau, which is thought to have been absorbed by underthrusting of the Indian lithosphere,
shortening of the Himalayan thrust belt, and shortening via thrusting and strike-slip faulting in the plateau
interior (e.g., Kapp and DeCelles, 2019). The continued convergence resulted in the outward and upward
growth of the Tibetan Plateau through crustal shortening and/or lower crustal flow during the Neogene

(Tapponnier et al., 2001; Clark et al., 2005; Molnar, 2005; Royden et al., 2008; Tian et al., 2015).

All studies agree that eastern Tibet has experienced a period of substantial tectonic uplift, but there is
debate over the timing. Early authors suggested, based on fission-track dating, that uplift accelerated at 3.6
Ma (Li et al., 1996). Thermochronometric data suggest a late Miocene (at ~10Ma) increase of river incision,
which has been interpreted as evidence of coeval rock and surface uplift (Clark et al., 2005; Ouimet et al.,
2010; Tian et al., 2018). Recent thermochronological studies suggest the occurrence of early Miocene (Tian
et al., 2014), middle Miocene (Nie et al., 2018), Oligocene and earlier phases of rock exhumation (Wang et
al., 2012; Shen et al., 2016; Zhang et al., 2022), indicating a spatially and temporally heterogeneous rock
uplift pattern (Tian et al., 2014; Zhang et al., 2022; Wang et al., 2008). Duvall et al. (2012) inferred broad
surface uplift as the main driver of the widespread late Cenozoic increase in erosion rates across the interior
of eastern Tibet. Meanwhile, Henck et al. (2011) noted an exhumation gradient changing from 0.01 to 8
mm/yr from west to east of eastern Tibet, suggesting a long-wavelength rock uplift pattern. Recent research
has also attempted to link the rapid incision of the major rivers to the intensification of monsoon rainfall
(Nie et al., 2018). All these studies point towards accelerated uplift in eastern Tibet driving channel incision

that originates in the east and then propagates upstream.

Drainage divide migration is a common feature of tectonically active, transient landscapes. In these
landscapes, divides tend to migrate towards the side with a higher uplift rate, with a lower erosion rate, in

the direction of horizontal advection/shortening (Bonnet, 2009; He et al., 2021; Willett et al., 2014), and/or

-3-



92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107
108

109
110
111
112
113
114
115
116
117
118
119

Drivers of landscape evolution in eastern Tibet

towards stronger, less erodible rocks (Giachetta et al., 2014; Strong et al., 2019; Zondervan et al., 2020b).
Topographic evidence for divide migration has been reported in this region (Whipple et al., 2017a; Yang et
al., 2015). However, while the surface of eastern Tibet appears uplifted, no significant Cenozoic shortening
structures are evident at the surface (Burchfiel et al., 1995; Clark et al., 2004; Clark et al., 2006; Royden et
al., 1997; Studnicki-Gizbert et al., 2008; Wang and Burchfiel, 2000). Is the divide migration in this region
caused by propagating knickpoints from further downstream, a regional uplift gradient (Henck et al., 2011),
or strike-slip faulting in the region (Yu, Wang et al. 2018)? Each of these potential scenarios should lead to
distinct and testable regional morphological patterns, including: regional gradient of channel steepness
reflecting uplift gradient (Kirby and Whipple 2012), wave-like main stem and tributary steepening
associated with the upstream propagation of uplift signals (Binnie et al., 2007; Gallen et al., 2011), or local
disequilibrium associated with drainage reorganization due to strike-slip faulting (Yu, Wang et al. 2018). In
this study, we extract channel and catchment-wide metrics, as well as the location of major knickpoints
along the main rivers of the study area and their tributaries, to test whether topographic analysis can
discriminate between these scenarios, and to identify the main drivers of landscape evolution in the study

area.

2 Geologic and geomorphological background

Our research area is located at the junction of the Qiangtang and Songpan-Garze terranes (Figure 1-a).
The western part of the area is the top surface of a plateau, with little river incision, whereas the eastern part
is incised by more than 1 km (Figure 1). The existence of such a clear topographic contrast makes this area
an ideal candidate to test the proposed hypotheses regarding the drivers of landscape evolution in Eastern
Tibet, as each of the proposed drivers should lead to discernible topographic signals. The area is bisected
by the southeast-flowing Tongtianhe River (TR), which is one of the tributaries of the Yangtze River (YZR),
essentially forming the headwaters of the YZR’s western branch (Figure 1-a, b). The TR is sandwiched
between (i) the Yalongjiang River (YLR) and Yellow River to the NE, and (ii) the Lancangjiang River (LR)
to the SE (Figure 1). The LR belongs to the Mekong River system. The YLR is a headwater tributary of the
eastern branch of the YZR: while both TR and YLR belong to the YZR system, their courses connect ~1000

km downstream (Figure 1-a).
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The surface lithology of the area is mainly composed of strongly folded Triassic siliciclastic rock. The
northern part of the TR is mostly siliciclastic sedimentary rocks and the southern part is mixed sedimentary
rocks (including mixed carbonate-siliciclastic sediment, but carbonates are not dominant). Unconsolidated
sediments are only found along the river channel of the YLR and upper mainstem reaches of the TR.
Plutonics are only sporadically distributed, and pyroclastics are concentrated in the upper reaches of LR. In
addition, the area of glaciers is small: glaciers are only present around the divide between the TR and

headwaters of the LR (Figure 1-c).

Crustal shortening in the Qiangtang and Songpan-Garze terranes mostly occurred before the Oligocene,
as shown by the formation and folding of several foreland basins (Spurlin et al., 2005). Oligocene and

subsequent deformation is mainly dominated by SE-striking Garzi- Yushu strike-slip fault (Wang et al. 2008).

Our research area is affected by the northwestern part of the Ganzi-Yushu Fault and associated series
of secondary structures (Wen et al., 2003). The Ganzi-Yushu Fault is left lateral, as shown by offset
landforms that include beheaded stream, fault scarps, pull-apart basins and shutter ridges (Wang et al., 2008;
Wen et al., 1985; Zhou et al., 1997). The fault initiated in the late Miocene, with a total slip of ~80 km, as
documented by offsets of river trunk and the syn-tectonic ~12-Ma Gongga Shan granites (Wang et al., 2008;
Searle et al., 2016). The left slip is ongoing as shown by GPS observations (Taylor and Yin, 2009) and large

earthquakes (such as the Ms 7.1 Yushu earthquake, 2010).

Due to the activity of the Ganzi-Yushu Fault, river capture and flow reversal are widespread on the
north side of the TR (Barbour, 1936; Li et al., 2013b; Yu et al., 2018). Whilst unusual river patterns (e.g.,
tributaries joining larger channels at oblique angles) and inferred captures have been identified in these
studies, their importance in driving the geomorphological evolution of the area compared to the other drivers

remains unknown.
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Figure 1. Map of the Tibetan region showing the principal terranes, strike-slip faults and the location of study area. The
fault information (belts and major faults) is adapted from the active structural map of China (Deng, 2007). (a) Topographic
map of Tibet showing the main faults and terranes, as well as the three major rivers in this area: the Yangtze River (YZR),

the Lancangjiang River (LR), and the Yellow River (YR). White rectangle shows location of the study area shown in (b)

and (c). (b) Hillshade of the study area, with study catchments delimited and numbered. Colours indicate which drainage
system the catchments belong to: green for the Lancangjiang River (LR - part of the Mekong River system), yellow for the

Yalongjiang River (YLR, part of the YZR’s eastern branch), and red and blue for the Tongtianhe River (TR, part of the
YZR’s western branch). (c) Geological map of the study area. The main faults are (D: Wudaoliang-Changshagongma Fault;
@: Wudaoliang-Qumalai Fault; ®): Ganzi-Yushu Fault; @: Wulanwulahu-Yushu Fault; B): Xiaosuben-Xialaxiu Fault; ©):

Zaduo Fault. Labels 0-59 denote the studied basins delineated by white lines, including the following large catchments
where evidence that the main rivers have been aggressors in capture events has been reported (Yu et al., 2018): Dequ Basin
(9), Zhaduohe Basin (11), Duocaiqu-Ninggiaqu (30), Dengailongqu Basin (32), Yequ Basin (36), and Batanghe Basin (39).

3 Data Sources and Methodology

3.1 Data sources

We use ALOS World3D (https://portal.opentopography.org/datasets) 30 m resolution topographic

-6 -
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Drivers of landscape evolution in eastern Tibet

datasets produced from 2006 to 2011 (Takaku et al., 2014). The merged Digital Elevation Model (DEM)
covers 120,062 km?, and 60 basins were delineated and assigned a number in the region (Figure 1-b, ¢).
Among them, basins 0-22 and basins 26-46 drain into the TR’s mainstream from its south and north side,
respectively, whereas basins 23-25 and 47-59 are within the YLR and LC catchments, respectively (Figure
1-b). The lithology data we used are from the high-resolution lithology dataset GLiM (Hartmann and

Moosdorf, 2012).
3.2 Calculation of Geomorphic Parameters

Changes in channel and hillslope steepness, relief, and the presence of knickpoints, are commonly
associated with variations in erosion rates or contrasts in bedrock lithology (Kirby and Whipple, 2012). In
the following we describe how we extract such information. This information will then be evaluated against
geological maps in order to determine whether the observed changes reflect (1) lithological changes or (2)
variations in erosion rates driven by drainage reorganization, spatial variations in uplift rates, or propagating

signals.
3.2.1 Calculation of the normalised steepness index ksu

Authors have suggested a relationship between channel gradient and erosion rate for over a hundred
years (Gilbert, 1877). Channel gradient, however, is sensitive to discharge and its proxy drainage area.
Morisawa (1962) noted a power law relationship between gradient and drainage area, which was later
formalized by Flint (1974):

S=kA® (1)
where the parameter ks is defined as the steepness index, and € is defined as the concavity index. Many
scholars have found that steepness is positively correlated to erosion rate (Cyr et al., 2010; DiBiase et al.,
2010; Harel et al., 2016; Kirby and Whipple, 2012; Mandal et al., 2015; Ouimet et al., 2009; Safran et al.,
2005; Scherler et al., 2014). The steepness index, ks, can be determined from equation (1) (Kirby and
Whipple, 2012; Snyder et al., 2000; Wobus et al., 2006). However, this method is limited by the inherently
noisy data and the fact that ks strongly depends on the value of the concavity index 6. Perron and Royden
(2013) proposed a new method using elevation as the dependent variable and an integral of drainage area
as the independent variable, therefore avoiding using measurements of slope:

Ao
A(x)

2(0) = 2(0) + () J, G 5)" dx @

-7 -
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where Ao is an arbitrary scaling drainage area, and zp) is the elevation where integration starts.

According to equation (2), we can define y as a length unit:

A
X =, G’ dx 3)
From equation (2), we can derive:
ks
2(x) = 2(x) + (33)x )

ks can be calculated by calculating the slope of the river profile in x space. We used a scaling area Ao
of 1 m? so that the gradient of the profile in y-elevation space (“y profile”) is equal to the steepness index
ks. This methodology has been widely used in recent years (Clubb et al., 2020; DiBiase et al., 2010; Gailleton

etal., 2021; Strong et al., 2019; Struth et al., 2019; Yang et al., 2015).

Because the steepness index, ks, is strongly dependent on the value of the concavity index, 0, a
reference value of the concavity index, Gy, is frequently used (Wobus et al., 2006). This reference concavity

index allows comparison of ks values across multiple basins.

The choice of 8,y must be considered with care since variations of € within a realistic range could lead
to variations in ks, over several orders of magnitude, leading to potential misinterpretation in terms of spatial
variations in erosion rates and/or their drivers (tectonics or lithology) (Gailleton et al., 2021). In this
contribution, we followed the new x-based methodology (chi-disorder method) of Hergarten et al. (2016)
to derive the best fit § value of all basins, as Mudd et al. (2018) showed it was as reliable and more
computationally efficient than other proposed methods. The mean of all basins’ concavity was used to
calculate ks» within each basin using the statistical technique developed by Mudd et al. (2014), which
segments a y profile into multiple contiguous segments of varied length and steepness, assesses the fit of a

multitude of combinations, and identifies the best one.
3.3.2 Calculation of catchment-averaged slope

Hillslope steepness or relief have been shown to adjust to channel incision and the associated base-
level fall (Ouimet et al., 2009). However, the nonlinear relationship between sediment fluxes and hillslope
gradient in high-relief landscapes hinders the prediction of erosion rate using hillslope gradient (DiBiase et
al., 2010; Roering et al., 1999; Roering et al., 2001; Roering et al., 2007). In our study area, the contrast

between low-relief landscapes and steepened incised reaches means that maps of hillslope gradients and
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median values in tributary catchments can still provide useful information regarding the relative distribution
of erosion rates across the study area and its potential drivers. We therefore calculate hillslope gradient for

each of the study catchments.
3.2.3 Knickpoint analysis

Abrupt changes in channel gradient or steps in elevation along river profiles are generally thought to
reflect changes in either lithology or erosion rate. These topographic features are collectively called
knickpoints: changes in channel gradient are called slope-break knickpoints and abrupt changes in channel

elevation without a change in gradient are called vertical step knickpoints (Wobus et al., 2006).

Lithological knickpoints tend to be located at lithological boundaries, although they can in some
circumstances persist after the disappearance of the contact through erosion (e.g., Strong et al., 2019).
Knickpoints can also cluster along a fault when the fault separates blocks uplifting at different rates, with
the river steepening over the area uplifting the fastest. These two types of knickpoints can be identified by
matching their location with the known location of mapped lithological contacts and active faults. This
approach can help distinguish between such knickpoints and those that represent signals of changing erosion
rates associated with changes in the rate of base-level fall. Knickpoints of this latter type propagate upstream.
They can reveal information on landscape evolution and erosion patterns in tectonically active regions, and
their spatial distribution can provide information on the onset and nature of a tectonic event (Bishop et al.,
2005; Crosby and Whipple, 2006; Liu et al., 2020). In this paper, we identify knickpoints using the

reproducible method described by (Gailleton et al., 2019).

The magnitude of slope-break knickpoints (Aks») is determined by the change in normalized channel
steepness index (ks») across the knickpoint; its value can be positive or negative. Positive and negative
knickpoints are defined as slope-break knickpoints where steepness decreases or increases downstream,
respectively. We report the location and magnitude of the slope-break knickpoints with magnitudes less than
the 1% percentile (these are highly negative, and represent the “lip” of a knickzone) and those with magnitude

greater than the 99™ percentile (these are at the downstream “toe” of a knickzone).

Vertical-step knickpoints are where there is a break in elevation upstream and downstream of the
knickpoint but not necessarily a change in k.. We record vertical-step knickpoints that have magnitudes (A
Zip) that are greater than the 99'" percentile for all vertical-step knickpoints. We also plot the location of the

slope-break knickpoints with the largest and smallest Aks» and of the vertical step knickpoints with the
- 9 -
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largest drop in elevation AZy, along each tributary and the trunk channel.

4 Results

4.1 Spatial distribution of & and ks

We compute the best fit concavity indices in sub-basins draining to major rivers in our study area
(Figure 2-a, b). Basins 0-22 drain to the north side of the Tongtianhe River (TR), basins 27-46 drain the
south side of this river, and basins 47-59 drain the north side of the Lancanjiang River (LR) (Figure 2-c).
Increasing basin numbers in each of these segments correspond to increasing distances downstream. The
distance at which each basin connects to the main stream is calculated for each dataset, with distance 0 km
representing the location of the upstream-most tributary junction. Note that Yu et al. (2018) suggest that
some of these basins may have been aggressors in drainage capture events (our basin numbers 9, 11, 30, 32,

36, and 39).

Basins draining the north side of the TR and the north side of the LR have no significant trend of
increasing concavity index downstream (red and green in Figure 2; as Mann-Kendall: p-value of 0.092 and
0.039, with a coefficient value of 0.229 and 0.332, respectively) (Figure 2-d, f). The basins draining the
south side of the TR show a significant trend with increasing distance along the TR trunk (blue in Figure 2-

¢, as Mann-Kendall: p-value of 1.9x10, with a coefficient value of 0.624) (Figure2-¢).

-10 -
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Figure 2. (a) Variation in 8 using the method developed by Mudd et al., (2018). Basins are organized as follows: red (0-
22) are north side tributaries of TR (number increasing in the downstream, SE direction); blue (26-46) are south side
tributaries of TR (number increasing in the downstream, SE direction); green (47-59) are north side tributaries of LR
(number increasing in the downstream, SE direction). Dark red and dark blue triangles are basins that may have been

aggressors in capture events along the TR, as suggested by (Yu et al., 2018). The gray error bars represents the estimate

of the error on the best-fit 8. (b) Distribution of @ for all basins using the chi disorder method of (Mudd et al., 2018). (c)
Map showing the basins’ numbering. (d, e and f) Trend of concavity with increasing distance downstream along TR

north side, TR south side and LR, respectively.

To calculate ks for the whole region, we adopted the mean concavity value of 0.52+0.13 using the chi
disorder method (=1 Median Absolute Deviation) (Figure 2-b). The map of normalized steepness indices
(Figure 3) shows that the small basins along the TR have increasing values of ks» in the TR’s downstream
direction (towards the SE). Except for basin 30, the steepness of large basins on the south side of the TR is

higher in their downstream section, near their outlet (where they join the TR); the upper catchments exhibit

-11 -
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comparatively low steepness. This is confirmed by the river profiles where profiles of large basins (e.g., 36,
39) show high ks in their lower parts and low ks in the their upstream parts (Supplementary Figure 1). y

profiles of small basins are broadly linear in y coordinates, compared to the convex-up shape of large basins.

We observe stark contrasts in cross-divide ks between catchments draining into the TR and those
draining into the YLR, as highlighted by the red box in Figure 3. This trend is observed overall, with
channels draining to the TR (Basin 15, 16, 17, 18, 20) significantly steeper than those draining to the YR

(Basin 23-25) (Supplementary Figure 1).

35°N

34°N —

33°N

—— River

[ Basin

32°N - 0.7 0.9

\ Log10 of ksn

T T
95°E 96°E 97°E

Figure 3. Map of the normalized steepness index, ks, for 60 basins. Red box highlights strong across-divide contrast in
kxn~

Analysis of basin-averaged ks, and slope, as well as 16" and 84" percentiles (Figure 4), shows that the
steepness of basins draining into the TR (red and blue trend) increases from NW to SE, that is, in the TR’s
downstream direction, as do the 16M-84"" percentiles of ks These trends are statistically significant, as
demonstrated by a Mann-Kendall test, with a coefficient with distance downstream of 0.740 (p value of
2.8x10©) for the north side tributaries of the TR and 0.824 (p value of 4.8x106) for the south side tributaries
of the TR (Figure 4-c, d). It should be noted that the steepness of basins draining to the LR (green trend) is

not correlated to distance downstream, with a p value of 0.1 (Figure 4-¢). We highlight basins 9, 11, 30, 32,
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36, 39, which have been suggested by previous researchers to have experienced drainage reorganization

through capture as a result of local strike-slip faulting (Yu et al., 2018).
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Figure 4. Median £, and slope for the 60 basins, showing variation in steepness (k,,) and basin-averaged slope. (a-b)
Variation in steepness as a function of basin ID. The gray bars represent the 16™ and 84™ percentiles of the distributions
within each basin. As in Figure 2, basins are organized as follows: red (0-22) are north side tributaries of TR (number
increasing in the downstream, SE direction); blue (26-46) are south side tributaries of TR (humber increasing in the
downstream, SE direction); green (47-59) are north side tributaries of LR (number increasing in the downstream, SE
direction). Dark red and dark blue triangles are basins that previous authors have suggested have experienced drainage
capture as aggressors. (c-¢) ks, as a function of downstream distance for TR north side, TR south side and LR,
respectively. See Figure 3 for location of basins.

4.2 Spatial and vertical distribution of knickpoints

Our screening of all detected knickpoints to those with Aks values in the <1t and >99' percentile and
AZip >99™ percentile resulted in the identification of 88 vertical-step knickpoints, and 90 positive and 80
negative slope-break knickpoints (Figure 5-a). To assess whether the knickpoints can be due to differential

uplift along the active faults in the study area, we compute the distance between the mapped knickpoints

and the mapped active faults. Knickpoints due to differential uplift along a given fault should cluster near

-13 -



289
290
291
292

293
294

Drivers of landscape evolution in eastern Tibet

the fault. The distribution of the distance of knickpoints to the nearest fault line displays great variation.
The distance values for negative and positive knickpoints are higher than for stepped knickpoints. All
distance distributions are not centred on zero, revealing that knickpoints are not clustered along fault lines
(Figure 5-b).

95°E 96°E 97°E 98°E

34°N

[-33°N

|- 32°N

Yo -aksn knickpoint = Lithological boundary
A +Aksnknickpoint [ Basin
+ Steppedknickpoint  — TFault

T
95°E 96°E 97°E 98°E

50 100 km

—— Negative knickpoints
b —— Positive knickpoints

0.25 4 —— Stepped knickpoints

0.20
8 0151
bv4

0.10

0.05 A

0.00 -

Distance to fault line (km)

Figure 5. (a) Spatial distribution of negative, positive and vertical stepped knickpoints. (b) Distribution of distance to
fault lines. Kernel density estimation (KDE) is a nonparametric representation of the probability density function. The
bandwidth of the kernel smoothing window was set to 1 km.

We subsequently extracted the main channel in each tributary basin and extracted the knickpoints with

the largest values of positive and negative Ak, as well as the largest 4Zy,, in each basin (Figure 6-a, b).
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Figure 6. y profiles of trunk channels in the TR catchment. (a-b) Spatial distribution of knickpoints in relation to
lithological changes along the trunk channels. Trunk profiles of tributaries are offset by 20 m horizontally for clarity.
One major knickpoint along the TR stem was well defined (Yu et al., 2021), potentially representing a transient signal
propagating upstream (red arrows, see discussion). (c-d) Elevation of major non-lithological negative knickpoints above
the mouth of each tributary basin as a function of distance along the TR for basins on the north and south side,
respectively. (e-f) Normalized y profiles and non-lithological negative knickpoint positions along the tributaries of the
north side and south side of the TR, respectively. Colours indicate basin ID, increasing from blue to red in the SE
direction (downstream). Note that the basins 9 and 11 which are hypothesized to have experienced capture as aggressors
are not shown.
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When not related to lithological contrasts, negative knickpoints (where ks» increases downstream, that
is, the upper lip of a knickzone) generally relate to a relative increase in the uplift rate: these features migrate
upstream in response to changes in the rate of base-level fall (Perron and Royden, 2013; Whipple and Tucker,
1999). The position of these features may be used to infer the timing and location of base level changes
(Bishop et al., 2005; Crosby and Whipple, 2006; Fan et al., 2021). We note that both the TR and its
tributaries exhibit one major non-lithological negative knickpoint (Figure 6-a, b). To explore their regional
significance, we plot the height of non-lithological negative knickpoints above their tributary mouth as a
function of distance upstream the TR (Figure 6-c, d). We find that the height of knickpoints above tributary
mouth significantly increases as one moves downstream along the TR (north side: coefficient value of 0.800,

p=9.628 X 1077; south side: coefficient value of 0.63, p= 4.628 X 10*#). The main knickpoint on the TR does

not seem to have a major impact on these trends.

5 Discussion

5.1 Variations in concavity index

The concavity index of the studied basins within the study area varies within a narrow range, with most
values around 0.5-0.6 and an average of 0.52+0.13. Global compilations of concavity indices find central
tendencies around 0.45, based on both slope-area data (Tucker and Whipple, 2002) and minimization of
channel distortion (Gailleton et al., 2021), which is the method used here to constrain the concavity index.
Although our values are slightly higher than the central tendency of global concavity indices, they fell well
within the interquartile range reported by Gailleton et al. (2021). The concavity index of basins on the south
side of the TR systematically increases in the NW-SE direction, unlike that on the north side of the TR and
north side of the LR which show no clear trend.

Many factors may be responsible for the changes in concavity, such as temporal or spatial variability
in climate (Chen et al., 2019; Han et al., 2014; Leonard and Whipple, 2021; Whipple and Tucker, 1999),
rock strength (VanLaningham et al., 2006) or uplift rate (Hurst et al., 2019; VanLaningham et al., 2006;
Wickert and Schildgen, 2019). There is some topographic evidence (Hurst et al., 2019; Wickert and
Schildgen, 2019), as well as theory, that suggests the concavity index decreases with increasing uplift rates
(Hurst et al., 2019; Wickert and Schildgen, 2019). Some studies have found that concavity can

systematically vary with lithology (Duvall et al., 2004; Lima and Flores, 2017; VanLaningham et al., 2006).
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The presence of glaciers can also alter the concavity of river valleys (Brocklehurst and Whipple, 2002;
Whipple et al., 1999). In this study area, glaciers only appear at the divide of basin 49 and 30 in the west of
the study area (Zhang et al., 2021). However, we find that the values of concavity indices are consistent for
the lower reaches of all three main channels, and that low concavities are concentrated in the basins at the
highest elevations (Figure 2). It is therefore possible that these low concavity basins have experienced past
glaciation. Because the driver of changing concavity indices is uncertain, we apply a single concavity index

for subsequent analysis of the channel steepness index, as is standard practice.
5.2 Cause of spatial variations in channel steepness

There are clear spatial variations in the normalized steepness index across the study area. In particular,
there is a clear trend of increasing ks» and slope of basins that drain to the TR towards the SE, that is, in the
downstream direction along the TR main stem (Figure 4-c). Mechanisms responsible for spatial variations
in steepness could include: 1) an uplift gradient, ii) local faulting, iii) an erosion signal propagating upstream,

iv) drainage reorganization and/or v) changes in rock erodibility.

First, we explore the potential of an uplift gradient to drive spatial differences in ksn,. Regional uplift
has been documented to drive variations in ks» in a number of studies (DeLong et al., 2017; Hurst et al.,
2019; Mitchell and Yanites, 2019; Struth et al., 2019; Whittaker and Boulton, 2012). In our field area, Henck
et al. (2011) noted that from west to east in eastern Tibet the exhumation gradient mirrors a inferred gradient
in rock uplift from 0.01 to 8 mm/yr. The increase in basin steepness observed along the TR as one moves in
the SE direction is consistent with a west to east increase in rock uplift. However, if a regional gradient in
tectonic uplift were used to explain the systematic variation of ks», it would be reasonable to infer that the
TR and LR would experience a similar tectonic forcing and therefore exhibit a similar NW-SE trend in ksn.
This trend was only observed along the TR and not the LR which flows parallel to the TR (Figure 4-¢).
Therefore, we rule out the regional uplift gradient as a general explanation for the trends in geomorphic

metrics documented in this study.

In terms of local tectonic activity, we find that slope-break knickpoints are not clustered along the
active strike-slip fault lines documented in previous studies (Figure 5-b). The scattering of distances from
faults implies that these strike-slip faults do not constitute boundaries between blocks uplifting at different
rates and are not a major driver of channel profile geometry adjustment. This is consistent with previous

work which suggests that the left-lateral strike-slip faults in the study area are only responsible for slight
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vertical throw in some sections (Li et al., 2013a; Wang et al., 2008; Wen et al., 2003), implying vertical
throw rates on these faults are too slow to produce knickpoints of perceivable vertical heights or ks
differences. Thus, we deduce that strike-slip faults are not driving the regional increasing trend in ks, and
slope with increasing distance downstream, although strike-slip motion has been clearly responsible for

some of the drainage reorganization documented locally (Yu, Wang et al. 2018).

In landscapes with uniform erodibility and tectonic uplift rates, one would expect channel profiles in
y-elevation space to be linear, whereas temporal increases in uplift rate would lead to convexities in
transformed profiles (Perron and Royden, 2013). Figure 6-c and d show that the gradient of y-elevation
profiles for basins that drain to the TR mainstem systematically decreases from SE to NW, and that most
exhibit convexities. These convexities are significant in normalized y-elevation space for catchments on
both sides of the TR (excluding basins believed to have experienced capture) (Figure 6-c), including the
north side where there is no tectonic activity. These convexities are not associated with lithological
boundaries, suggesting a temporal increase in relative uplift rate. Furthermore, we find that the elevation of
major non-lithological negative knickpoints (i.e., where ks, increases downstream) above the mouth of each
tributary basin increases downstream (Figure 6-c, d). We suggest this increasing trend can be best explained
by a wave of incision initiating further downstream and propagating along the TR and its tributaries:
knickpoints in tributaries further SE will have had more time to propagate upstream, and will therefore be
located further up their catchments (Niemann et al., 2001; Whipple and Tucker, 1999). We note a major
negative knickpoint along the TR, which may represent a propagating wave of incision. However, this wave
cannot be the cause of the major tributary knickpoints that we document in Figure 6-c, d, ¢ and f, as some
of these knickpoints are along tributaries that join the TR upstream of its major knickpoint. The latter may
represent an additional, younger wave of incision. Its impact on the profiles of tributaries joining the TR
downstream is not as noticeable, suggesting this younger wave may be smaller in magnitude than the
previous one. Based on all the above observations, we propose that propagating incision signals are the

first-order driving force of landscape evolution in this region of Eastern Tibet.
5.3 Mobility of catchment divides

In locations where uplift, precipitation, and lithology are spatially uniform, the river network, when in
a disequilibrium state (that is, adjacent basins eroding at different rates), will adjust via divide migration or

river capture until ks» across divides is equal. Such phenomenon may be expected in our study area, as it
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appears that incision signals are propagating along some rivers but not their neighbours. Maps of k. are a
powerful tool in determining disequilibrium and scattered river capture events (Forte et al., 2016). Recently,
the Gilbert metrics (i.e., cross divide contrasts in headwater elevation, relief, and gradient), originally put
forward by Gilbert (1877), then formalized by Whipple (2017b), were advocated as a more robust way to
interpret divide migration (Forte and Whipple, 2018). We have identified areas with high contrasts in cross-
divide values of ks and Gilbert metrics distribution between the TR and YLR (Figure 7). Different
lithologies on each side of the divide might cause contrasting values of ks, across divides. However, we find
that the lithology on both sides of the 11-15" basins and 25" basin is the same, that is, all siliciclastic
sedimentary rocks. Cross-divide values of ks, in concert with Gilbert metrics, indicate the divide (red box
in Figure 3) is far from equilibrium and migrating towards the YLR side, suggesting expansion of the TR
catchment. A potential driver of disequilibrium is the rapid incision of a stream that is not experienced by
its neighbours. We document above evidence for waves of incision propagating along the TR but not the
LR. The waves of incision may be driven by a drop in base-level further downstream that affects only the
western branch of the Yangtze River (to which the TR belongs) but not the Mekong River (to which the LR
belongs) or the eastern branch of the Yangtze River (to which the YLR belongs) (Figure 1). Alternatively,
the driver may be more regional, affecting the three river systems, but causing waves of incision propagating
at different rates along the three rivers, due to differences in drainage area and/or exposed lithologies
(Zondervan et al., 2020a,b). A diachronous arrival of incision waves, characterized by the early arrival of a

wave of incision along the TR, could explain the observed disequilibrium.
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Figure 7. Value of ks, along the divide and divide metrics (Gilbert metrics) in the red box of Figure 2. (a) ksn
is calculated for a window of 5 km across the divide between YLR and TR. The bottom panel shows the
projected lithology across divide within 5 km; dashed line is the boundary between adjacent basins. ks, on
the YLR side is systematically lower than on the TR side. (b-d) Gilbert metrics histograms for the divide:
relief upstream of, elevation at, and gradiant above reference drainage area, respectively (reference drainage
area = 1 X107 m?). Histograms with red rectangles represent watersheds of YLR (Northeast of divide), and
histograms with black fillings represent watersheds of TR (Southwest of divide). Bars above the histograms
indicate median and standard deviation, and text indicates predicted direction of migration based on
contrasts (all towards the NE). The radius for calculating local relief is 500 m. The results are calculated
using the DivideTools (Forte and Whipple, 2018).

5.4 Landscape evolution in the Three Rivers region

We have evaluated the drivers contributing to the unique morphology of the study area. We found that
active faults are mostly strike-slip and have little impact, other than through local drainage organisation on
the south side of the TR. Lithological influence on the regional development of topography appears limited.
There is no evidence for an uplift gradient. The most striking feature, namely the gradient in ks in the NW-
SE direction observed in the tributaries of the TR (clear on NE side but potentially blurred by fault-driven
drainage reorganization of the SW side) but not in the adjacent basins (YLR and LR), points towards the
propagation of waves of incision triggered by changes in the rate of base-level lowering further downstream
(to the SE). Our results suggest these waves are likely the main driver of landscape evolution and regional
scale drainage reorganization in the study area (model in Fig. 8). The presence of this signal along the TR
but not adjacent river basins (reflected by trends in steepness indices and disequilibrium at drainage divides)
could result from a local tectonic driver affecting only the western branch of the Yangtze River, or from the
diachronous arrival of a more regional signal due to differences in river network structure and/or rock
resistance to erosion that occur downstream of our three studied river systems. Contrasts in rock resistance
to erosion can slow down or accelerate the propagation of signals (e.g., Zondervan et al., 2020b), leading
to different arrival times in adjacent basins characterized by different lithologies; such a scenario would
appear plausible, as terranes downstream of the study area are known to be geologically diverse (e.g., Bufe

et al., 2022; Roger et al., 2004).
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Figure 8. Summary diagram showing regime of divide migration and river captures in our study area in the
Three River regions, based on our results.

6 Conclusion

Our work brings new insights into the drivers of landscape evolution in eastern Tibet. We analyzed
multiple landscape metrics of basins along the Lancangjiang River, Tongtianhe River, and Yalongjiang River,
which belong to the Mekong river system, western branch of the Yangtze River and eastern branch of the
Yangtze River, respectively. The results of this study suggest that the first-order driving force for landscape
evolution in this region is the propagation of multiple incision signals along the Tongtianhe River from
further downstream (Scenario A), rather than uplift gradient (Scenario B), or strike-slip faulting (Scenario

C), as proposed by other researchers.

For Scenario C, we interpret the lack of correlation between the location of faults and knickpoints as a
lack of influence from strike-slip faults on the regional topographic patterns in this area, although local

effects (e.g., drainage reorganization) have been reported.

For Scenario B, we rule out a regional tectonic uplift gradient because strong spatial variations in ks
along the Tongtianhe River are not reflected in the Lancangjiang River which runs parallel to the Tongtianhe

River.

Supporting Scenario A are the following observations. The height of knickpoints in tributaries that
drain to the Tongtianhe River significantly increases towards the SE, in the Tongtianhe River’s downstream
direction. We cannot find a clear signal of influence from lithology on the downstream increasing trend of
ks» and slope along this river. This trend is therefore interpreted to record the progressive upstream
propagation of incision signals originating further downstream, in the SE. The presence of this signal along

the Tongtianhe River but not adjacent river basins (reflected by trends in steepness indices and
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disequilibrium at drainage divides) could result from a local tectonic driver affecting only the western
branch of the Yangtze River, or from the diachronous arrival of a regional signal due to differences in river
network structure and/or rock resistance to erosion that would slow down or accelerate the signal in the

downstream part of the three studied river systems.

Beyond eastern Tibet, this study demonstrates that upstream propagation of incision signals plays an
essential role in shaping landscapes in rapidly rising rigid terranes, and likely in other tectonically active
regions that experienced or are experiencing rapid uplift, in particular when these signals do not affect the
area in a uniform manner, thereby driving disequilibrium. This study also demonstrates that the combination
of multiple techniques of topographic analysis allows us to discriminate different scenarios that have been

proposed for the evolution of the study area.
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Figure 1. y plots of all catchments analyzed. Basin ID corresponds to Figure 1-b.
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