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ABSTRACT: Recent studies provide a theoretical framework for understanding the incision of bedrock rivers by plucking. These
studies motivated the development of a numerical model that simulates plucking to explore the evolution of channel profiles in lith-
ologically diverse terrain. In the main governing equation, the incision rate is calculated as a function of the difference between the
boundary shear stress and a threshold shear stress needed to entrain blocks from the bed. Because an earlier study suggested that
plucking is the primary incisional process in the northern Sierra Nevada (CA), the model was calibrated to approximate the condi-
tions in the region. The profiles of the simulated rivers are stair-stepped, with sharp breaks-in-slope at lithological boundaries. This
characteristic is common to rivers draining the northern Sierra Nevada, suggesting that the size of blocks available for plucking,
as mediated by the fracture density, may be the primary control on their gradients. Moreover, the numerical experiments highlight
the role of threshold shear stresses in the post-orogenic persistence of steep reaches and relict terrain. Finally, comparisons of profiles
evolved under tilting or uniform uplift scenarios provide insights into how these different uplift modes affect profile evolution. For
example, whereas uniform uplift generates a single migrating knickpoint at the range front, multiple migrating knickpoints can form
simultaneously along a river in a tilting landscape. © 2020 John Wiley & Sons, Ltd.
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Introduction

The important role of lithology in controlling the slope of bed-
rock channels has long been recognized (e.g.Hack, 1973 ;
Duvall et al., 2004 ; Larue, 2008 ; Cyr et al., 2014). The stream
power incision model (SPIM), a common approach to model-
ling the evolution of bedrock channels, incorporates the resis-
tance of bedrock to erosion with an erodibility term that can
be adjusted to account for spatially varying lithologies (e.g.
Howard, 1994 ; Forte et al., 2016 ; Perne et al., 2017 ; Yanites
et al., 2017). However, as argued in Lague (2014), the SPIM is
useful only under a limited set of conditions and more mecha-
nistic models for describing fluvial bedrock incision are
needed. A thorough understanding of incisional processes is
important as bedrock channel profiles are used to extract infor-
mation regarding tectonic activity that could be used to assess
earthquake hazards (e.g.Merrits and Vincent, 1989 ; Snyder
et al., 2000 ; Kirby and Whipple, 2001 ; Pavano et al., 2016).
Advances in our understanding of river incision processes,

mainly abrasion and plucking, offer potentially promising im-
provements over the SPIM (Whipple et al., 2000; Lamb et al.,
2015 and references cited therein). Whereas modelling the
evolution of channel profiles by abrasion in lithologically di-
verse terrain is complicated by the role of sediment supply
and size (Sklar and Dietrich, 2001), which will vary according
to the spatial distribution of lithologies throughout the

watershed, plucking may be a simpler process to model since
it depends primarily on local conditions. Therefore, to explore
the effects of spatially varying bedrock on the evolution of
channel profiles, I introduce a numerical model that incorpo-
rates an empirically supported process-based equation describ-
ing bedrock channel incision by plucking. This model is based
on the theoretical framework developed in previous studies
(Chatanantavet and Parker, 2009; Dubinski and Wohl, 2013;
Lamb et al., 2015) and is parameterized to approximate condi-
tions in the Sierra Nevada mountains of California, where
plucking appears to be the dominant incision process (Whipple
et al., 2000) and lithology has a first-order control on channel
steepness (Gabet, 2020).

The northern Sierra Nevada marks the location of a subduc-
tion zone active during the Jurassic and Cretaceous periods
(Snow and Scherer, 2006). As a result of the convergence, this
range is lithologically heterogeneous, with a metamorphic belt
parallel to the range crest at lower altitudes and plutonic rocks
dominating near its crest; moreover, within the metamorphic
belt, rock units with a range of erodibilities follow each other
in quick succession (Saucedo and Wagner, 1992). The longitu-
dinal profiles of large rivers draining the range and flowing
across these lithologies are often composed of approximately
straight sections of varying gradients (Figure 1). The breaks-in-
slope where the straight sections meet are nearly always at lith-
ological boundaries, providing strong evidence that bedrock
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erodibility has a dominant control on local channel steepness
(Gabet, 2020). Fracture density in the individual bedrock units
may have an important role in erodibility by constraining the
size of blocks available for plucking (Chatanantavet and Parker,
2009; Scott and Wohl, 2019). A positive relationship between
the diameter of the largest in-channel boulders and channel
steepness in Sierran rivers also provides evidence for the impor-
tance of fracture density in erodibility; indeed, even within the
same lithological unit, changes in fracture density are corre-
lated with changes in channel gradient (Gabet, 2020).
With the model parameterized for the northern Sierra Ne-

vada, I performed numerical experiments to investigate the fol-
lowing questions.
Does a bedrock incision model simulating plucking in litho-

logically heterogeneous terrain yield stair-stepped river profiles?
The SPIM can be used to evolve stair-stepped profiles (Perne
et al., 2017), however, estimating the erodibility constant in
the SPIM directly from the characteristics of an individual bed-
rock unit remains a challenge (Stock et al., 2005). Therefore, a
more mechanistic approach that can incorporate field mea-
surements (e.g. fracture density) may be helpful for simulating
profile evolution in lithologically complex landscapes.
Do tilting and uniform uplift leave different topographic signa-

tures on river profiles where plucking dominates? Tilting and uni-
form uplift are two end-member descriptions of a 1-D spatial
distribution of uplift rates driven by tectonic activity. Uniform up-
lift via a range-front fault can create a dislocation in a river’s pro-
file that migrates upstream as a knickpoint (e.g. Yanites et al.,
2010). Uplift by tilting, however, is not accommodated by a
range-front fault and, therefore, other landscape features must
be used to discern tectonic activity (e.g. Goswami and Pant,
2019). A critical difference between uniform uplift and tilting is
that the latter affects the entire drainage network simultaneously,
potentially leaving a unique signature on river profiles.
Can relict terrain persist where plucking dominates? The

plucking of individual blocks from a river’s bed requires over-
coming a critical shear stress. In the headwater areas of low-
relief regions experiencing uplift, the available shear stress
may be too low for plucking and the progress of migrating
knickpoints may be inhibited (e.g. Baldwin et al., 2003;
Brocard et al., 2016). As a result, these headwater regions
may persist as relict patches of the original landscape (Twidale,
1998; Bishop and Goldrick, 2010). In the northern Sierra

Nevada, for example, many of the trunk streams originate on
high-altitude, low-relief surfaces before plunging down steep
cascades and continuing through deep canyons.

How persistent are post-orogenic profiles where plucking is
the dominant incisional process? In post-orogenic landscapes
where channel incision is not limited by a threshold shear
stress, bedrock river profiles will decay monotonically (e.g.
Baldwin et al., 2003). However, in landscapes where a critical
shear stress must be surpassed before incision can proceed,
plucking will be suppressed along reaches of rivers that have
relaxed below the gradient needed to generate the local critical
shear stress. At this point, incision may only occur by other,
less-efficient processes such as abrasion, and steep rivers may
persist long after the cessation of uplift.

Methods

Modelling approach

In the development of this numerical model, I assume that
plucking is the sole channel incision process. Furthermore, I as-
sume that block size is a function of fracture density, that frac-
ture density is the only difference between lithological units,
and that fracture density (and thus block size) is uniform and
isotropic within a single unit (i.e. the blocks are cube-shaped).
Moreover, I assume that plucked blocks do not impede the
plucking of new blocks but yet there are a sufficient number
of large clasts on the bed, from either plucking or slope failures,
to affect channel roughness (which may also arise from irregu-
larities in the bed created by the removal of blocks). Note that
this model does not account for the transport or comminution
of blocks once they are plucked and, therefore, it assumes that
the incision rate is solely limited by the rate at which blocks are
plucked from the bed.

Governing equations

The rate at which blocks are plucked from the bed, E (m s�1),
can be expressed as

E ¼ RgDð Þ1=2ap τ� � τ�c
� �np (1)

where R = (ρr� ρw)/ρw in which ρr and ρw are the density of
rock (2650 kgm�3) and water, respectively; g is gravitational

Figure 1. Longitudinal profile, surface lithology, and reach gradients along the North Fork Feather River (adapted from Gabet, 2020). Most breaks-
in-slope are associated with a lithological transition, strong evidence that lithology exerts a dominant control on reach gradient. Horizontal reaches
are reservoirs; inferred bedrock surface shown with dashed line. Pzcc = metachert, argillite; KJhqd = coarse-grained quartz diorite; KJpd = fine- to
medium-grained pyroxene diorite; KJmt = coarse-grained monzotonalite; MzPz db = metabasalt; um = ultramafic; mv = metavolcanic; mg =
metagabbro; ms = metasedimentary (Hietanen, 1973; Saucedo and Wagner, 1992). Fill patterns do not represent the subsurface distribution of bed-
rock. The bottom of the profile is at 39.715°, �121.465°.
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acceleration (m s�2); D is block size (m); ap and np are dimen-
sionless empirical coefficients with values of 0.02 and 1.5, re-
spectively (Tsujimoto, 1999); τ* is the dimensionless boundary
shear stress; and τ�c is the dimensionless critical shear stress
(Chatanantavet and Parker, 2009; Lamb et al., 2015).
The dimensionless boundary shear stress is determined ac-

cording to

τ� ¼ τb=ρr�ρwð ÞgD (2)

where τb is the boundary shear stress, calculated from

τb ¼ ρwg Qn=wð Þ0:6S0:7 (3)

where Q is discharge (m3 s�1), n is Manning’s roughness coef-
ficient, w is channel width (m), and S is slope gradient (Snyder
et al., 2003). Peak discharge and channel width are expressed
as a function of drainage area (A, km2), and drainage area is de-
termined as a function of river distance from the channel head
(x, km) with data from the northern Sierra Nevada (Gabet,
2020):

Q ¼ 1:8A0:8 (4)

w ¼ 10A0:20 (5)

A ¼ 11x1:23 (6)

Note that the scaling factor in Equation (4) has been adjusted
since Gabet (2020) to better represent the discharges during the
winter of 2017 on which Equation (5) is based; these data were
not available at the time. Note also that channel width does not
appear to be sensitive to lithology in the region (Gabet, 2020)
and that the potential role of incision rate on cross-sectional ge-
ometry is ignored. The few empirical studies that have exam-
ined the relationship between channel width and incision rate
have yielded contradictory results (Turowski et al., 2009 and
references cited therein), and no data exist to evaluate this rela-
tionship in the northern Sierra Nevada. The consequence of
decoupling channel width from incision rate is that changes
in the latter are only accommodated through changes in chan-
nel slope (Yanites and Tucker, 2010). Nevertheless, the model
presented here could be modified to incorporate a relationship
between width and incision rate derived mechanistically
(Turowski et al., 2009; Yanites and Tucker, 2010) or empirically
(Lague, 2014).
Manning’s n is calculated from (Chow, 1959)

n ¼ 0:034D1=6 (7)

The dimensionless critical shear stress τ�c is determined ac-
cording to (Lamb et al., 2015)

τ�c ¼ cosθ tanφ� tanθð Þ þ 2τ�w

1þ 1
2CD

u
u�

� �2
P
L

� �
1þ F�

Ltanφ
� � (8)

where θ is the channel slope, φ is the friction angle (32°), τ�w is
the dimensionless block sidewall stress (0.1), CD is a drag coef-
ficient (1), u/u* is the ratio of the downstream flow velocity to
the shear velocity (8.3), P/L is the ratio of the protrusion height
to the block length (0.2), and F�

L is an empirical constant related
to the lift force (0.85). The values assigned to the constants are

from Lamb et al. (2015) and are not specific to the Sierra Ne-
vada. With these values, the relationship between the dimen-
sionless critical shear stress and the channel slope can be
approximated by

τ�c ¼ 0:0873� 0:1088tanθ (9)

To scale the entrainment rate [Equation (1)] to an incision
rate (I, mm year�1) that is meaningful over geologic time, a
scaling factor k is introduced such that

I ¼ kE (10)

Determining an appropriate value for k is not straightforward.
Because valleys in the northern Sierra Nevada were buried by
fluvial and volcanic sediment throughout much of the Ceno-
zoic (Whitney, 1880; Slemmons, 1966), long-term net bedrock
incision rates are exceedingly low; for example, Eocene-aged
deposits can be found <170m above the bed of the South Fork
American River (Gabet, 2014). Therefore, rather than calibrat-
ing k from field observations, k is calibrated to yield incision
rates that match a specified uplift rate at the range of channel
gradients observed in the northern Sierra Nevada (0.1–8.9%)
(Gabet, 2020).

Past uplift rates for the northern Sierra Nevada are unknown
and the evidence for recent uplift is flawed (Gabet, 2014,
2020), therefore a value of 0.05mmyear�1 for the modern An-
des, a similar convergent margin, is adopted (Evenstar et al.,
2015). This rate is used for both the uniform uplift and the tilt
scenarios; in the case of the latter, it is the vertical velocity of
the highest node (i.e. the crest). With this uplift rate, a value of
0.3 for k yields gradients similar to thosemeasured in the region.

Model implementation

The simulated channel is 150 km long, approximately the
length of the bedrock portions of the major rivers draining the
northern Sierras, and has a node spacing of 50m. Before uplift,
the initial channel profile is described by an exponential func-
tion to represent a river draining low-relief terrain (Inoue,
1992); moreover, the initial channel is assumed to be domi-
nated by a long alluvial reach such that its profile is not affected
by the underlying bedrock. Two uplift scenarios can be im-
posed on the initial profile. In the first, the profile is tilted up
at a specified rate with the lowest node acting as the tilt axis.
In the second, a simulated fault is located 250m upstream of
the lowest node such that all nodes in the profile, except for
the five lowest, undergo uniform uplift; to avoid boundary ef-
fects, the fault was not placed closer to the end of the channel.

At the beginning of each time step, the gradient is calculated
using a centre difference scheme for all of the nodes except
those at lithological boundaries; for these, a forward difference
scheme is used to preserve sharp breaks-in-slope. The dimen-
sionless shear stress is then calculated at each node [Equa-
tion (2)] and compared to that node’s dimensionless critical
shear stress [Equation (9)]; where τ� > τ�c , Equation (1) is used
to calculate the entrainment rate. The entrainment rate is con-
verted to an incision rate [Equation (10)], and the elevation of
the node is lowered by the appropriate amount. The elevation
of each node is then increased according to the uplift rate. Fi-
nally, a smoothing scheme damps numerical instabilities that
arise because of the sharp breaks-in-slope at the lithological
boundaries with

zi ¼ bzi�1 þ zi þ bziþ1ð Þ= 2b þ 1ð Þ (11)

where z is elevation (m), b is a weighting coefficient and i is a
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spatial indexing term. A value of 0.18 for b was found to be suf-
ficient to prevent the growth of instabilities. To preserve the
breaks-in-slope, this scheme was not applied to nodes at litho-
logical boundaries. Finally, all of the model runs were halted
before the migrating knickpoints could reach the end of the
simulated profile. In exploratory model runs, the headwater re-
gion would steepen beyond gradients (>10%) where incision
by fluvial processes may not be relevant (Stock and
Dietrich, 2003).

Analytical solution

An analytical steady-state (i.e. E = U) solution to Equation (1) is
obtained by combining it with Equation (10) to produce.

U ¼ k RgDð Þ1=2ap τ� � τ�c
� �np (12a)

which can be rewritten as

τ� ¼ τ�c þ
U

kap RgDð Þ1=2
" #2=3

(12b)

Substituting the standard equation for the boundary shear
stress (τb= ρghS, where h is flow depth) into Equation (2),
inserting Equation (2) into Equation (12b), and solving for slope
yields

S ¼ 1:65D
h

τ�c þ
U

kap Rgdð Þ1=2
 !2=3

2
4

3
5 (13)

Rewriting Manning’s equation (Snyder et al., 2003) as

h ¼ Qn
w

� �3=5

S�
3=10 (14)

and inserting it into Equation (13) leads to

S ¼ 1:65D
Qn
w

� ��3=5

τ�c þ
U

kap Rgdð Þ1=2
 !2=3

2
4

3
5

10=7

(15)

Because S=Δz/Δx, Equation (15) can be used to calculate
the elevations along a steady-state longitudinal profile with
the relationships expressed by Equations (4)–(7). Note, how-
ever, that this approach requires the use of a constant τ�c ; for
the range of slopes modelled here, a value of 0.077 is appropri-
ate [Equation (9)].

The analytical solution was derived to evaluate whether the
smoothing algorithm and the mixing of finite difference
schemes affect the results from the numerical model. Compari-
sons of the two approaches revealed negligible differences in
the profiles, particularly at the lithological transitions where
the mixed finite difference schemes might have had the biggest
effects.

Caveats

As with all numerical models, the one presented here comes
with caveats. First, although Equation (1) represents plucking
by both vertical entrainment and sliding, each process requires
a different critical shear stress (Dubinski and Wohl, 2013; Lamb
et al., 2015). My observations (albeit limited) suggest that slid-
ing is the dominant plucking process in the northern Sierra Ne-
vada, particularly in the granitic bedrock. For example, reaches
often have bedrock steps that appear to be controlled by joint
sets such that blocks at the front of the steps can be dislodged
by sliding (Figure 2); in addition, cavities left behind by verti-
cally plucked blocks are rare. Therefore, the lower critical
shear stress for sliding is adopted here; however, because slid-
ing blocks need a downhill face free of obstructions, plucking
by vertical entrainment may occasionally be necessary to initi-
ate the process of incision by sliding. Nevertheless, to reduce
the number of unconstrained parameters, this process is not ex-
plicitly modelled. The second limitation is that, although inci-
sion equations that incorporate an excess shear-stress term are
sensitive to the distribution of discharges (Snyder et al., 2003),
I use only a single discharge–area relationship. Similarly, I as-
sume that the climate is unvarying over the tens of millions of
years of model time. Because the focus of this study is a general
understanding of how a plucking model can be used to simu-
late the evolution of bedrock profiles, I consider these simplifi-
cations to be adequate. Third, the channel is assumed to be
straight and aligned directly down the dip of the uplifting ter-
rain. In reality, the major bedrock rivers draining the northern
Sierra Nevada have somewhat meandering planforms and,
therefore, when tilted, the tilt rate of each reach would depend
on its azimuth. Fourth, although the supply of large clasts from
adjacent hillslopes in mountainous terrain may affect the evolu-
tion of river profiles (Shobe et al., 2016, 2018; DiBiase et al.,
2018), this process is not accounted for here. Fifth,
Chatanantavet and Parker (2009) suggest that fracture density
along the bed of a bedrock channel may increase through time
such that the diameter of blocks available for plucking is par-
tially dependent on incision rate. Although incorporating an
‘aging’ function would be interesting because of potential neg-
ative feedbacks between erodibility and incision rate, I did not
implement one due to the lack of data needed for calibration.

Figure 2. Echo Creek (Yosemite National Park) at low flow. Plucking at the bedrock step (~ 60 cm high) occurs by the downstream sliding of blocks
along an exfoliation joint.
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Moreover, a different aging function would likely be needed for
each bedrock unit. Finally, the goal of these numerical experi-
ments is not to reproduce specific profiles in the northern Sierra
Nevada but, rather, this region is used as a test bed for explor-
ing profile evolution in plucking-dominated landscapes with
spatially varying erodibility thresholds.

Results and Discussion

The evolution of stepped profiles

In this experiment, I modelled both tilting and uniform uplift for
a landscape characterized by alternating bands of weak (i.e.
small blocks) and resistant (i.e. large blocks) lithologies with
weak bedrock beginning the sequence at the base of the pro-
file. In both tectonic scenarios, the profile after 40Ma was
stepped: steep reaches formed in bedrock with large blocks
available for plucking and gentler reaches formed in bedrock
with smaller blocks (Figures 3 and 4). The modelled profiles
are similar to those of northern Sierran rivers: reach gradient
varies according to erodibility and there are sharp breaks-in-
slope at the lithological boundaries (Figure 1). Although Perne
et al. (2017) developed stair-stepped profiles in lithologically
heterogeneous terrain using the SPIM, the results presented
here indicate that a model which simulates plucking provides
sufficient conditions for evolving this type of profile as well.
The formation of knickpoints at the lithological boundaries
highlights the importance of accounting for differences in bed-
rock when using river profiles and knickpoints to infer tectonic
activity (e.g. Duvall et al., 2004 ; Pavano et al., 2016 ; Yanites
et al., 2017). Indeed, as noted in Gabet (2020), some studies
in the Sierra Nevada have mistaken lithologically controlled

changes in channel slope for evidence supporting tectonic ac-
tivity. Accounting for differences in erodibility should be partic-
ularly important in convergent orogens, where bands of
different rocks may be aligned perpendicular to the regional
slope such that large rivers draining the range cross multiple li-
thologies. In addition, the specific pattern of erodibility influ-
ences how quickly the profile reaches steady-state conditions
when tilted: after 40Ma, the first 40 km of the profile with a
more erodible lithology at the base has reached steady state
(Figure 3), whereas there are no steady-state reaches in a profile
with a more resistant base (Figure 5).

Different signatures of tilting vs. uniform uplift

Tilting was imposed on a landscape in which the alternating
bands of rock began with resistant rock at the base of the tilting
profile; the result suggests that knickpoints can initiate any-
where along the profile where the bedrock is more erodible
and not necessarily at the range front (Figure 5). In contrast, un-
der the uniform uplift scenario, a migrating knickpoint only ini-
tiates at the range front where faulting introduces a dislocation
at a single point in the profile (Figure 4). Because tilting simul-
taneously increases the slope of the entire river, the shear stress
may overcome the critical shear stress along different individ-
ual reaches with erodible bedrock, thereby initiating multiple
knickpoints upstream of the tilt axis. Therefore, in addition to
the problem of distinguishing uplift-generated breaks-in-slope
from those created by lithological transitions (e.g.Hack, 1957
; Lecce, 1997 ; Duvall et al., 2004 ; Phillips and Lutz, 2008 ;
Pike et al., 2010 ; Gabet, 2020), tilting may further complicate
attempts to infer discrete pulses of uplift from bedrock river pro-
files in lithologically diverse terrain.

Figure 3. Profile evolution in a tilting landscape underlain by heterogeneous bedrock. Distribution of block sizes shown at top. Different lines in
each plot represent model state at 10Ma intervals with colours becoming darker with time. (A) Initial profile shown with dotted line. As the landscape
tilts, breaks-in-slope form at the lithological boundaries. (B) Initial slopes shown with dotted line. Reaches underlain by resistant rock steepen relative
to reaches underlain by weaker rock. (C) Critical shear stress shown with dotted lines. (D) Steady-state incision rate shown with dotted line. Three
migrating knickpoints have formed independently; however, only the one at the range front has generated steady-state incision rates. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Another difference between profiles in tilting landscapes and
those undergoing uniform uplift can be found in the headwa-
ters region not yet affected by knickpoints migrating from
downstream. This difference is particularly clear where the
high-elevation section of the river is in resistant bedrock. Under
the tilting scenario, the relict headwaters region has gradually
accumulated tilt since the onset of uplift (Figure 3) because
the slopes have not sufficiently steepened to trigger incision
that would remove the accumulated tilt; in the uniform uplift
scenario, however, the relict portion of the landscape retains

its initial slope (Figure 4). Therefore, if field observations can
be used to constrain a channel’s pre-uplift slope, these model
results could help to distinguish the dominant nature of the
uplift.

The spatial distribution of bedrock incision rates along the
profile could also be used to discern the nature of the uplift.
In the case of uniform uplift, a knickpoint initiating at the range
front and migrating upstream leaves uniform rates of bedrock
incision in its wake (Figure 4). In contrast, in the tilted land-
scape, incision initiates where the rock is more erodible, creat-
ing a highly non-uniform pattern of incision rates before steady-
state conditions are achieved (Figure 3). Therefore, these two
uplift modes could be distinguished by measuring long-term in-
cision rates in weak and resistant lithologies (distinguishable by
reach gradient): uniform rates would suggest uniform uplift, and
higher rates in weaker lithologies, relative to the resistant rocks,
would suggest uplift by tilting. In addition, under steady-state
conditions, incision rates in a tilting landscape should increase
upstream as points further away from the tilt axis experience
progressively greater uplift rates.

The persistence of post-orogenic profiles

In these simulations, the uplift rate was set to zero after 40Ma
of uplift, and the profiles were allowed to decay. In both the
tilting and uniform uplift scenarios, the gradients of the reaches
generally decrease after the cessation of uplift (Figures 6 and 7).
However, once a section of river reaches its critical gradient
(i.e. the minimum gradient needed to generate the critical shear
stress), incision stops. Of course, in reality, other incision pro-
cesses, such as abrasion, would continue to operate; however,
where plucking is the dominant process, these other processes

Figure 4. Profile evolution in a lithologically heterogeneous landscape undergoing uniform uplift. The symbology and block sizes are identical to
Figure 2. (A) As the landscape is uplifted, a knickpoint generated at the range front sweeps up the channel, leaving in its wake channel reaches ad-
justed to bedrock erodibility. (B) Channel slopes vary according to erodibility. (C) The excess shear stress is higher than under the tilting scenario (Fig-
ure 3) because the uplift rate in the latter decreases towards the tilt axis. (D) In contrast to the tilting scenario, steady-state conditions have advanced
further up the profile. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Profile evolution where a band of resistant rock lines the
range front in a tilting landscape. The symbology is identical to Figure 2.
(A) As in the other simulations, a stair-stepped profile develops over
time. (B) Knickpoints have initiated in the weak bedrock far from the
range front and propagated into the stronger bedrock. If the simulation
is run for longer than 40Ma, the entire profile eventually reaches steady
state. [Colour figure can be viewed at wileyonlinelibrary.com]
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will be less effective (by definition) and, as a result, post-
orogenic profiles may be remarkably persistent.
Another similarity between the two tectonic scenarios is the

post-orogenic fate of the migrating knickpoints. In both cases,
migrating knickpoints fade during their passage into a band of
resistant rock at the top of the profile as the slope of the
knickpoint relaxes down to the critical gradient and the shear
stresses become too low to dislodge blocks from the bed. As
a result of the knickpoint’s dissipation, the relict landscapes in
the upper reaches of the watersheds become persistent
features.
These two experiments also highlight the controls on reach

gradient during and after uplift, particularly in the uniform uplift
scenario (Figure 7). During uplift, reaches steepen until their
erosion rates match the uplift rate; the uplift rate, therefore, sets
a bound on the maximum gradient of each reach. After the ces-
sation of uplift, the slope of each reach declines to its critical
gradient; block size, therefore, sets a bound on a reach’s mini-
mum gradient. This distinction can be appreciated by rewriting
Equation (13) as

S ¼ 1:65D
h

τ�c þ
1:65D

h
U

kap Rgdð Þ1=2
 !2=3

(16)

to isolate the two additive components of reach gradient. The
first term on the right-hand side (RHS) is the critical gradient
and the second term on the RHS is the additional increment
of slope needed for incision to match the uplift rate. Thus, at

steady state, reach slopes will be the sum of both terms on the
RHS while, in post-orogenic situations (i.e. U = 0), reach slopes
will decline down to the critical gradient. Moreover, according
to Equation (16), uplift exerts the dominant control on reach
slope as uplift rates increase above ~0.01mmyear�1 (Figure 8)
and beyond 0.1mmyear�1, the contribution of the critical gra-
dient to the overall slope becomes negligible.

An important consequence of an incision process like
plucking is that it sets a topographic and climatic threshold be-
low which incision stops (or slows dramatically in the real
world) (e.g. Baldwin et al., 2003). A river’s profile, therefore,
may persist if the slopes of its reaches match or fall below the
critical gradient or if peak discharges decrease due to climatic
changes. As noted earlier, Eocene–Early Oligocene fluvial sedi-
ment can be found within 100–200m of the modern river beds
in deep canyons in the Sierra Nevada (Gabet, 2014). These de-
posits indicate that the profiles of these rivers are long-lived and
attest to very low net incision rates over much of the Cenozoic.
Burial of the river beds by fluvial and volcanic deposits over this
time period is undoubtedly partially responsible for these low
rates of bedrock incision (Gabet, 2014); however, a decline in
available shear stresses due to regional decreases in precipita-
tion since the Eocene (Chamberlain et al., 2012) and truncation
of the headwaters (Schweikert, 2009) may also be responsible.

Investigating changes in reach gradient during and after uplift
is also relevant for understanding the effect of lithological het-
erogeneity in the evolution of mountainous topography. Under
post-orogenic conditions, spatial variations in erodibility can
lead to differential erosion whereby areas underlain by weaker
rock erode more quickly than those underlain by more resistant

Figure 6. Profile evolution in a tilting landscape during and after up-
lift. Each line represents the model state after 20Ma; blue = uplift
phase, red = post-orogenic phase. Meaning of dotted lines same as pre-
vious figures. (A) The post-orogenic profile has not cut down signifi-
cantly relative to the uplift profile because the shear stresses during
the uplift phase were only slightly higher than the critical shear stresses
(C). (B) Slopes decrease post-orogenically in the wake of knickpoints
migrating through the resistant reaches. (D) Dissipation of knickpoints
against the more resistant units can be seen in the spatial distribution
of incision rates. [Colour figure can be viewed at wileyonlinelibrary.
com]

Figure 7. Profile evolution during and after uniform uplift. The sym-
bology is identical to Figure 6. (A) The final post-orogenic profile is sub-
stantially different from the uplift profile because steady-state
conditions were attained along most of the river’s length (D). However,
once the critical gradients are reached, the profile becomes nearly
static. (B) The decline in gradient is greater in the steep reaches than
the gentle reaches because the steady-state excess shear stress is greater
in the reaches underlain by more resistant rock (C). (D) Dissipation of
the knickpoint against the more resistant unit can be seen in the spatial
distribution of incision rates. [Colour figure can be viewed at
wileyonlinelibrary.com]
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rock (e.g. Jansen et al., 2010). Accordingly, Gabet (2020) pro-
posed that, in the Sierra Nevada, post-orogenic differential ero-
sion had amplified the differences in the gradients of reaches
underlain by rocks of different erodibilities. The numerical ex-
periments presented here suggest otherwise: in the sections of
river that were at or near steady state, the difference in gradients
between reaches of different erodibilities decreases post-
orogenically (Figures 6 and 7). Because the incision rate is pro-
portional to the excess shear stress [Equation (1)], a reach with
a higher critical shear stress will need to increase its slope by a
greater amount than one with a lower critical shear stress to in-
cise at a rate equal to the uplift rate. Therefore, after the cessa-
tion of uplift, a less erodible reach will experience a greater
decrease in gradient than a more erodible reach as they both
relax down to their critical slope.

The persistence of relict terrain

In this simulation, uniform uplift was imposed for 40Ma on a
model space underlain by uniform lithology that produces
0.8-m blocks. After 40Ma, uplift was set to zero and the profiles
evolved for an additional 80Ma. After the cessation of uplift,
the knickpoint continues to migrate upstream, albeit at a pro-
gressively slower rate as gradients approach the critical slope
(Figure 9). Eventually, shear stresses match or fall below the
critical shear stress and the knickpoint’s upstream progress is
arrested, preserving the headwaters region of the river as a rel-
ict patch of the initial landscape. Thus, even in the absence of
lithologically heterogeneous bedrock, relict terrain can persist
in plucking-dominated landscapes (see also Baldwin et al.,
2003).

Conclusions

Although some of the results presented here have already been
simulated with the SPIM, the SPIM has deficiencies that could
potentially be overcome through the adoption of approaches
that are more faithful to the physics of the incision processes.
(Lague, 2014) The plucking model used in this study may rep-
resent a step towards that goal. For example, simulations of

incision through rock types with different fracture densities
evolve longitudinal profiles that bear strong resemblances to
profiles in the northern Sierra Nevada, a lithologically diverse
landscape. Specifically, both are composed of approximately
straight links, of varying slopes, that meet at lithological bound-
aries to form knickpoints. These numerical experiments dem-
onstrate that accounting for spatial variations in threshold
shear stresses on channel gradient is critical when inferring tec-
tonic activity from river profiles, particularly in convergent tec-
tonic environments, and they affirm the importance of these
thresholds in the persistence of post-orogenic river profiles
and the preservation of relict terrain where plucking dominates.
In addition, to the extent that fracture density controls the size
of blocks available for plucking, this analysis suggests the po-
tential for the direct field measurement of a landscape metric
that can be used to estimate erodibility, a task that is more chal-
lenging with other approaches. Moreover, the results highlight
important differences between bedrock profiles developed in
tilting terrain and those formed under conditions of uniform up-
lift, including the location of knickpoint generation and the
evolution of the profiles after the cessation of uplift. Finally, this
study emphasizes the need, as others have done elsewhere
(e.g. Scott and Wohl, 2019), to understand the controls on frac-
turing of bedrock at the Earth’s surface. In regions where chan-
nel incision is dependent on fracture density, the rate of fracture
formation and propagation may limit the pace of landscape
evolution.

Acknowledgements—Dan Scott, an anonymous reviewer, and the Edi-
tor are thanked for their generous and helpful comments.

Figure 8. Ratio of the critical gradient to the reach gradient under
steady-state conditions calculated with Equation (16). At low uplift
rates, reach gradient is primarily dependent on block size; however,
as the uplift rate increases, the importance of the critical shear stress de-
clines. Note the logarithmic scale on the x-axis.

Figure 9. Post-orogenic relict landscape in uniform lithology. The
symbology is identical to Figure 6, except that each line represents
the profile after 20Ma. (A) After the cessation of uplift, the profile de-
clines while the knickpoint progressively slows and then stops, thereby
preserving a portion of the initial landscape. (B) After the cessation of
uplift, the gradients decrease until the shear stress matches the critical
shear stress (C). (D) Incision rates decline as the knickpoint dissipates.
The incision advances like a front during uplift but like a wave in
post-orogenic conditions. [Colour figure can be viewed at
wileyonlinelibrary.com]
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