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Lifespan of mountain ranges scaled by feedbacks
between landsliding and erosion by rivers
David L. Egholm1, Mads F. Knudsen1 & Mike Sandiford2

An important challenge in geomorphology is the reconciliation of the
high fluvial incision rates observed in tectonically active mountain
ranges with the long-term preservation of significant mountain-
range relief in ancient, tectonically inactive orogenic belts1–3. River
bedrock erosion and sediment transport are widely recognized to be
the principal controls on the lifespan of mountain ranges. But the
factors controlling the rate of erosion4–8 and the reasons why they
seem to vary significantly as a function of tectonic activity remain
controversial. Here we use computational simulations to show that
the key to understanding variations in the rate of erosion between
tectonically active and inactive mountain ranges may relate to a bi-
directional coupling between bedrock river incision and landslides.
Whereas fluvial incision steepens surrounding hillslopes and increases
landslide frequency9, landsliding affects fluvial erosion rates in two
fundamentally distinct ways. On the one hand, large landslides over-
whelm the river transport capacity and cause upstream build up of
sediment that protects the river bed from further erosion9–11. On the
other hand, in delivering abrasive agents to the streams4–6, land-
slides help accelerate fluvial erosion. Our models illustrate how this
coupling has fundamentally different implications for rates of fluvial
incision in active and inactive mountain ranges. The coupling there-
fore provides a plausible physical explanation for the preservation of
significant mountain-range relief in old orogenic belts, up to several
hundred million years after tectonic activity has effectively ceased.

The erosive power of rivers incises bedrock in mountain belts and
forms self-organizing patterns characteristic of dendritic drainage sys-
tems. Bedrock incision occurs by a combination of processes related to
the transport of both water and sediment within the rivers4–8. The
balance between these erosion processes is poorly understood, and
models for fluvial landscape evolution often rely on the assumption
that river erosion rates scale with some measure of flow intensity, such
as stream power12 or shear stress13, which are both simple functions of
local relief and water discharge. These models, collectively referred to
as ‘stream-power models’, have found widespread favour in the mod-
elling community, because they reproduce many features observed in
natural landscapes12–15.

However, stream-power models do not adequately capture the role
of mobile sediment in fluvial erosion, and a number of recent studies of
long-term erosion rates based on field measurements, low-temperature
thermochronology and cosmogenic nuclides show that variations in
precipitation rate16–19 and topographical relief20,21, and, hence, stream
power, do not always account for the long-term erosion rate of bedrock
landscapes. Instead, measurements of average catchment denudation
rates suggest that erosion is fast primarily where active tectonism con-
stantly rejuvenates the topographic surface1,2,16,19–21 but slow in many
high-relief passive orogens1,2,22,23, which require nonlinear couplings
between relief, discharge and erosion that are not easily explained by
the stream-power concept. In particular, the long-term preservation of
kilometre-scale mountainous relief in ancient, tectonically inactive,
Palaeozoic orogenic belts, such as the Appalachian mountains in the
United States, the Ural mountains in Russia and the Caledonian moun-
tains in Greenland and Scandinavia (Supplementary Fig. 1), seems

directly at odds with the stream-power concept for river erosion.
Although post-orogenic uplift processes related to mantle dynamics
may possibly have influenced some of the Palaeozoic orogenic belts,
the lifespan of mountainous relief in these old orogenic belts remains a
long-standing problem in Earth sciences3.

A concept that more accurately describes the physics of erosional
processes in rivers involves a process-based formalism for bedrock
incision by saltating sediment particles in a river5,24. In this saltation–
abrasion model, the erosion rate is a direct function of abrasion per
particle impact multiplied by the frequency of impacts and a sediment-
cover factor24 (Methods). The model captures the complex role of
sediment concentration for the bedrock erosion rate and is supported
by recent catchment-scale observations25 and longitudinal river pro-
files26,27, but has yet to be tested against long-term landscape evolution
at orogenic scales.

To explore the fundamental implications of feedbacks between hill-
slope erosion, sediment delivery and channel incision in a non-glacial
setting, we performed computational experiments that couple the full
physics of the saltation–abrasion model with a stochastic model for
bedrock landsliding and multi-component sediment transport on hill-
slopes and in rivers (Methods). We apply the saltation–abrasion form-
alism to model fluvial incision because of its solid foundation in physical
principles based on experiments5,24, but our findings apply to all sedi-
ment-flux-dependent fluvial incision models. Bedrock landsliding is
incorporated because threshold-dominated hillslope processes, such as
landsliding, have a dominant role in limiting the relief in tectonically
active regions9,11,20,21 and because landslide magnitude and frequency are
critical for providing abrasive agents to the fluvial system10,11,16,17,28.
Landslides are important for regulating the erosion budget of tecto-
nically active mountain ranges, which is most evident in the distinct
threshold landscapes presently found, for example, in Taiwan28 and the
Himalayas20,21. In addition to fluvial incision and bedrock landsliding,
our computational experiments include slope-independent hillslope
weathering, nonlinear hillslope sediment transport and grain-size-
dependent sediment transport in rivers (Methods).

The computational experiments are designed to investigate prim-
arily the coupled impact of bedrock landsliding controlled by thresh-
old slopes and fluvial erosion driven by the sediment flux in rivers. We
note that lithological contrasts not addressed by our model experi-
ments also influence river incision rates, and that, depending on the
geological setting, the rock hardness may increase when long-term
erosion exposes the deep and resistant core of mountain belts. Further-
more, additional erosion processes in rivers and on hillslopes may be of
relevance in natural systems. The feedbacks between landslides and
river incision that we address here are likely to dominate in settings
where sediment-bed impacts drive bedrock abrasion or accelerate
quarrying by producing fractures in the bedrock, but their significance
will be less important in settings where other processes, such as chem-
ical weathering, dominate1,4. The aim here, however, is to demonstrate
the fundamental impact of feedbacks between landslides and saltation–
abrasion on fluvial incision rates in the context provided by the neces-
sity to reconcile rapid incision rates in tectonically active orogens with
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the long-term survival of significant orogenic relief after cessation of
tectonic activity. To do so, we model a cross-section through an asym-
metric mountain range generated by tectonic rock uplift in the shape of
a two-sided wedge system (Fig. 1). We focus on the influence of tectonic
uplift on river erosion rates, and find that the results are independent of
bedrock lithology as long as saltation–abrasion remains the dominant
driver of river erosion. The spatially variable uplift rate allows us to
study the influence of uplift rate on the resulting relief (Supplementary
Fig. 2). To demonstrate the key feedbacks, we performed identical
experiments using both the stream-power model and the saltation–
abrasion model with the same coupling to bedrock landsliding and
sediment transport in both models (Methods).

Our results confirm that fluvial incision by saltation–abrasion gen-
erates landscape morphologies very similar to those predicted by stream-
power models and observed in fluvial systems29. Channel profiles are
upwards concave and drainage following the steepest topographic des-
cent paths leads naturally to a system defined by catchments with large
and gently dipping valleys and a number of steeper tributaries (Fig. 1).
During the tectonically active phase, both the saltation–abrasion model
and the stream-power model reach a topographic steady state in which
tectonic rock uplift is balanced by erosion everywhere in the modelled
landscape. Both models are associated with poorly constrained rate-
limiting parameters (Methods), which we calibrate to obtain steady-state
landscapes of similar mean (,1,100 m) and maximum (,3,500 m)
elevations. The scale of this steady-state configuration resembles those
of relatively small orogens like, for example, Taiwan or the Southern
Alps. In the steady-state configuration, bedrock landsliding represents
a primary erosion mechanism in both models because hillslopes are

allowed to reach threshold slopes in many places (Supplementary
Information and Supplementary Figs 2 and 3). The simulated landslide
frequency-size distribution conforms to a power-law distribution (Sup-
plementary Fig. 5), although the resolution of the numerical model
limits the occurrence of small landslides. Of greater importance is,
however, the bulk landslide erosion rate (Fig. 2), which represents
the primary sediment flux from the hillslopes to the river network in
the tectonically active phase.

Although the steady-state topographic patterns are largely similar
for the two models, the temporal variations in erosion rate differ
significantly. The saltation–abrasion model reveals a highly dynamic
system with several feedbacks (Figs 2 and 3 and Supplementary Video 1).
When the landslide frequency increases, rivers receive more sediment
and accelerate fluvial incision while the landslide detritus is moved
through the drainage network (Fig. 2). This further accelerates the
landslide frequency because hillslopes steepen as the base level set by
the channel elevation is lowered. This positive feedback terminates
when excessive sediment supply protects the river bed from further
erosion. At this point, fluvial incision slows, reducing the likelihood of
landslides, and a negative feedback between fluvial erosion and land-
slides is established that helps to stabilize the relief temporarily (Fig. 2).

The pattern characterized by a highly oscillatory erosion flux during
the active phase changes when tectonic activity ceases. At this point,
continued rock uplift is due only to flexural-isostatic unloading, and
the mean elevation of the landscape starts to decline. As hillslope
gradients decrease below the critical threshold value for landsliding
(Methods), the landslide frequency drops drastically (Fig. 3a). The
landslide frequency decreases in our models simply because tectonic
rock uplift no longer maintains the steep threshold slopes, and we note
that the drop in landslide frequency may be even more dramatic in
natural settings because earthquakes related to tectonic activity are
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Figure 1 | Landscape morphology. a, Minimum, mean and maximum
elevations along an east–west transect of the stream-power model. The red
curve shows the variation in uplift rate, which peaks at 1 mm yr21. b, Detailed
view of the resulting model landscape when bedrock landsliding is coupled to
stream-power erosion. c, d, The same details, but for the saltation–abrasion
model. The full model geometry is shown in Supplementary Fig. 4.
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Figure 2 | Feedbacks between landsliding, fluvial incision and sediment
transport. a, The location of large landslides in one of the model’s major
catchments during a 100-kyr period with tectonic uplift. The circles indicate the
locations of the landslide initiation points. Circle size and colour indicate
landslide volume (brown, .0.3 km3; green, .0.2 km3; grey, .0.05 km3). b, The
temporal distribution of landslides (circles) with distance to catchment outlet
along the vertical axis. The figure also shows catchment-averaged fluvial (red
curve) and landslide (blue curve) erosion rates along with the averaged
sediment thickness (AST) in the catchment (black curve).
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viewed as important landslide triggers11. In the saltation–abrasion
model, the decrease in landslide frequency leads to a corresponding
decrease in the rate of fluvial incision, because of the associated decline
in sediment input to the streams. The slowing fluvial erosion keeps
channel elevations high and stalls both erosion processes by further
reducing the landslide frequency. This is in stark contrast to the behaviour
of the stream-power model (Fig. 3b), which exhibits a much more
gradual decrease in erosion rate after tectonic uplift ceases, because
the stream-power erosion rate is scaled only by the local channel slope
and water discharge.

A sudden decrease in landslide frequency and saltation–abrasion
erosion has a significant effect on the post-orogenic lifespan. Our scaled
model results show that peaks can stand above an elevation of 2 km for
more than 200 Myr following the cessation of tectonic activity (Fig. 3C).
That contrasts with our scaled stream-power model in which elevations
above 2 km last only 20 Myr because the stream-power erosion rates
remain high in the absence of tectonic activity as long as significant
relief persists. Both model experiments eventually terminate in similar
transport-limited landscapes with main valleys that become perma-
nently alluviated when the available stream power decreases below the
threshold required for sediment transport3. At this stage, the two models
converge, but the duration of the transition to a transport-limited
stage differs by more than an order of magnitude because the mechan-
isms dictating the rate of post-orogenic river incision in the two models
are fundamentally different. Landscapes in the stream-power model
reach the transport-limited stage after only 25 Myr, whereas this trans-
ition takes more than ten times longer in the saltation–abrasion model.
(Fig. 3c, Supplementary Information and Supplementary Fig. 4). These
precise figures depend on the details of the parameterization, but the
order-of-magnitude difference in post-orogenic topographical lifespan
stands as a robust result of the different fluvial erosion mechanisms.

The prolonged lifespan of significant mountain-range topography
in the saltation–abrasion model is caused by the reduced influx of sedi-
ment to the rivers30 when tectonic activity stops, and we note that
variations in the parameterization of saltation–abrasion, the sediment
transport or the bedrock exposure estimates do not influence this result
(Supplementary Fig. 6). Although other processes may substantially
influence the post-orogenic lifespan in some geological settings, our
results demonstrate that couplings between sediment-flux-dependent
fluvial incision and threshold-dominated hillslope processes have the
potential to explain the effects of tectonic uplift on long-term erosion
rates1,2,17,19–21. The interplay between hillslope processes and fluvial
erosion by saltation–abrasion therefore provides a plausible physical
mechanism for the preservation of several-hundred-million-year-old
orogenic reliefs in tectonically inactive regions.

METHODS SUMMARY
The landscape evolution model used in this study computes the transport of water
and sediment across a plan-form grid consisting of irregularly distributed Voronoi
cells. Connecting neighbouring cells in the direction of steepest descent generates
the fluvial surface transport network. Topographical depressions, which may for
example arise from dams generated by landslides, are filled by water that form lakes
and ensure continuous drainage from every grid cell to the model boundaries.

The rate of fluvial incision into bedrock is calculated from either the saltation–
abrasion model or the stream-power model. For computing saltation–abrasion, we
include the full physics of the model24. Both types of fluvial erosion model are
coupled to models for bedrock landsliding, sediment transport in rivers and on
hillslopes, long-term hillslope weathering, and flexural isostasy. The various erosion
components are coupled through their effects on bedrock topography and their
contributions to a layer of transportable sediment. The fluvial sediment transport
model operates with sediment of varying grain sizes to incorporate the effects of
downstream fining on sediment transport capacity and saltation–abrasion erosion
rate. The hillslope sediment transport model is independent of grain size, but
includes nonlinear effects of slope. See Methods and Supplementary Information
for additional references and more details on all model components.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
River dynamics. We modelled fluvial erosion and sediment transport across a
two-dimensional plan form grid consisting of irregularly distributed Voronoi cells.
The river pathways were established by connecting neighbouring cells in the dir-
ection of steepest descent in every time step following the CASCADE algorithm31.
The precipitation rate, pr, was uniform across the grid, implying that the volu-
metric water flux was Qw 5 prA, where A is the upstream catchment area.

We followed ref. 32 in calculating the average bed shear stress as tb 5

rw(gQwS)2/3W22/3, where rw is the density of water, g is the acceleration due to
gravity and S is the channel slope. The channel width, W 5 kwQw

1/2, is a function
of surface water discharge where kw is a constant channel-width scaling factor32

(see Supplementary Table 1 for values of all model parameters).
Sediment transport. The applied landscape evolution model transports sediments
in rivers and on hillslopes. The computational experiments therefore included a
layer of mobile sediment of thickness Hs. The thickness of this sediment layer was
updated by solving the continuity equation for volume conservation

LHs

Lt
~{+:(qsf zqsh)z

rr

rs
( _Ef z _Elz _Eh)

where qsf and qsh are the sediment flux vectors in rivers and on hillslopes, respect-
ively; + is the gradient operator; rr and rs are the densities of bedrock and sedi-
ment, respectively; and _Ef , _El and _Eh are the bedrock erosion rates due to rivers,
landslides and hillslope weathering, respectively. These erosion mechanisms are
described in separate sections below.

For the downstream sediment flux in rivers (qsf), the transport model operated
with sediment of varying grain sizes. This made it possible to incorporate the effects
of downstream fining on sediment transport and bedrock erosion by saltation–
abrasion. The total sediment volume was therefore binned according to grain
size (D) from y~0,1,2, . . . ,8, where y~log2(D=D0) is a logarithmic grain-size
distribution33 (Supplementary Table 2) and D0 5 1 mm is a reference grain size.
The sediments were then transported by the two-fraction model of ref. 34, in which
the different grain sizes are combined in two groups: mixed sand (D # 2 mm) and
mixed gravel (D $ 2 mm). Carrying capacities for sand and gravel were calculated
from the two-fraction model and rivers were assumed to run at capacity if enough
sediment was available (see Supplementary Information for more information on
the fluvial sediment transport model).

For sediment transport on hillslopes, we used a nonlinear flux model35,36 relating
volumetric sediment flux, qsh, to the bed gradient, +b:

qsh~{Ks
+b

1{(j+bj=sc)2

where sc is the critical slope and Ks is a constant (Supplementary Table 1). In this
model, sediment transport is inefficient on flat surfaces and more efficient on steep
slopes that approach the critical value, sc.
River erosion by saltation–abrasion. The saltation–abrasion erosion rate, _E

sa
f , is

expressed as the product of three terms24, _E
sa
f ~ViIrFc, where Vi is the average

volume of bedrock detached per particle impact; Ir is the rate of particle impact per
unit area and Fc (the sediment cover factor) is the fraction of the river bed that is
free of sediment and therefore exposed to erosion.

We followed the approach of ref. 24 closely, and consequently approximated _E
sa
f

with

_E
sa
f ~Ksa

qy
sf

W
Fc(t’=tc’{1){0:52j1{(u’=wf )

2j1:5

where Ksa is a lumped scaling parameter (Supplementary Information and Sup-

plementary Table 1), qy
sf is the sediment flux of a particular grain size, t9 is the non-

dimensional Shield’s stress, t9c is the non-dimensional critical threshold shear
stress for sediment entrainment, u9 5

ffiffiffiffiffiffiffiffiffiffiffiffi
tb=rw

p
is the shear velocity and wf is

the settling velocity of sediment grains. The sediment-free fraction of the river
bed, Fc, was assumed to vary linearly between two endmember cases: (1) when the
river runs at capacity and the bed is fully alluviated (Vt 5DtQt, where Vt is the
volume of sediment available for transport, Qt is the sediment transport capacity of
the river segment and Dt is the length of the time step), and (2) when the river
receives no sediment that can form patches of alluvial cover (Vt 5 0):

Fc~
1{Vt=DtQt for VtvDtQt

0 otherwise

�

Importantly, apart from the sediment carried by the river, Vt includes sediment
deposited on the river bed, which ensures that sediment not in transport also
influences the sediment cover factor. Additional experiments with other types
of functional form for Fc show that our conclusions are robust with respect to
such variations (Supplementary Fig. 6).

The saltation–abrasion rate, _E
sa
f , depends on grain size, and we therefore com-

puted the total erosion rate by summing the contributions to the erosion rate
associated with the individual sediment grain-size bins (Supplementary Table 2).
The values of qy

sf , t9, tc9 and wf were therefore calculated separately for each
sediment grain size (see Supplementary Information for details on the grain-size
dependence and for the full derivation of the saltation–abrasion relations above).
Stream-power erosion. For the model experiments using steam-power erosion,
the fluvial erosion rate was calculated from _E

sp
f ~KspFcQm

w Sn, where Ksp is a rate-
limiting constant37, Qw is the water discharge (volumetric flux), S is the channel
slope, and m and n are constants (Supplementary Table 2). We note that we
included in the stream-power model the protecting effect of sediment cover by
incorporating Fc from the saltation–abrasion theory. By including the same pro-
tecting effects of sediments in all experiments, we effectively isolated the differ-
ences between the two incision models (saltation–abrasion and stream-power
erosion). For example, by incorporating Fc in both models, we made sure that
transport thresholds affected both model types similarly.
Bedrock landslides. We used the model in ref. 38 for simulating bedrock land-
slides. The model is stochastic in the sense that the probability of hillslope failure
depends on the Culmann slope stability criterion38. The Culmann criterion predicts
the maximum stable height of a hillslope, Hc, from the angle of internal friction, w,
the hillslope cohesion, C, and the hillslope angle, b:

Hc~
4C
rrg

sin (b) cos (w)

1{ cos (b{w)

In every time step of the model run, a fixed number, Nc, of random cells were
checked for landsliding. From each of these cells (target cells), the maximum extent
of a stable plane was mapped by recursively collecting in a list the upslope cells with
elevations above the cone-shaped plane that dips with angle w and passes through
the target cell. The stable plane must be continuous, meaning that only cells that
neighbour a cell already on the list was added to the list.

After the list was generated, the hillslope height, H, and the hillslope angle, b,
were established from the maximum elevation difference between the target cell
and cells on the list. The failure probability was computed as pfail 5 H/Hc. The
hillslope fails if a randomly generated number between 0 and 1 falls below pfail.

If failure occurred, the angle of the failure plane38 was calculated from
h 5 (b 1w)/2. The failure plane was mapped by repeating the recursive procedure,
now listing the cells with elevations above the cone-shaped failure plane dipping at
angle h. The rock mass above the failure plane was eroded and passed to the target
cell as new sediment.

We assumed that the sediment generated in a landslide has a fractal distribution
of grain sizes39, such that Ny / D{f

y , where Ny is the number of particles with
diameter greater than Dy (Supplementary Table 2) and f 5 2.65 is the fractal
dimension40. The fractal distribution was used to constrain the volume distribution
of grain sizes within a landslide deposit: Vs(y) 5 wyVlandslide, where Vlandslide is the
total sediment volume generated by the landslide and wy is the volume weight
function associated with each grain-size bin y (Supplementary Table 2). We note
that the volume weights were calculated to satisfy the fractal distribution.
Hillslope weathering. We followed ref. 38 by including nonlinear sediment (rego-
lith) production to simulate slow hillslope erosion on bare bedrock surfaces41

(where Hs 5 0), faster erosion under moderate sediment thicknesses42 (Hs # Hs9)
and decreasing erosion rates under larger sediment thicknesses43 (Hs . Hs9). In
this model, the bedrock erosion rate is

_Eh~
_Ecz

_E’{ _E0

Hs’
Hs for 0ƒHsvHs’

_E’ exp Hs ’{Hs
DH

� �
for Hs §Hs’

8><
>:

All parameters are listed in Supplementary Table 1.
We assumed that the grain sizes of the sediments produced by weathering is of

the same fractal distribution as for landsliding, and the volume weights of
Supplementary Table 2 were therefore reused. We note that grain sizes are likely
to be smaller for sediments generated by weathering than by landsliding. However,
using the same grain sizes for both erosion processes is a conservative assumption,
because the saltation–abrasion erosion process preferentially weights the coarser
fractions. Reducing sediment grain sizes for weathering would therefore further
lower saltation–abrasion rates and amplify the difference between the saltation–
abrasion and stream-power models.
Flexural isostasy. Flexural isostatic adjustments, Wf(x, y), in response to erosional
unloading and sediment deposition were performed according to the two-dimen-
sional elastic thin-plate equation:

L4Wf

Lx4
z2

L4Wf

Lx2Ly2
z

L4Wf

Ly4
~

L(x,y)

Df
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Here Df 5 YTc
3/12(1 2 v2) is the flexural rigidity, Y is Young’s modulus, v is the

Poisson ratio and Tc is the elastic thickness of the lithosphere (Supplementary
Table 1). L(x, y) 5 rrgE(x, y) 2 rsgHs(x, y) 2 ragWf(x, y) is the vertical load on the
plate (positive upward), where E(x, y) is the total bedrock erosion in each model
cell, Hs is the amount of sediment present and ra is the density of the isostatically
compensating asthenosphere rocks.
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