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Abstract

Drainage divides separate Earth’s surface into individual river basins. Divide migration impacts
the evolution of landforms, regional climate, ecosystems, and biodiversity. In this Review, we
assess the processes and dynamics of divide migration, and offer insights into the impact on
climate and biodiversity. Drainage divides are not static, they can move through the processes
of gradual migration that is continuous in unsteady landscapes, or sudden through infrequent
river capture events. Divides tend to move in the direction of slower erosion, faster uplift, or
with horizontal tectonic advection, with rates typically ranging between 0.001 to 10 mm yr!,
and a global average of 0.6 mm yr'. Evidence of river capture, such as a sharp change in flow
direction with an upstream waterfall, can constrain divide migration history. Topographic
metrics, such as cross-divide steepness, can predict the migration of drainage divides towards
directions with a lower topographic steepness. Divide migration influences the spatial
distribution of regional precipitation, temperature, and topographic connectivity between
species, thereby affecting biodiversity. For example, freshwater fish can migrate into a new
drainage basin through river capture, potentially increasing the species richness. Future
research should couple advanced landscape evolution models and observations from field and
remote sensing to better investigate divide migration dynamics.

Website Summary:

Drainage divides—the topographic boundary separating surface water flow—are dynamic
features of Earth’s surface that shape hydrological processes, sediment transport, carbon cycles,
and geographic connectivity of ecosystems. This Review explores the dynamics of divide
migration and its implications.

Key points

1) Drainage divides can move through gradual migration and occasional river capture. Drainage
divides tend to move in the direction of slower erosion, faster uplift, or with horizontal tectonic
advection.

2) Tectonics and erosion jointly influence divide dynamics and mountain asymmetry. Mountain
asymmetry can increase with tectonic convergence velocity, while climate can both increase
and decrease mountain asymmetry.

4) Evidence of river capture can decode divide motion history. Cross-divide steepness metrics
and y-value maps (drainage-area normalised distance along a river channel) can predict short-
term and long-term divide stability, respectively.

5) Main drainage divide position of mountains affects spatial patterns of rainfall via orographic
effect and temperature through altitude-temperature relationship, thereby influencing the
richness and type of species.

6) River capture events can promote species richness in the expanding basins, but can decrease
biodiversity in the shrinking catchments. However, overall diversity tends to increase due to
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vicariant speciation in the expanding catchment.

Introduction

Drainage divides are the topographic boundary separating surface water flow into discrete
drainage basins. They form at all spatial scales, being a boundary across continents (Fig. 1a),
or between catchments[G] (Fig. 1b), and streams (Fig. 1c). Time-series remote sensing
imageries, topographic analyses, and erosion rate measurements demonstrate that divides are
not static but highly mobile!-. The horizontal motion of drainage divides can result in changing
river networks with substantial implications for the hydrological processes®, sediment transport>,
carbon cycle®, and the geographic connectivity between ecosystems and species’'°. For
example, the position and movement of drainage divides can influence species richness by
altering geographic connectivity and the patterns of topographic relief, rainfall, and
temperature!!"'>, Understanding how and why drainage divides evolve can help reveal the
fundamental geological and hydrological processes shaping the Earth’s surface.

Drainage divide migration is typically a gradual and continuous process proceeding at
slow rates, typically less than one meter every 1000 years>!'®!7. By contrast, river capture events
are more sporadic and sudden, occurring when a river breaches its drainage divide and connects
with another river!®. Gradual divide motion, in combination with sporadic river capture events,
determines the positions of divides and the planform layout of river systems. Physical'*?° and
numerical experiments?'* reveal that tectonic movements?*%¢, climate?’, and lithology?*?° can
influence divide mobility. In tectonically inactive regions, divides shift toward the side with
lower erosion rates®®. For instance, in a symmetrical mountain range, contrasting precipitation
on either side of the mountain will push the main drainage divide[G] towards the drier side'.
This main drainage divide migration, in turn, can alter the spatial distribution of precipitation
through the orographic effect, further adding to the complexity of drainage divide migration®’.

The migration of drainage divides was first recognised in the Rocky Mountains around the
1870s*. Since then, the advancement of remote sensing, geologic dating, and numerical
simulations, have triggered a proliferation research into the dynamics of divide movement?!-!,
For example, a novel and effective method to predict the direction of divide movement in 201432
boosted divide migration to become a trending research topic in geomorphology?®. Thereafter,
the number of methods used to decode divide migration histories, predict their future
mobility®****°, and constrain the rates of divide horizontal migration®**¢ has rapidly increased.
However, a synopsis is required to understand and consolidate these methods and the
interactions among the competing factors that influence divide motion.

In this Review, we aim to provide an overview of the mechanisms and forcings of drainage
divide migration and explore the implications on climate and biodiversity[G]. To better
understand the dynamics of divide migration, we evaluate their steady-state position and
migration rate. Additionally, we provide an overview of the methods used for decoding divide
migration history and predicting their future mobility. We build on the growing evidence
showing how divide migration influences regional biodiversity'*!>¥, and explore the
mechanisms of how the position and movement of drainage divides impacts regional rainfall,
temperature, and ecosystems. Finally, we advocate for a research agenda integrating divide
migration with ecosystems, geohazards, and planetary sciences.

The processes of divide migration

While drainage divides can move under various environments, the processes involved can be
broadly categorised into two types. Divides can move through gradual migration (Fig. 2a) or
river capture (Fig. 2b,c). Below we elaborate on the defining characteristics of these processes
for divide motion with documented examples.

Gradual divide migration

Materials on hillslopes[G] move downslope through landslides, debris flows, rock falls, and
soil creep. Located at the top of hillslopes, divides can move gradually during hillslope erosion®
(Fig. 2a) or cross-divide differential uplift**. For example, a drainage divide in Taiwan shifted
due to landsliding and asymmetric hillslope diffusion (Fig. 2d). The fastest divide motions
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through gradual migration process are typically found in regions that have experienced
catastrophic geologic or climatic events'. For instance, hundreds of landslide-induced divide
motions were identified in the Himalaya (Mw7.8 Gorkha earthquake), the Tibetan Plateau
(Mw7.9 Wenchuan earthquake), and Taiwan (Typhoon Morakot), with each landslide causing
an average area exchange of 5000 m?, ref.".

River capture

During river capture events, drainage area is transferred from the shrinking to the expanding
catchment[G]***2. Based on how the divide is breached, river capture can be classified into
bottom-up and top-down types®. In bottom-up capture, channels in the expanding catchment
erode the divide through lateral meandering or channel head backward extension (Fig. 2b).
When the divide breaching is completed, two originally separate rivers merge, resulting in a
river capture. In contrast, in top-down capture, the breaching of the divide is induced by overtop
erosion from the water flowing downwards across the divide (Fig. 2¢). Tectonic tilting could
facilitate water spilling over the divide into the adjacent catchment®. Increased water level due
to sedimentation, channel blocking, or flooding might also cause the water to overflow across
the divide. Both types of river capture typically form a pronounced flow direction change
(elbow of capture), a knickpoint[G], and a wind gap[G] at the point of river connection (Fig.
2b,c). Following river capture, the knickpoint and wind gap migrate upstream through
erosion**, The upstream migration of the wind gap can form a river channel with flow
direction opposite to that before capture*® (Fig. 2b,c).

A prominent example of bottom-up river capture occurred 350,000 years ago in the north
margin of the Tibetan Plateau*’, which formed a new divide crossing the old river channel (Fig.
2¢). The incision depth since this capture event is about 350 m, indicating an incision rate of 1
mm yr! near the capture point. This rate is over three times higher than the catchment-averaged
erosion rate of ~0.3 mm yr!, ref.*’. The discrepancy is likely caused by accelerated incision
near the capture point, which can be attributed to a base level[G] fall resulting from this capture
event.

Bottom-up river capture also had a crucial role in shaping the present Yellow River basin,
the cradle of Chinese civilization*®. The onset of the Mid-Pleistocene Climate Transition led to
a drop in sea level®, which accelerated the headward erosion in the Sanmen Gorge*®. This
erosion cut through the divide 1.3 million years ago®, evolving the modern Yellow River into
the sixth longest river globally.

An ongoing example of top-down river capture is occurring in South America
(Supplementary Fig. 1). A drainage divide between the Amazon and Orinoco Basins is being
eroded by seasonal overtop-flooding, which might have been occurring for a century and is still
incomplete™®. Once the river capture is complete, the drainage divide will shift 200 km towards
the Orinoco Basin, causing the Amazon to increase its drainage area by 40,000 km?, ref.%. In
addition to this example, lake overflow is a typical case of top-down river capture®'->,

In brief, drainage divides shift their position through two primary processes: gradual
migration and river capture. While gradual migration often leaves few geomorphic traces
(unless caused by landslides), river capture resulting from channel backward extension or
overtop flows causes pronounced changes in the landscape. Features such as elbows of capture,
knickpoint, wind gap, and reversed river channel can be used to reconstruct the history of river
capture and associated divide migration.

Divide migration dynamics

Drainage divides are affected by multiple internal and external forcings, as well as their
complex interplay and feedbacks>*>*2. Despite the intricate nature of these dynamics, under
steady forcings, divides tend to reach a topographic steady state where tectonics and erosion
are in balance®*. The rate of drainage divide migration affects the time needed to reach steady
state. To provide an overview of the dynamics of drainage divides, we examine the drivers of
their movement, steady-state position, the timescale for reaching equilibrium, and the migration
rate.
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Drivers of divide migration

Tectonic drivers.

As a topographic feature, a drainage divide can move laterally when the elevation near the
divide exceeds that of the original divide®. Tectonic processes (vertical uplift and horizontal
tectonic advection[G]) and surface erosion are the primary drivers of divide lateral movement
(Fig. 3), as they determine the elevation of a landscape?**>%. Vertical uplift can influence divide
mobility by modifying the topography directly (Fig. 3a). When cross-divide unequal uplift is
sustained, the elevation of the fast-uplifting region will exceed the height of the previous divide,
moving the divide to the area with faster uplift*>*”*%, Meanwhile, the motion of bedrock not
only has a vertical component but can also have a horizontal component®*-*!, Such a tectonic
advection could drive the horizontal movement of every point in the landscape towards the
fixed plate boundary?*%2. Analogue® and numerical®** experiments, as well as natural case
study®, indicate that during the transient phase of topographic evolution, drainage divides tend
to move in the direction of advection (Fig. 3b), no matter the spatial distribution and magnitude
of the advection velocity?. After drainage divide stabilises relative to the fixed plate boundary,
its migration rate relative to the underlying rock equals the advection velocity but in the
opposite direction?**7,

Erosional drivers.

It has been known since 1877 that drainage divides are sensitive to cross-divide erosion
differences and will migrate towards the side with slower erosion®’. Topographic slope®®, rock
properties?®, and climate®® can influence surface erosion. Thus, these factors are considered to
be erosional drivers to divide migration. To better illustrate the role of each element in
influencing divide migration, we assume these factors are mutually independent. First, the
average slopes on both sides of the divide determine the geometric disequilibrium. Steeper
topography provides more erosive power and limits deposition, causing intensive erosion that
leads to the divide moving towards the flatter side?>*° (Fig. 3c). Second, divides tend to move
to the side with hard lithologies such as granite’®’* (Fig. 3d). Third, a wetter climate means
more discharge, promoting vigorous physical and chemical erosion and triggering more
frequent catastrophic events such as landslides and debris flows’. Also, as a glacier moves
downslope, it erodes bedrock through plucking and abrasion®. Collectively, a cross-divide
climate difference can move the divide to the side with less rainfall'>2"! (Fig. 3¢) or glacial
mass’™ (Fig. 3f).

Combined effects from multiple drivers.

As illustrated in the previous sub-sections, drainage divides tend to move towards faster uplift,
horizontal advection, flatter topography, stronger rock, less rainfall and glacial mass (Fig. 3).
However, in natural landscapes, drainage divide mobility is jointly affected by multiple
drivers®. For instance, in Fig. 3a, non-uniform uplift is the only driver when the divide is in the
centre. In this example, the faster uplift on the right side pushes the divide to the right. As the
divide moves, the slope on both sides diverges, which tends to shift the divide to the left side
with smaller slope. However, the unequal uplift makes a larger contribution, which drives the
divide to continue moving towards the right. As the divide moves to the right, the contribution
from asymmetric erosion to divide mobility increases due to the increasing cross-divide slope
difference®. When the contribution from asymmetric erosion matches the contribution from
unequal uplift, the divide reaches a steady state.

The Southern Alps of New Zealand is a classic example demonstrating the competition
between tectonics and erosion in driving divide motion. The northwest and southeast sides of
this range receive precipitation rates of approximately 12 and 1 m yr’!, respectively?'. Such a
substantial cross-divide erosion difference tends to shift the main divide to the side with less
precipitation in the southeast (Fig. 3¢). However, westward tectonic motion eventually pushed
the main divide close to the northwest coastline?!. In the Southern Alps, the erosion contrast is
not efficient enough to reverse the highly asymmetric mountains created by westward tectonic
motion®’.
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In addition, the complex internal feedback among multiple drivers also affects the
dynamics of drainage divides. For example, consider the unequal rainfall scenario in Fig. 3e.
Unequal rainfall will push the divide to the left side with a drier climate. Meanwhile, a wetter
environment on the right is expected to result in more vegetation cover. However, vegetation
cover is not always positively correlated with catchment-scale erosion rates, depending on
climate zone and vegetation type’. Thus, if vegetation inhibits erosion, vegetation cover
differences tend to push the divide to the right side (Fig. 3¢). In contrast, if vegetation
accelerates erosion, both vegetation and rainfall differences shift the divide leftwards. As a
result, the complex trade-offs and correlations between factors influencing divide migration
must be considered when analysing the dynamics of natural divides, especially in geologically
and climatically complex regions.

Stable divide position and timescale

Mountain asymmetry in steady state.

Since catchment boundaries and the main drainage divide of a mountain range share the same
dynamics (Fig. 3), we focus on the position and timescale of the main divide. Mountain
asymmetry is a crucial feature of mountain ranges determined by the position of the main
drainage divide (Fig. 1a). Although a perfect topographic steady state is unlikely to be
attained**, a long-wavelength topographic form can be reached with constant mean elevation
and mountain asymmetry’*°-’6, A convergent orogen (Fig. 4a) is a useful example for
summarising the concept of stable mountain asymmetry resulting from surface erosion,
advection, and uplift simultaneously?*?>7’. The mantle and lithospheric processes can cause
uneven uplift and horizontal advection of the topography, pushing the main drainage divide
towards the fixed plate on the right (Fig. 4a). Mountain asymmetry in steady state is positively
related to horizontal advection velocity>>** and the difference in uplift rate between two sides
of the mountain range*>’®”. Convergence velocity sets the advection velocity and the
magnitude of unequal uplift, indicating that the mountain asymmetry is expected to increase
with convergence velocity?>* (Fig. 4b). With a uniform climate, tectonics and differential
erosion tend to push the divide towards the retro-wedge and pro-wedge sides, respectively (Fig.
4a). In this case, dry climate means the erosion has less power to balance the tectonic motion?,
eventually resulting in a more asymmetric mountain range (Fig. 4b).

In contrast, when precipitation is asymmetric across the main drainage divide, climate can
either enhance or counteract the effect of tectonics in defining mountain symmetry® (Fig. 4c).
Specifically, less rainfall on the faster uplift side (the retro-wedge side) will lead to a more
asymmetric mountain range, such as in the Olympic Mountains of the USAY. However, more
rain on the retro-wedge side can offset the forcing of tectonics, resulting in a less asymmetric
mountain range (Fig. 4¢), such as in the Southern Alps of New Zealand*>*!-*°, If the cross-divide
rainfall difference is substantial enough, it can dominate over tectonics, and the main divide
will stabilise on the pro-wedge side of the mountain. In this case, stable mountain asymmetry
increases with rainfall difference (Fig. 4c). The above discussion implicitly assumes that the
uplift rate and climate are uniform along the strike of mountains. However, an along-strike
variation in uplift or rainfall can further modify mountain asymmetry®*. Due to these complex
dynamics affecting drainage divides, asymmetric mountain ranges prevail in natural landscapes.

Timescale to reach steady state.

Tectonic and climatic forcings, rock types, geometric disequilibrium, and landscape size can
influence the timescale a divide requires to achieve steady state, where divide movement ceases.
The original topography is unlikely to control the stable mountain asymmetry but can influence
the time to reach steady state®’. The timescale of drainage divides to achieve steady state
typically ranges between 100 thousand to 100 million years based on results from numerical
models (5 x10 km in size; Supplementary Fig. 2a), and decreases with increasing erodibility?>>
(Supplementary Fig. 2b) and uplift rate?>?223, A drainage divide in Tibet requires approximately
100 million years to attain stability, based on the measured divide migration rate (~1.2 mm yr’
1) and the distance (~120 km) between the current divide position and the inferred stable
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location'®,

Furthermore, river profiles adjust to external perturbations typically faster than drainage
divides (based on field observations***’ and numerical simulations®**??), meaning divides can
still move even after the river profiles have reached quasi-equilibrium state. For example, the
response time of river profiles in the Ozark dome, USA, are in the order of tens of million years,
while drainage divides in the same region move on timescales of hundreds of million years*.

The rates of divide migration

The rate of drainage divide horizontal motion has received less attention than the direction of
divide motion, mainly due to the difficulty of obtaining accurate estimates in natural landscapes.
However, since 2018, attempts have been made to determine divide migration rate using
constraints from '°Be concentrations>!®8!:82 thermochronology[G]*¢, topographic analyses®?,
analytical solutions**# and numerical experiments®**6,

For example, combining erosion rate and slope on both sides of a divide can be used to
estimate divide migration rate®!®, The concentration of cosmogenic °Be measured from river
sediments can provide a catchment-averaged erosion rate®’. Applying this method, divide
migration rates have been estimated in east Tibet (0.02-0.7 mm yr )%, northeast Tibet (0-1.4
mm yr!)!® and the Andes (0.8-7.3 mm yr')* (Fig. 4d). One limitation of this approach is that
the measurement of migration rate is sensitive to the scale used to measure the slope’,
obstructing the comparison between measurements using a different scale of slope.

Unlike divide migration rate estimated from '°Be-derived erosion rates that typically
integrate over the millennial timescale, thermochronology can average divide migration rate
over millions of years®**®, For example, a drainage divide located in the glaciated Canadian
Coast Mountains migrated 16 km in the past 1.5-4 million years®®, meaning the divide
migration rate was 4-11 mm yr! (Fig. 4d). Additionally, a migration rate of 2-5 mm yr'! over
several million years was reported from Sierra de Aconquija (south Andes), consistent with the
short-term migration rate of ~1-7 mm yr' estimated from the '°Be-derived erosion rates*® (Fig.
4d). The inversion of knickpoint migration in the Roan Plateau suggests a divide migration rate
of 4 mm yr! over the past one million years®>. Apart from natural observations, analytical
solutions that rely on topographic and climatic parameters have been developed**, yielding a
similar range of divide migration rates with natural measurements>'®* (Fig. 4d) and
simulations?>”2, Estimates of divide migration rates from various methods are mostly less than
10 mm yr', suggesting that divide migration operates unassumingly on the Earth’s surface.
However, over geological timescales spanning millions of years, divide migration can introduce
kilometer-scale perturbations to the plan-view layout of drainage systems. Furthermore, river
capture has the potential to amplify disturbances caused by gradual divide migration on river
networks.

Rift margin escarpments[G] are widely distributed on Earth (Supplementary Fig. 3a) and
are ideal landscapes for measuring drainage divide migration rates. Due to the topographic
contrast between the steep escarpment and the flat plateau (Supplementary Fig. 3b), the
escarpments move inland. This topographic asymmetry can persist for over 100 million
years!”81% For instance, the Blue Ridge Escarpment in eastern USA, formed approximately
200 million years ago, is still moving®®. As escarpments retreat inland gradually, discrete river
captures can accelerate the retreat process. Following river capture, the drainage divide jumps
from the escarpment to the flat plateau®*2. Subsequently, divide migration ceases due to similar
slope across the divide. Meanwhile, the escarpment retreats towards the divide due to a notable
topographic contrast across the escarpment. Once the two features come into proximity, they
initiate a next round of river capture. Therefore, although drainage divide migrates much faster
than escarpment during captures®, their long-term migration rates are similar. Erosion rates
derived from '"Be concentrations have been applied to estimate the rate of escarpment retreat
to be 0.04—0.08 mm yr! for the Australian Escarpment™ and up to 0.05 mm yr™' along the Blue
Ridge Escarpment®, respectively (Fig. 4d). '°Be concentrations have been interpreted as a
horizontal mass flux that can quantify the migration rate of the divide-escarpment system,
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yielding speeds of 0.2—1.9 mm yr! in India®' and Madagascar'’ (Fig. 4d).

Divide migration rates tend to remain relatively stable during escarpment retreat**>34, For
a non-escarpment landscape without advection, simulation results show that divide migration
rate can decrease to zero as it approaches steady state (Supplementary Fig. 4). For the analysis
of divide migration rates, it is essential to consider the reference frame. Under steady horizontal
advection, the divide migration rate relative to the fixed plate boundary is expected to decrease
towards zero. In contrast, the migration rate relative to the underlying rock can reach its
maximum as the landscape achieves steady state’*%’. Divide migration rates derived from
erosion rates and topographic measurements are relative to the underlying rock (Fig. 4d).
However, there are differences in the temporal and spatial response scales for different methods?.
Additionally, the way of interpreting '°Be concentrations in escarpment retreat analyses affects
the estimates of divide migration rates®®!. Therefore, these points should be considered when
comparing divide migration rates across different regions.

To summarise, the direction, stable position, response time, and rate of drainage divide
migration are controlled by tectonics and erosion. Owing to the Earth’s diverse tectonic regimes,
climate, rock types, and topography, measured divide migration rates span four orders of
magnitude (0.001-10 mm yr'"). However, divide migration rates under various climatic and
geological conditions remain to be investigated.

Assessing divide migration direction

Building on the discussion of divide migration processes and dynamics, we use this section to
discuss the main strategies to assess divide migration history and estimate their future mobility.

Reconstructing divide motion history

River capture changes the topology of drainage networks, leaving observable signals such as
elbow of capture®>’8, knickpoint’, wind gap*’** (Fig. 5a), reversed river channel*®, sediment
provenance of river deposits®, and the genetic imprinting of freshwater species®*%. Evidence
of river capture can be used to decode divide migration history regardless of tectonic and
climatic conditions (Fig. 5a). For a river capture to occur, the headwater elevation of the
expanding catchment must be lower than the shrinking catchment[G], which triggers a
knickpoint at the capture point. This knickpoint will move upstream due to erosion. Therefore,
a knickpoint at or upstream of a river elbow is typical evidence of river capture**’® (Fig. 5a).
The distance between the knickpoint and the elbow of capture is positively correlated with the
capture age, providing further insight into the history of the capture event. River capture
commonly leaves a wind gap as the new divide where fluvial sediments of the pre-capture river
can be preserved®. The upstream migration of the wind gap results in the reversal of the river
channel between the wind gap and the elbow of capture*® (Fig. 2b,c). River captures lead to the
redistribution of sediments. Therefore, the provenance of sedimentary deposits can serve as
evidence of capture”. River capture can lead to splits in lineages of riverine organisms, thus,
their phylogenies can document the history of capture-related divide motion®®!%,

An example of combining various methods to reconstruct the history of river capture in
East China is shown in Fig. 5b. Geologic dating of sediments suggests that the capture happened
80,000 years ago®. First, a 135° flow direction change in River 1 marks a noteworthy elbow
of capture. Second, two knickpoints can be observed in rivers 1 and 2 upstream of the capture
elbow. Third, the current divide between Rivers 2 and 3 is low and flat, a typical wind gap™.
The wind gap formed at the elbow of capture and migrated upstream to its current location since
the capture event*. Fourth, the dip directions of the imbricated cobbles in the pre-capture river
terrace suggest that River 2 was flowing contrary to its current flow direction® (Fig. 2b). The
example above illustrates how to use the evidence of river capture to decode a single divide
motion event. Furthermore, with the evidence of a series of river captures, the location of a
paleo-divide spanning hundreds of kilometres can be reconstructed, as illustrated in the Iberian
Peninsula®.

In addition to the evidence of river capture, a combination of time-series optical remote
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sensing!'?1%%2 and elevation data can reveal divide motion histories spanning days to decades'®

(Fig. 2d). This remote sensing method has helped identify 365 landslide-triggered divide
migration events in Tibetan Plateau, Himalaya, and Taiwan'. Additionally, thermochronometry
can be used to reconstruct the history of divide motion®®!04105,

Predicting divide migration direction

Long-term prediction by y-maps.

7y is a drainage-area normalised distance along a river channel'* (Fig. 5¢). A disparity in y across
a drainage divide predicts a difference in equilibrium elevation and erosion potential.
Accordingly, divides are predicted to migrate to the side with a higher y channel head, under
uniform uplift, climate, and lithology conditions®2. The y value at the channel head is an integral
over the entire catchment, thus reflecting divide mobility over a long timescale (millions of
years )%,

x-maps are appealing because they allow a quick visual assessment of divide stability. y-
maps have been widely used in Europe!”1%, Americas*®!"%!" " Asia*7-!12113 " and Africa!”!!.
However, caution must be applied when interpreting y-maps3>3+!!°_ because mountain ranges
rarely exhibit uniform uplift, climate, and erodibility conditions. When the mean uplift rates,
precipitation rates, and rock erodibilities along the entire flow path on both sides of the divide
are similar, y-map might still predict long-term divide stability. Additionally, for mountains with
known uplift fields and rainfall patterns, modified y-maps can predict divide stability under
heterogeneous geologic and climatic environments*>2%!15:116, Furthermore, a proper selection of
base level**!! is required to avoid misinterpretation of y-maps.

An example of y-map used to predict the direction of a Colorado divide characterised by
uniform climate and bedrock properties is shown in Fig. 5d*. The uplift rate can be assumed to
be uniform within this small area without active faults. Strong contrast in channel head y values
suggests that the divide is moving towards the Roan Plateau®.

Short-term prediction by cross-divide steepness metrics.

Cross-divide steepness metrics (relief, slope, elevation) measured only near drainage divides
can predict divide mobility over a shorter timescale compared to y-maps®®**!"® that integrate
geometry information to predict equilibrium elevation across entire basins. However, cross-
divide steepness metrics do operate under the same principle as y-maps, that the divide is
sensitive to the cross-divide differences in erosional potential (Fig. 3c). Divides are predicted
to move to the side with a lower topographic steepness until the difference across the divide
becomes negligible’®?? (Fig. 5¢). Cross-divide steepness metrics are widely used to predict
divide motion direction®®!""!"° For example, in the Big Bear Plateau of California (Fig. 5f), the
prediction of divide direction from cross-divide relief is consistent with y-map and cross-divide
erosion rate**. All metrics predict that the main drainage divide is moving towards the Big Bear
Plateau, indicating the plateau is being consumed until the eventual disappearance of the plateau
at steady state. TopoToolbox'* provides a quick calculation of y-maps and cross-divide
steepness metrics.

In summary, river capture legacies, time-series remote sensing, and thermochronometry
can help constrain the previous locations of drainage divides. y-maps and cross-divide steepness
metrics can predict the direction of divide migration. y-maps are particularly suitable for
predicting the migration direction over millions of years. For shorter prediction time scales (for
example, several hundred thousand years), cross-divide steepness metrics might be more robust.

Implications for climate and biodiversity

As one of the highest features in a landscape, drainage divides can function as a barrier to
atmospheric moisture transport'?! and biological dispersal'>!'?2, For example, aquatic organisms
are unlikely to traverse drainage divides. Consequently, drainage divides have a potential
influence on regional climate and species distribution patterns over mountain and catchment
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scales. Below we discuss the current knowledge of divide position and mobility impacts on
regional climate and biodiversity.

Divide position affects climate

The main drainage divides can affect regional climate of mountains by altering atmospheric
circulation'?*!2*, When warm, moist air encounters mountains, it is forced to ascend (Fig. 6a).
As the moist air rises'?"'?, it cools and condenses, resulting in cloud formation and rainfall.
Typically, much of the moisture is lost on the windward side of a mountain range, leading to a
rainshadow effect on the leeward side. This process is known as orographic precipitation!?%1?7,
Hence, the main drainage divide that separates the windward and leeward sides is a substantial
factor influencing the spatial distribution of rainfall’’. Air temperature tends to reduce by
approximately 6.5°C for every 1000 m increase in elevation, although other factors such as
moisture content can influence the spatial temperature variability'?*!28, Main drainage divide
establishes a temperature gradient between lowland and mountain top. Therefore, as one of the
highest terrains in a mountain range, the main drainage divide generally serves as the minimum
boundary for regional temperature (Fig. 6a).

We present two examples from the Himalaya and Madagascar to illustrate how the position
of the main drainage divide can influence the spatial distribution of rainfall, temperature, and
species richness. We chose these two regions not only for their relatively low human impacts,
but also for the presence of a main drainage divide stretching several hundred kilometers
separating the topography into two parts. The Indian monsoon is one of the most notable
monsoon systems on Earth'?’. Warm and moist air from the Indian Ocean blows towards the
Himalaya, creating orographic precipitation. Annual rainfall increases from 1 m yr' in the
Indian plain to 4 m yr! at 4000 m elevation. However, it decreases to 2 m yr! at the main divide
before stabilising at less than 0.5 m yr! on the Tibetan Plateau (Fig. 6b). Similar orographic
rainfall occurs in Madagascar where the warm moisture from the Indian Ocean is forced up by
the eastern margin of the island!**!*!| resulting in more rainfall on the east side of the main
divide (Fig. 6¢). While the main divides in Himalaya and Madagascar do not receive the highest
amount of regional precipitation, their position determines the overall relief on both sides of
the mountain, affecting the location of rainfall patterns. Moreover, the main divides in both
Himalaya and Madagascar have the lowest near-surface air temperature, making them
temperature boundaries (Supplementary Fig. 5). In summary, although the mean elevation of
the main divides in Himalaya (6000 m) and Madagascar (1500 m) differ substantially, both
main divides have the lowest regional temperature and exert influence over precipitation
patterns.

Drainage divides influence biodiversity

Mountain-scale species richness.

The broad elevation and climate gradients provided by mountains allow them to support 87%
of mammal, bird, and amphibian species on just 25% of Earth’s land surface'''2. The
heterogeneity of habitats observed in high-relief regions fosters both the facilitation (cradles)
and maintenance (museums) of high biodiversity®!32!3*. As a potential biological and climatic
barrier, the main drainage divide could influence the evolution and distribution of mountain
species through its combined effects. First, the main divide can act as a barrier that impedes
species dispersal, which could increase the risk of extinction as shown for freshwater
organisms'**, Second, the position of the main divide allocates habitat size, water availability,
and nutrients essential to sustain species richness on both sides of the range. Third, mountain
asymmetry determines the topographic relief that is positively related to species richness®!*3.
Last, the main divide can influence the diversity and composition of species on either side of
the mountains by adjusting regional climate. The rainshadow side typically supports more
drought-tolerant species, while the wet side tends to have more moisture-adapted species’ (Fig.
6a). Similarly, since the main divide is generally associated with lower temperatures, it can be
expected that species closer to the main divide are more cold-tolerant. However, the small-scale
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diversity patterns across the divide and the general mechanisms driving them are less
understood.

Himalaya and Madagascar'®” are known for their complex multistaged uplift and
climate change histories and extraordinary biodiversity'*®!*. The current divide positions in
relation to the local climate and the spatial distribution of vertebrate diversity seem to coincide
(Fig. 6b,c; Supplementary Fig. 5). Albeit this evidence invites us to draw relationships between
them, a closer look at the spatial patterns show that differences emerge between and within the
two regions. In the Himalaya, the maximum species richness and rainfall are achieved at 125
and 35 km south of the main divide, respectively (Fig. 6b). In contrast, in Madagascar, both
maximum species richness and rainfall are achieved at the escarpment’s edge, 16 km east of the
main divide (Fig. 6¢).

Global patterns of species richness in mountains exhibit a hump-shaped or decreasing
trend with increasing elevation'**!*! implying that the main drainage divides are generally not
the maximum boundary of species richness. In addition, various mechanisms have been evoked
to explain the geographical patterns of species diversity'*? and elevational richness!#*. These
mechanisms include climate or energy-related factors'**!%5, environmental heterogeneity'*®,
diversification time and area'*’, among others'**'*®. However, there is no clear consensus on
which mechanism is most relevant'*’. Moreover, confounding effects related to covariation of
physical variables with altitude!*°, as well as the scale'*! and sampling!3>!>* of species richness
data can hinder our understanding of such patterns. Nevertheless, we consider it valuable that
future research efforts are dedicated to gaining new insights into the mechanisms that link
topography, climate, and biodiversity across divides. Building on this foundation, further
predictions could be made regarding the potential impacts of main drainage divide migration
on regional climate and biodiversity. Such efforts will be essential for informing effective
conservation strategies in regions of high ecological importance.
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Catchment-scale biodiversity.

Freshwater ecosystems offer the highest vertebrate species density on the planet, harbouring
over 20% of vertebrate species within less than 1% of Earth’s land surface'*'>*. Drainage
divides can limit gene flow and promote endemism in freshwater and riverine species,
particularly in fish!437!55, Global datasets'#!** and numerical models'** support the notion that
river captures can accelerate the diversification of fish!>!*, Simulations suggest that a single
river capture can have three effects on the richness of freshwater fish?” (Fig. 6d). First, species
richness in the expanding catchment can increase as the capture disrupts the drainage divide
and enables species from the shrinking catchment to disperse and colonise the expanding basin.
Second, species richness in the expanding catchment is further enhanced through vicariance,
where certain fish become isolated from their ancestral population due to the newly established
drainage divide. The effects of river capture on the vicariance of freshwater fish have been
documented in New Zealand®'3"138| North America®®, Himalayas®®, and the Amazon River
basin!'*!15%15% Third, the number of species inhabiting the shrinking basin that lose drainage area
can decrease due to the local extinction caused by the reduced habitat capacity and potential
loss of lineage diversity®’ (Fig. 6d).

In summary, river capture events can promote species richness in the expanding basins and
decrease the biodiversity in the shrinking catchments. However, overall species diversity tends
to increase after capture due to vicariant speciation in the expanding catchment, then declines
to match the habitat capacity (Fig. 6d). Nonetheless, it remains unclear whether river capture is
a universal driver of diversity in other (non-fish) groups of freshwater or riverine life.
Additionally, the role of other eco-evolutionary processes, such as competition'®!¢2 and
hybridization'6*!%4, on species richness after river captures requires further research.

Summary and future perspectives

As one of the most dynamic topographic features, drainage divides highlight the fundamental
interconnectivity between the lithosphere, hydrosphere, biosphere, and atmosphere. Drainage
divides are not static, they can move through gradual migration and river capture (Fig. 2).
Divides tend to move to the side with slower erosion (flatter topography, stronger rock, or dryer
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climate), faster uplift, or along the direction of horizontal advection. The rate of drainage divide
migration measured on Earth ranges between 0.001 to 10 mm yr'!, with an average of 0.6 mm
yr'! (Fig. 4d). Evidence of river capture documents divide migration history (Fig. 5a,b), while
topographic metrics can predict future divide mobility (Fig. 5c-f). The position of the main
divide can shape spatial patterns of regional climate, which could also have implications for the
diversity and type of life in mountainous areas (Fig. 6). Additionally, the reorganisation of
drainage divides can promote the richness of freshwater species by their combined effects on
dispersal, speciation, and extinction.

Previous physical and numerical simulations of divide migration were typically performed
by directly setting tectonic and rainfall conditions, under which topography evolves through
river incision and hillslope erosion processes. To better capture the complex dynamics
controlling divide mobility, future research could establish coupled numerical models of
geodynamics®2%15 surface processes with sediment deposition'®®, and orographic
precipitation®”1¢’. Such coupled models can more accurately predict the future direction, rates,
and stable position of divide movements in natural mountain ranges. For example, running the
coupled models over sufficiently long periods can provide crucial estimates of the time needed
for a divide to reach topographic steady state, and predict the stable position of the main
drainage divide, which defines mountain asymmetry. Furthermore, the proposed coupled
models with inverse analysis techniques'® can help to reconstruct the migration history of
drainage divides in natural mountain ranges.

Further efforts are required to enhance comprehension of the influence of divide migration
on regional climate and species richness. For example, biological evolutionary processes’’ and
orographic effects®’ could be incorporated into landscape evolution models'®’ to better examine
how the types and diversity of mountain biota evolve with divide migration and the associated
changes in precipitation. This integration can shed light on the mechanisms underlying the
impacts of divide movement on species dispersal, speciation, and extinction. Additionally,
during escarpment retreat, river capture can forge a waterway for isolated aquatic organisms
from the plateau to travel to the steep escarpment with abruptly contrasting climate and
topography. The impacts of river capture across escarpments on biodiversity, and links between
the timescale of biological divergence and escarpment retreat rates, warrant further
investigation. Such investigations would necessitate integrating simulations of escarpment
retreat*®>% modelling the impacts of capture on aquatic biota”’, measuring divide migration
rates>®!, and sequencing the genomes of aquatic organisms'®’.

Under changing climate, frequent extreme events such as floods and landslides can lead to
catastrophic top-down and bottom-up river captures®® (Fig. 2b.c). Therefore, gaining deeper
insights into the societal effects of divide motion related to river capture is essential to ensure
public safety. Glacial lakes have grown rapidly due to anthropogenic global warming, exposing
15 million people to the threat of glacial lake-outburst floods!'’%!73, a risk typically associated
with top-down river capture (Fig. 2c). Meanwhile, river capture can not only cause a permanent
water shortage in the shrinking catchment (Fig. 2b,c), but also lower the water table in the
expanding catchment. The latter effect has led to the abandonment of ancient Chinese cities'’.
Future efforts could move toward developing numerical models to simulate both top-down and
bottom-up river capture processes. This complex challenge requires data integration across
disciplines to represent critical factors like climate, hydrology, geology, and topography. With
continued model refinement and validation against empirical observations, researchers might
be able to establish digital twin[G] framework!”>!7® for understanding and managing river
capture risks in populated regions, especially in low-relief catchments with high river capture
potential#>50-134,

Beyond Earth, Mars exhibits abundant evidence of fluvial activity!””"'*° that ceased around
3.7 billion years ago'®!!¥2, The discrepancy between the current topographic divide and the
inferred original impact crater rim[{G] can record the gradual divide migration history
(Supplementary Fig. 6). Martian surface preserves over 220 breached paleolakes!®>!83,
implying the prevalence of river captures in early wetter environments'®*. The average rate of
divide migration was measured to be 0.01 mm yr! at 801 sites on the wall of ten young (less
than 40 million years) Martian craters'®’ (Supplementary Fig. 7). Future research could explore
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the similarities and differences in divide dynamics on Earth and Mars. For example, an
investigation could be conducted to compare the mechanism and rates of Martian crater rim
retreat with escarpment retreat on Earth. Moreover, advances in constraining the tectonic uplift
and advection of mountain ranges based on the position and mobility of its main drainage
divide®, could be adapted and applied to qualitatively constrain the climate of planetary bodies
with pervasive erosional systems, such as Titan and ancient Mars (Supplementary Fig. 8).

Drainage divide migration is an inconspicuous process despite its prevalence and
importance in shaping river networks and ecosystems. We advocate for future long-term studies
related to drainage basins to raise the awareness about the impacts of divide migration. For
instance, the composition and evolution of species in association with changes in drainage
basins are still inconclusive. Therefore, it appears crucial to further extend these lines of
research to better understand the impacts of divide migration on catchment ecosystems.
Moreover, investigating the dynamics and processes of river capture events and communicating
their effects to the public and policymakers remains of utmost importance, as these events can
lead to the redistribution of water, potentially triggering floods in the expanding catchment and
water resource scarcity in a shrinking basin.
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Figures

Fig. 1 | Drainage divides across scales. a | Continental drainage divides (black) for North and South
America, the European Alps, and the Southern Alps of New Zealand. Elevation data is from SRTM!'®,
Drainage divides were sourced from Basin90m'¥". b | Catchment boundaries (yellow) in New Zealand,
with river networks (blue). ¢ | Secondary drainage divides acting as the boundaries of streams. Satellite
imagery in panels b ©[2020] and ¢ ©[2023] Google Earth. Drainage divides are among the most
recognisable features on Earth’s surface, varying in spatial scale.

Fig. 2 | The processes of gradual divide migration and river capture. a | Dynamic divide movement
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through gradual migration, which can be caused by differences in tectonics and erosion on either side of
the divide. b | Bottom-up type river capture. Drainage divide is eroded by bottom-up headward erosion,
connecting two river channels and resulting in river capture. ¢ | Top-down type river capture. Divide is
breached through top-down overflow erosion. Both types of capture can cause flooding downstream. d |
An example of gradual divide migration where landslide and hillslope diffusion in Taiwan shifted a ridge.
e | Divide migration through river capture at the northern margin of the Tibetan Plateau (triple vertical
exaggeration). Refer to Supplementary Fig. 3a and the Data availability statement for the precise
locations of the two examples. Satellite imagery in panels d and e ©[2022] Google Earth.

Fig. 3 | Drivers of drainage divide motion. Conceptual topographic profiles across drainage divides
demonstrating the motion of divides under single drivers. Black arrows represent the direction of divide
migration. These conceptual profiles apply at hillslope, catchment, and mountain range scales. a |
Nonuniform tectonic uplift, denoted by the varying sizes of the red arrows, shifts the divide towards
region with faster uplift. b | Horizontal advection can force the divide in the direction of advection, as
marked by the red arrows. ¢ | Where there are unequal slopes, the steeper side experiences more vigorous
erosion, pushing the divide to the gently sloped side. d | Asymmetric erosion due to different rock types
tends to push the divide to the side with a harder lithology. e | Erosional differences induced by unequal
rainfall can push the divide to the side with less rain. f | The side with more glaciers erodes faster, moving
the divide to the side with less glacial mass. In summary, divides tend to move to the side with slower
erosion, faster uplift, or along the direction of horizontal advection.

Fig. 4 | Stable position and migration rate of drainage divides. a | Tectonic deformation and surface
erosion affect the steady-state position of the main drainage divide of a convergent orogen. The motion
of material underneath the Earth’s surface, marked by dashed lines with arrows, can be separated into
vertical uplift and horizontal advection. The landscape boundary condition (coastline) on the retro-wedge
side is assumed to constantly align with the fixed plate boundary, which is the reference frame for divide
motion. b | A conceptual relationship between convergence velocity and the stable position of the main
divide, based on numerical simulations and analytical solutions*>>-7°. The y axis is the steady-state
fractional divide position, defined as the ratio of divide position (distance between the reference frame
and the mountain center) and mountain width (the distance between the coastlines on both sides of the
range). ¢ | Steady-state fractional divide position as a function of the rainfall difference between two sides
of the divide. Under horizontal advection, the mountain is asymmetric in steady state when there is no
difference in rainfall (x = 0). d | Divide migration rates measured on Earth. Migration rates are from the
Blue Ridge Mountains in the USA (n = 5)%, east Australia (n = 1)°, west India (n = 24)®!, east Madagascar
(n=15)"7, east Tibet (n = 29)*, north Tibet (n = 43)'°, south Andes (n = 6)%, and west Canada (n = 1),
East Australia and west Canada only contain the range of divide migration rates, which are 0.04—0.08,
and 4-10.7 mm yr’!, respectively. Note that in Fig. 4d, the measurement of divide migration rate is with
respect to the subsurface rock, which differs from that of Fig. 4a-c that are with respect to a fixed plate
boundary. Divide migration rates typically range between 0.001 to 10 mm yr'!, with an average of 0.6
mm yrl.

Fig. 5 | Methods of judging divide migration direction. Three methods for assessing drainage divide
stability (left), each accompanied by a natural example (right). a | Divide migration by river capture can
be identified from an elbow of capture with an upstream knickpoint. b | A capture elbow with upstream
knickpoints illustrating a river capture event in China. Rivers 1—-3 are Chaiwen River, Daotang River,
and Yihe River®. Drainage network and river profile data are from SRTM!3¢. ¢ | y-maps predict long-
term divide mobility3>!3, y is a drainage-area normalised distance along a river. In the definition of y
equation, x is the distance from base level along the river; x; is the x-coordinate of base level; 4 is the
upstream drainage area; 0 is reference channel concavity, with a global median of 0.43, ref.!”. A
reference drainage area (4y) is introduced to give y a unit of length!'%. d | y-map predicts that the divide
between the Roan Plateau and Colorado River is moving towards the plateau. e | Comparisons of cross-
divide topographic relief can help predict short-term divide mobility. Histograms show the distribution
of near-divide topographic reliefs. A strong contrast in relief between sides 1 and 2 predicts that the divide
is migrating to side 1 with lower near-divide relief. A similar relief between sides 3 and 4 predicts a stable
divide. f | Divide motion direction in the Big Bear Plateau predicted by the cross-divide relief agrees with
the prediction from erosion rate’*. The main drainage divide was cut into eight segments to calculate
cross-divide relief separately. The erosion rate data are from ref.>*. See Data availability statement or
Supplementary Fig. 3a for the specific locations of the three natural examples. Panel a adapted from
ref.'®8, Panel d adapted with permission from ref.®?, the Geological Society of America. All maps face



A Review submitted to Nature Reviews Earth & Environment

north except for the satellite image in panel d where a north arrow is present. Evidence of river capture
can decode divide motion history, while topographic steepness metrics can predict future divide stability.

Fig. 6 | Effects of drainage divides on climate and biodiversity. a | The position of the main drainage
divide affects rainfall, near-surface temperature, and the resulting species type and richness. Due to
orographic precipitation effects, the windward side receives more rainfall and exhibits greater species
diversity compared to the leeward side. b | The position of the main divide of the Himalaya affects rainfall
and species richness, with increased rainfall and species richness on the windward side that is to the
southern side of the divide. ¢ | The position of the main divide of Madagascar influences rainfall and
species richness, with increased rainfall and species richness on the windward side that is to the eastern
side of the divide. Average annual rainfall data is from CHELSA'®. Species richness here refers to the
number of reported amphibians, mammals, and birds within a 100 km? area. Species richness data was
integrated from BiodiversityMapping.org!®’, with a resolution of 10 km. Elevation data is from SRTM!8¢,
The position of the main divide is from HydroSHEDS''. We used a 20-km wide swath in both the
Himalaya and Madagascar to determine the average elevation, rainfall, and species richness along the
profiles (see black box). Refer to Data availability statement for the specific locations of the profiles. d |
A single river capture event can affect fish diversity, leading to dispersal, speciation, and extinction. The
colour of fish is used to distinguish different species. A landscape-biodiversity coupled simulation on the
right shows the evolution of fish richness in the expanding and shrinking basins in response to a single
capture event”. River captures can enhance species richness in the expanding basins but reduce
biodiversity in the shrinking catchments.

Glossary

Base level
The regional lowest point above which a river can erode its channel, such as the ocean or a lake.

Biodiversity
The variety of lifeforms, including their genetic, phenotypic, functional, taxonomic, and ecological
variation in space and time.

Catchments
Geographical areas where surface water flows and converges into common drainage points.

Digital twin
A digital model that uses real-time data and simulation to replicate the behaviour of a physical system or
process, enabling optimisation and predictive maintenance.

Expanding catchment
Catchment that gains drainage area from their neighbours during divide migration.

Hillslopes
The sloping surfaces of hills located between river channels and drainage divides.

Impact crater rim
A raised boundary encircling an impact crater, often functioning as drainage divide.

Knickpoint
A sharp change in the slope of river profile, such as a waterfall.

Main drainage divide
Drainage divide that separates multiple drainage basins.

Rift margin escarpments
Cliffs formed along the edge of rift valleys where the Earth’s crust pulls apart.

Shrinking catchment
Catchment that loses drainage area during divide migration.

Thermochronology
A geological dating technique that determines the temperature history of rocks, revealing the timing of
tectonic and erosional events.

Horizontal tectonic advection
The movement of topography in a horizontal direction induced by tectonic deformation.
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Wind gap
A drainage divide through which a waterway once flowed is now dry due to river capture.
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Fig 4
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