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Rethinking Variability in Bedrock Rivers: Sensitivity of
Hillslope Sediment Supply to Precipitation Events Modulates
Bedrock Incision During Floods
Clarke DeLisle! (2 and Brian J. Yanites!

'Department of Earth and Atmospheric Sciences, Indiana University Bloomington, Bloomington, IN, USA

Abstract Bedrock rivers are the pacesetters of landscape evolution in uplifting fluvial landscapes. Water
discharge variability and sediment transport are important factors influencing bedrock river processes.
However, little work has focused on the sensitivity of hillslope sediment supply to precipitation events and its
implications on river evolution in tectonically active landscapes. We model the temporal variability of water
discharge and the sensitivity of sediment supply to precipitation events as rivers evolve to equilibrium over
10° model years. We explore how coupling sediment supply sensitivity with discharge variability influences
rates and timing of river incision across climate regimes. We find that sediment supply sensitivity strongly
impacts which water discharge events are the most important in driving river incision and modulates channel
morphology. High sediment supply sensitivity focuses sediment delivery into the largest river discharge events,
decreasing rates of bedrock incision during floods by orders of magnitude as rivers are inundated with new
sediment that buries bedrock. The results show that the use of river incision models in which incision rates
increase monotonically with increasing river discharge may not accurately capture bedrock river dynamics in
all landscapes, particularly in steep landslide prone landscapes. From our modeling results, we hypothesize
the presence of an upper discharge threshold for river incision at which storms transition from being incisional
to depositional. Our work illustrates that sediment supply sensitivity must be accounted for to predict river
evolution in dynamic landscapes. Our results have important implications for interpreting and predicting
climatic and tectonic controls on landscape morphology and evolution.

Plain Language Summary Rivers that carve rock are often used as markers of climate, tectonic,
and rock-type controls in evolving landscapes. To back out these controls from the present form of rivers which
erode rock, thorough knowledge of how they evolve and how they respond to changes in climate and tectonics
is required. Most models for the evolution of bedrock rivers assume that the rate of erosion always increases
with river discharge, as the weight of water on the riverbed increases. Here, we challenge this assumption using
a new model for river evolution which accounts for short-timescale variations in river discharge and supply of
sediment from hillslopes to channels. We find that in these systems, the largest floods may be less erosive than
one would expect because they must transport large volumes of sediment, which makes it harder for them to
erode fresh bedrock in channels. Our results are important because models of river evolution inform much of
our understanding of interactions between Earth's surface and its atmosphere in rapidly changing parts of our
planet.

1. Introduction

In actively uplifting non-glaciated landscapes, bedrock rivers are the primary interface between atmospheric and
solid Earth processes. These rivers adjust their slope, width, incision rates, and sediment transport capacities
in response to a range of climatic and tectonic forcings, pacing landscape evolution and setting local baselevel
to which surrounding hillslopes adjust their form. Understanding and building tools to predict bedrock river
response to tectonics and climate is thus of paramount importance to quantitative geomorphology. Even so, stud-
ies reach disparate conclusions on how factors such as climate, tectonics, river discharge variability, rock type,
and sediment supply impact the evolution of fluvial systems and the surrounding landscapes (Chen et al., 2019;
Lague, 2014; Seybold et al., 2021; Yanites & Tucker, 2010). Previous work shows that the amount of water
flowing through a river channel, and the temporal variability of this value, strongly influences bedrock river
incision (Deal et al., 2017; DiBiase & Whipple, 2011; Ferrier et al., 2013; Forte et al., 2022; Lague et al., 2005;
Molnar et al., 2006; Snyder et al., 2003). Likewise, sediment flux in a river channel is understood to influence
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bedrock river incision and channel geometry (Cowie et al., 2008; Johnson et al., 2009; Lamb et al., 2008; Pfeiffer
et al., 2017; Sklar & Dietrich, 2001, 2004). However, unlike water discharge variability, the influence of time
varying sediment supply, and the sensitivity of that sediment supply to precipitation events, on the evolution of
bedrock rivers and landscape evolution has seen relatively little attention (Campforts et al., 2022; Lague, 2010).

The most common approach to modeling evolving mountain rivers is the stream-power incision model (SPIM).
The SPIM focuses on the dynamics of bedrock detachment, and generally explicitly or implicitly assumes that
rivers are in a detachment limited state (Bull, 1979; Lague, 2014; Whipple & Tucker, 1999). The SPIM often uses
contributing drainage area as a proxy for river discharge and assumes that bedrock incision rate increases mono-
tonically with increasing discharge and channel slope. Countless studies have fit stream power models to specific
study areas (Duvall et al., 2004; Kirby & Whipple, 2001, 2012; Perron & Royden, 2013; Snyder et al., 2000),
while many have found the SPIM too simple to explain relationships between river morphology and incision rate
(Forte et al., 2022; Scherler et al., 2017).

A first-order limitation of the SPIM is the assumption that river discharge is adequately represented using a long-
term mean value. The recognition that bedrock river incision is a threshold process in which no geomorphic work
is accomplished below a threshold for incision has led some to question the applicability of the original SPIM
in rivers with significant incision thresholds (Lague, 2014; Lague et al., 2005; Tucker, 2004). To overcome this
limitation, a version of the SPIM was proposed using a threshold shear stress for river incision. This threshold is
commonly assumed to represent the shear stress required for the initiation of sediment motion, though it could
also be set by thresholds for erosional processes such as plucking.

The presence of a threshold for bedrock river incision highlights the importance of considering the distributions
of river discharge when modeling bedrock rivers. In a threshold incision framework, small discharge events
accomplish no geomorphic work while large, rare events play an outsized role in river and landscape evolution.
Lague et al. (2005) recognized the importance of this behavior and documented relationships between the return
time of erosive storms and channel slope. Molnar et al., 2006 used data from 440 river gauges in the United States
and found a positive relationship between river discharge variability and bedrock incision rates. DiBiase and
Whipple (2011) calibrated a stochastic SPIM to data from the San Gabriel Mountains, concluding that given a
significant threshold for bedrock incision, the distribution of water discharge events is a primary control on river
evolution and equilibrium form. Other work suggests the importance of other factors which influence discharge
variability, including snowmelt (Forte et al., 2022), gaining/losing hydrology (Chen et al., 2019), and ecohy-
drology (Rossi et al., 2016). These previous analyses point to the importance of discharge variability in evolving
mountain rivers across a range of environments and suggest that rivers with more variable discharge are more
erosive, all else being equal.

Despite intense focus by the geomorphic community on the importance of river discharge distributions to bedrock
incision, far less work has been devoted to sediment supply, which also varies in time, and the sensitivity of
that sediment supply to precipitation events. Here, we refer to this relationship as sediment supply sensitivity.
Sediment plays a dual role in bedrock river evolution; it provides the tools which break and detach bedrock as
they move downstream, but when sediment is deposited in a river channel, it covers bedrock and inhibits incision
(Sklar & Dietrich, 2001). Processes of sediment delivery to bedrock rivers from surrounding hillslopes range
from diffusive (e.g., soil creep, rain splash, freeze-thaw cycles) which are relatively steady in time to highly
stochastic mass wasting (e.g., landslides and debris flows). This time-variable sediment supply impacts spatio-
temporal patterns of sediment cover in bedrock rivers, which in turn affects the ability of a river to weather and
erode bedrock (Yanites et al., 2011). An exceedingly small body of work (e.g., Lague, 2010) exists examining the
impacts of time-variable sediment supply and cover on bedrock river evolution, but suggests that time-variable
sediment supply is critical in understanding the coupled hillslope-fluvial system (Campforts et al., 2020, 2022).
Previous investigation into these processes suggests that rivers can be classified as either “flood-depositing” or
“flood cleaning” (Turowski et al., 2013), behaviors which are intimately linked to temporal processes of sediment
delivery from hillslopes to channels. Our modeling framework explores the impact of sediment supply sensitiv-
ity on channel morphology and temporal patterns in bedrock river incision. We leverage the model to explore
relationships between the magnitude of precipitation event and volume of sediment supplied from hillslopes to
channels.

The sensitivity of sediment transport from hillslopes to channels to precipitation event magnitude is chal-
lenging to quantify. Sediment cover in bedrock eroding rivers is observed to change rapidly (Figure 1). Marc
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Figure 1. Evidence for rapidly changing sediment cover in incising rivers. (a—d) Changing sediment cover in the Santa
Catalina mountains northeast of Tucson, AZ following heavy rainfall in the summer of 2006 (photos ¢ and d from Webb

et al., 2008). (e—f) Channel aggradation following landslides triggered by the 2009 typhoon Morakot in southern Taiwan
(DeLisle et al., 2021; Marc et al., 2018). (g, h) Channel aggradation following a heavy summer rain in 2006 at Mt. Seoraksan,
South Korea (Kim et al., 2021). All other photos from Google Earth.

et al. (2018) document the relationship between the largest river discharge events and the large sediment
supply events that coincide with them, suggesting that large sediment supply events can occur during rare
storms. Furthermore, diffusive processes of sediment supply (e.g., rain splash) can depend on precipitation
intensity. Here we revisit existing understanding of river discharge variability and bedrock river evolution by
explicitly accounting for sediment supply sensitivity in addition to stochastic river discharge on bedrock river
incision.

We examine the combined impact of water discharge and sediment supply sensitivity by building on a recent
1D numerical model for river evolution (Yanites, 2018). We simulate stochastic water discharge in an evolving
channel over geomorphic time in which sediment supply is linked to stochastic runoff events using a tunable
power-law relationship. We interrogate our model for impacts of time-varying sediment supply on patterns of
river incision, sediment cover dynamics, channel morphology, and partitioning of geomorphic work across the
distribution of water discharge events. In existing frameworks for river evolution by stochastic bedrock incision,
large and rare floods play an important role in bedrock incision and landscape evolution. Our model suggests that
when sediment supply sensitivity is accounted for, this is not always the case. The ability of the largest floods to
incise bedrock is impeded by the concurrent delivery of large volumes of sediment, decreasing peak single-event
incision rates. Our modeling supports the hypothesis that, in some landscapes, most of the geomorphic work and
bedrock incision occurs during events closer to the middle of the river discharge distribution where rivers have the
power to overcome incision thresholds but are not buried by newly delivered sediment. Our work has implications
for tectonic geomorphology and landscape evolution, improves our ability to use river profile analysis to quantify
local tectonics, and impacts the search for evidence of climatically modulated tectonics.
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Figure 2. Model schematic. Each box represents one model node. At each node, the model uses modeled water discharge to approximate flow depth and boundary
shear stress. The model has sediment input at each node and moves sediment downstream between nodes as a function of water discharge, channel width, grain size, and
bed slope. Channel width evolves according to an optimization algorithm (Yanites, 2018). Bedrock elevation changes following the combined impact of rock uplift and
bedrock erosion, and sediment thickness is determined by the competition of sediment supply and transport.

2. The Model
2.1. Model Overview

This modeling framework is a continuation of the work presented in Yanites (2018), modified to incorporate
stochastic water discharge and sediment supply. The 1-D model accounts for constant rock uplift, which adds
potential energy to the system by elevating the river channel above an unchanging reference elevation. Bedrock
elevation evolves at a node in the model as the competition of this continuous rock uplift with bedrock erosion and
sediment transport. Water discharge in the channel is drawn randomly from a distribution of values at each time
step (dt = 1/24 yr), and sediment influx to the channel varies in time as a power-law function of water discharge.
Our model is unique in that it allows us to investigate the impacts of sediment supply sensitivity in addition
to stochastic water discharge over landscape evolution timescales. The model is schematically represented in
Figure 2.

2.2. Evolution of Channel Elevation

In our model river, elevation of the channel (z,,.) includes the elevation of the bedrock channel (z,4,,) and
the thickness of sediment cover (/). Through time (?), z,,,, 15 modified by rock uplift rate (U,), bedrock incision
I, and changes in 4. When significant sediment cover exists, bedrock erosion is assumed to be zero due to bed
shielding effects (Sklar & Dietrich, 2004). The change in z, ., is written as follows.

U.,—E whenh=0
= M (H
U, + m whenh > 0

azchannel

ot

We allow the model to evolve through time until ()z“‘)%““ approaches zero when averaged over 10° years, at which
0

point the model reaches dynamic equilibrium. The stochastic nature of the model means that the channel never

reaches a true equilibrium elevation where % =0, as Z,., 15 impacted by erosion and deposition even at

dynamic equilibrium.

2.3. Bedrock Erosion

We model the erosion of bedrock using a modified stream power law that accounts for the presence or absence of
immobile sediment protecting bedrock from detachment processes.
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E = FKt! @

where K is rock erodibility, a is a constant equal to 1 (Whipple et al., 2000), and 7, is basal shear stress. F is frac-
tional bedrock exposure between zero (channel fully covered by sediment) and one (no sediment cover present the
in channel). F varies as a ratio of sediment supply (Q,) and sediment transport capacity (Q,):

F=1-—=— 3)
t

Sediment cover at each node in our model is the product of sediment transport downstream from node to node, as
well as input to the channel from the hillslopes at each timestep. We show our handling of downstream sediment
transport in Equation 8. Equation 2 is the incision law used in all models described here, but we note that the
modeling framework readily extends to other incision rules (Yanites, 2018).

The boundary shear stress (z,, Equation 2) on the channel bed is
Tp = pgRS (4)

where p is the density of water, g is gravitational acceleration, R is hydraulic radius, and S is channel slope. We
assume a rectangular channel, thus
_ Ac WHﬂow

TP " W+ 2Huy ©)

where A_is the cross-sectional area of flow in the channel, P is the wetted perimeter, W is channel width, and H
is flow depth. The rectangular channel assumption simplifies the modeling approach by allowing us to ignore
at-a-station hydraulic geometry fluctuations with varying discharge (Leopold & Maddock, 1953) Flow depth is

calculated using conservation of water discharge (Q,,) as follows:
w = VAC (6)

using flow velocity (V) from Manning's equation.

V= % R7S'" )

where n is a Manning's roughness coefficient, which we set to 0.04. We solve the above system of equations

(Equations 5-7) and estimate flow depth, H,, . At each time step, Q, is drawn from a distribution described

low*

below and used to estimate H,

flow and Tp-

2.4. Sediment Transport

We model bedload the evolution of sediment cover at each timestep in our model using the Exner equation
(Exner, 1920, 1925; Paola & Voller, 2005):

oh _ 1 aCIs

ot (1—4,) 0x

®)

where g is sediment supply transported through a node per unit width, 4, is the porosity of bedload sediment
(constant at 0.2 for all model runs), and x is distance downstream.

Sediment transport capacity Q, is calculated following a modified Meyer-Peter and Mueller equation (Meyer-Peter
& Miiller, 1948; Wong & Parker, 2006) as follows:

1.5
0, =3.97pW [L - r:] ps "L, ©)
(ps — p)gD p

Where p, is the density of sediment grains (2,650 kg/m?) and 7 is the Shields criterion assumed to be 0.045
(Wong & Parker, 2006). D is the grain size in the channel which fines downstream as a function of Sternberg's
law (Sternberg, 1875):

D = D,e " (10)
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where D is the initial grain size at the river headwaters (constant across all model runs at 15 cm), x is distance
downstream from channel head, and a_ is a downstream fining parameter.

2.5. Water Discharge

We use a modified inverse gamma distribution of nondimensional river discharge Q,,* which is commonly applied
in studies on the impact of river discharge variability on river and landscape evolution (Crave & Davy, 2001;
DiBiase & Whipple, 2011; Lague, 2010; Lague et al., 2005). The continuous probability distribution of nondi-
mensional daily discharge events is as follows:

ky
Qw)‘<

. kot 2+k
PDF,, (Qu") = —"—— P(‘ )Qw*'( *)dQ," an

= ex
[k, +1)

Where Q,," is nondimensional mean daily discharge, and k, controls discharge variability. Discharge variability is
higher for lower values of k. Nondimensional discharge Q,," is defined as

Qwﬁ< = 12
Ou ( )

Where Q,, is actual water discharge and 0., is mean daily discharge, a function of drainage area and mean daily
runoff.

2.6. Sediment Supply

We develop a new approach to relate hillslope sediment supply to stochastic weather events. Our approach reflects
the transfer of sediment from hillslopes to adjacent channels, not sediment supply variability due to waves of
sediment moving through a channel network. We use a power-law relationship between nondimensional river
discharge Q,,* and nondimensional sediment supply Q,*. The relationship is defined as follows:

0," = NQw™ (13)

where 77 is the sediment sensitivity exponent, which we vary to reflect differences in landscape response to
weather events, Q," is nondimensional sediment supply to the channel from hillslopes, and N is a normalization
parameter to set long-term mean sediment supply constant across model runs. Q" is defined as:

05" =9/o; (14)
where Q is long-term average sediment supply,
0, = 0A(U, (15)

0A(x) is the difference between contributing area at a node and the node upstream, and U, is rock uplift rate.
This approach sets long-term sediment supply as the total available rock volume entering the landscape through
tectonic uplift, equal to contributing drainage area multiplied by rock uplift rate.

In Equation 13, N is a normalization coefficient which sets the mean value of Q" equal to one even as the value
of 5 is changed, setting long term mean sediment delivery equal to Os. N is defined as

N = [PDFy(@w) squen] (16)

where the denominator in Equation 16 is the expectation value of Equation 11 evaluated at Ow™. This approach
allows us to vary 7 to test different degrees of sediment variability while keeping long-term volumes of sediment
supply constant across model runs.

At each timestep, sediment supply is delivered to each node using the same value of Q,*, with absolute values
of sediment input being a function of Q,,*, contributing drainage area, and rock uplift rate. Our model does not
account for spatial heterogeneity of sediment input along the channel profile.

When 7 is equal to one, sediment delivery varies linearly with water discharge such that larger storms deliver
proportionally more sediment. For values of 7 less than one, sediment delivery is less than proportional to water
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discharge, where large storms increase sediment delivery at a rate slower than the rate of increase in water
discharge. For values of # greater than one, large storms play an outsized role in sediment delivery and sediment
supply is concentrated into large, rare events. We apply this scheme to represent differences in sediment delivery
dictated by hillslope sediment transport mechanics.

Sediment supply in this model is tied directly to non-dimensional river discharge O,,*. For a model run with a
constant value of 7, Q,* will always be the same for a given value of Q,,*. Our model does not account for factors
which may change sediment supply sensitivity to precipitation events (e.g., wildfires or earthquakes). The mode-
ling framework could be extended to incorporate these effects by varying the parameter # in space and/or time, but
we do not believe that the omission of these effects detracts from the results presented here. Our model does not
account for required recharge time for hillslope sediment supply between successive large events due to processes
of rock weathering and soil production. Repeated rare events will drive the same volume of sediment supply
regardless of the time between events. Again, time variable # values in a future study could account for such factors.

2.7. Model Parameterization

The equations in Section 2.3 show the importance of channel width in controlling basal shear stress, which drives
bedrock incision and sediment transport. As such, we avoid using prescribed and fixed channel widths. Instead,
we optimize channel width to maximize bedrock incision and sediment transport. We use the channel width opti-
mization algorithm of Yanites (2018) to incorporate evolving channel width in response to tectonic, hydrologic,
and sediment supply forcings. This heuristic approach to channel width simplifies channel width calculation and
reproduces expected width responses to changes in rock uplift, discharge, and sediment supply (Yanites, 2018).
At each time step, the model calculates channel width at each node and determines if maintaining, increasing,
or decreasing width relative to the previous timestep will maximize bedrock incision (or sediment transport in
times of complete sediment cover) with the current water discharge and channel slope. The model does this by
solving the necessary equations to estimate E (Equation 2) or Q, (Equation 9) under three different channel width
scenarios (constant width, wider, or narrower) and evolving to maximize geomorphic work.

The degree to which a channel can widen or narrow at a given time and location depends on the boundary shear
stress in the channel at the time:

W =W £ kuwto a7

where W, is channel width at the node at the previous timestep, and k,, is a channel width adjustment constant.
We use k,, = 0.01 for all models presented here. The physical parameters which control k,, include lithology, bank
material, vegetation, climate, and many others. We chose a value of k,, such that changes in channel width are
small (<10% of channel width) after model spin-up (see Supporting Information S1).

Many of the general controlling parameters for this model (e.g., starting channel width, mean water discharge,
drainage area, bedload sediment size) are functions of distance downstream from the channel head. These vari-
ables are held constant across model runs presented here. We chose values for these parameters which yield
physically reasonable water discharges (ranging from near zero to >200 m?¥/s), grain sizes (ranging from >10 cm
in headwaters to <1 cm at the channel mouth), and drainage areas (~2,000 km?); we have not calibrated these
variables to represent a single specific river or landscape.

We define a 100 km river reach divided into 50 nodes with 2 km node spacing. Mean river discharge at each node
scales directly with drainage area (A) as follows:

O = koA° (18)

We set the exponent ¢ to 1, thus k;, is an upstream runoff term. Drainage area is estimated using Hack's law
(Hack, 1957):

A = CyxHe (19)

where C, (equal to 1) and H, (equal to 1.8598) are empirical constants. We provide the model with an initial
channel width, W, as a function of Ouw:

W, = kwaab (20)
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Figure 3. Boxen plot showing nondimensional values of water discharge and sediment supply as defined in Equations 11 and 13. Changes in box width represent
percentiles, and are comparable across the figure. Distributions are defined by drawing 1,000 random samples of Q,,* from Equation 11 and using those values in
Equation 13 to calculate values of Q;*. Low water discharge variability scenarios use k, = 3.0 and high-water variability scenarios use k, = 0.3; low sediment variability
scenarios use # = 0.5 and high sediment variability scenarios use 7 = 2.0.

where k,, q (equal to 5) and b (equal to 0.3) are empirical constants.

2.8. Numerical Experiments

The primary goal of this study is to assess the combined role of and the tradeoffs between water discharge vari-
ability (k,, Equation 11), and sediment supply sensitivity (7, Equation 13) in governing river morphology and
patterns of river incision in equilibrium channels. Our model is unique in its consideration of these two variables
in tandem, and in that it is computationally efficient enough to compute sediment transport and channel width
changes over long timescales with stochastic river discharge and time-varying sediment supply. We present a suite
of model runs in which we covary k, and # to represent a range of possible behaviors of real-world landscapes.

We vary water discharge variability (k,) in Equation 11 from 0.3 (high variability river systems such as the arid
American southwest or the typhoon-dominated Taiwan orogen) to 3.0 (low variability rivers such as those of
the American Midwest) (Crave & Davy, 2001; DiBiase & Whipple, 2011). In our model framework high water
discharge variability rivers are ones which are generally in a state of low flow but are punctuated by rare large
floods. Low discharge variability rivers are ones which have variations in their discharge but are generally near
their mean flow. We ensure across all models that long term mean river discharge (0w) is held constant, a func-
tion only of Equation 11.

To control sediment supply sensitivity, we vary # in Equation 13 between 0.25 and 2.0. Low values of 7 keep
0" closer to O, through time; higher values of 5 increase the importance of large, rare sediment supply events
which are tied to large floods. The normalization factor N in Equation 13 keeps Qs consistent across model runs.
O, varies according to the prescribed rock uplift rate, where models with higher rock uplift rates have higher O;.

Figure 3 shows endmember regimes of water discharge and sediment supply sensitivity to a node near the head-
waters of the model domain. Distributions of sediment supply events are longer tailed when sediment variability
is high (1 = 2.0) than when sediment variability is low (y = 0.25). Following Equation 13, sediment supply is
more variable when water discharge variability is higher, even when 7 is the same. This is illustrated in Figure 3
by comparing sediment supply distributions for the low water discharge variability—low sediment variability
example with the high water discharge variability—low sediment variability example. The tails on the distribu-
tion of sediment supply events are longer when water discharge variability is high, even when 7 is held constant.
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Figure 4. Two time series of water discharge (blue dots), sediment cover (tan line), and normalized event incision (red line). Normalized event incision is the bedrock
incision which occurs during a timestep divided by the rock uplift which occurs during that timestep. Model results are for a river with a low rate of rock uplift (0.1 mm/
yr), high river discharge variability (k, = 0.3), and high sediment supply sensitivity (7 = 2.0) (a) Model results from a node 20 km downstream of model headwaters. (b)
Model results from a node 20 km upstream of model river mouth.

3. Results
3.1. Basic Model Behavior

In Figure 4 we show the behavior of our model at dynamic equilibrium at two nodes, one 20 km downstream of
the channel head and one 20 km upstream of the channel mouth. In these simulations, water discharge variabil-
ity is low (k, = 3.0). We plot water discharge and event normalized incision, defined as bedrock erosion which
occurs during a timestep normalized by the rock uplift which occurs during a timestep, through time. For models
in dynamic equilibrium, long-term rates of bedrock incision are equal to the rock uplift rate. Were river incision
steady in time, this metric would always be equal to one. The model captures differences in channel response
to sediment input along the length of the model river. In the headwaters, individual sediment supply events are
evident in the time series of sediment cover and river incision, while near the river mouth these signals are shred-
ded and we observe longer-duration pulses of sediment cover (Jerolmack & Paola, 2010).

3.2. Impact of Water and Sediment Variability

Figure 5 shows four different model scenarios at dynamic equilibrium, all with the same rate of rock uplift
(U, = 5 mm/yr) and grain sizes. Figure 5 and all subsequent model results plot data from 20 km upstream of
the model river mouth. Figures 5a and 5b have low sediment sensitivity. In these cases, we see the response to
increasingly variable river discharge that would be expected in a standard stochastic formulation of the SPIM. As
river discharge variability increases from Figures 5a to 5b, we see a decrease in the number of events which erode
bedrock but an increase in peak rates of river incision during large events. This supports existing theory regarding
discharge variability in threshold dominated bedrock rivers (DiBiase & Whipple, 2011; Molnar et al., 2006),
where increasing discharge variability increases the erosive power of rare large storms.

Comparing Figure 5a against Figure 5c isolates the impact of changing sediment supply sensitivity while keep-
ing water discharge variability low. Here we see relatively little impact of changing sediment supply sensitivity.
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Figure 5. Four time series of river discharge, sediment cover, and normalized event incision for different endmember scenarios of water discharge (Q,) variability and
sediment supply (Q,) sensitivity. Results are plotted for a model node 20 km upstream of the model river mouth. All models have constant rock uplift of 5 mm/yr. A
shows results from a model run with low Q, and Q, variability, D from a model run with high Q, and Q, variability, and B and C have combinations of low and high

variability.
In Figure 5c, increased sediment supply sensitivity drives slightly lower peak incision rates relative to those
in Figure 5a. We see a stronger impact of sediment supply sensitivity by comparing Figure 5b with Figure 5d.
Here, there is high water discharge variability in both cases, with Figure 5b having low sediment sensitivity and
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Figure 5d having high sediment sensitivity. The high sediment sensitivity case has markedly lower peak incision
rates because sediment supply to channels is concentrated into rare large events, and thus the bedrock exposure
fraction (F from Equation 3) approaches or equals zero during the largest discharge events. This result suggests
that incision rates do not always increase monotonically with increasing discharge variability.

The previous point is well illustrated by comparing Figure Sc with Figure 5d. In doing so, we isolate the impact
of changing river discharge variability while sediment supply sensitivity remains high. Note that there is rela-
tively little impact of changing river discharge variability on peak rates of bedrock incision or on the frequency
of bedrock incision, but strong differences between Figures 5a and 5b where sediment supply variability is low.

In Figure 6, we plot time series of our model at equilibrium for the same four endmember scenarios as in Figure 5
but with a rock uplift rate of 0.1 mm/yr. The patterns of river incision response to the combined forcing of river
discharge variability and sediment supply sensitivity are the same for the low rock uplift models as for the high
rock uplift rate models. Introducing high sensitivity sediment supply in which sediment is delivered concurrently
with the largest storms decreases peak incision rates and forces the river to accomplish more of its geomorphic
work during moderately sized storms. Peak normalized event incision rates are lower in Figure 6 than in Figure 5,
owing to lower channel slopes due to slower rock uplift. The magnitude of sediment cover is far lower in these
slower uplift models because long-term sediment availability is 50X lower for a basin uplifting at 0.1 mm/yr than
one uplifting at 5 mm/yr (Equation 15).

3.3. An Upper Threshold for River Incision

We quantify the contribution of floods of different sizes to total geomorphic work in varied discharge and sediment
supply regimes in Figure 7. In models with no sediment (Figures 7a and 7b), average incision during a given event
(point colors) increases monotonically with river discharge. Rivers respond as expected to increasingly variable
discharge, where more variable systems see increased importance of the rarest events while less variable systems are
dominated by more common events. The tails of the PDF of Q, are longer in the high discharge variability system,
but we plot them on the same x-axes for comparability. No discharge events occur within the gray-shaded areas.

In Figures 7c and 7d, we add low sensitivity (7 = 0.25) sediment supply. We see little impact of this addition on
distributions of bedrock river incision and partitioning of geomorphic work. It is often assumed that the threshold
for river incision is set by the threshold for grain motion. If this is the case, we expect little difference in river
behavior comparing one model with an imposed threshold against another model with near-constant sediment
supply. This is supported by the agreement between models with no sediment (Figures 7a and 7b) and those with
low sensitivity sediment supply (Figures 7c and 7d).

High sediment supply sensitivity (7 = 2.0), however, greatly impacts the behavior of our model rivers. In Figures 7e
and 7f, high sediment supply sensitivity focuses sediment delivery into the largest events. This decreases the
importance of those rare large events to bedrock river incision and increases the importance of the moderately
sized frequently occurring events. Peak average rates of incision during events decrease, and the relationship
between average incision during an event and event size becomes non-monotonic. Small events do little or no
geomorphic work, and incision rates increase as water discharge increases, but when water discharge is high
enough, sediment supply overwhelms sediment transport capacity, bedrock exposure decreases, and event incision
rates fall. In the largest events, sediment supply far exceeds sediment transport capacity and no erosion occurs.

An important observation from Figure 7 is that partitioning of geomorphic work across the distribution of
river discharge events is non-unique when both water and sediment sensitivity are accounted for. Comparing
Figures 7c and 7f we see that the partitioning of geomorphic work (locations of scatter points) is roughly
the same even though the distribution of Q, and the patterns in average incision rates (point colors) across
this distribution are quite different. Geomorphic work in Figure 7c is concentrated into the moderately sized
common events because water discharge is low variability and sediment supply is low sensitivity. When the
tails of the Q,, distribution are short and sediment supply is near constant, the frequent common events do
most of the geomorphic work. Geomorphic work in Figure 7f is also concentrated into the moderately sized
common events because although it has highly variable river discharge, the concentration of sediment supply
into rare large events decreases the impact of these events. This suggests that bedrock rivers in two landscapes
which are uplifting at the same rate but seem to be as different as possible—low water variability and sediment
sensitivity versus high water variability and sediment supply sensitivity—may accomplish their geomorphic
work in remarkably similar ways in terms of which event magnitudes accomplish the most bedrock incision.

DELISLE AND YANITES

11 of 20

a6 “€T0T ‘1106691T

//:5dny woxy papeoy

il

QSULDIT suowIuo)) dANEa1) djqearjdde oy Aq pouIoA0S axe SAOIIE V() (ASN JO SO[NI 10J ATRIqIT dUI[UQ) AS[IAY UO (SUONIPUOI-PUB-SULIA}/ WO KI[1M"ATeIqraur[uo//:sdyy) SuonIpuo)) pue sud I, 31 23S *[£202/71/61] uo Areiqry auruQ Kofip ‘ANsioAtun) euetpuy Aq 841 £004£20T/6201°01/10p/wod Kaim:A1eiqr|



| . Yed N | .
NI Journal of Geophysical Research: Earth Surface 10.1029/2023JF007148
AND SPACE SCIENCES
250 Low Qw arlablll A ow Qs Sensitivity (kv =3,n=0.1 0 0
i i i | A
o | c
@ 200 l, & 28
2 3 o
E il =
< 150 La € 45
o > >
s i =
3 100 Lo 8 60
(=) = T
2 50 £ L E
£ P 83 2
0 L10 10
High Qw Variability, Low Qs Sensitivity (kv = 0.3, n = 0.1) o 0
T ‘ r
T T Tn :
o I 5 S
ol | k2 Ke] 2 .2
5 (It R g
5 " ” | CRAN 4%
= i d > >
5 100! M) 1AL & 4 68 1s 6%
a rleq * s | E
2 5 : " £ £
© °2 02
L10 10
Low Qw Variability, High Qs Sensitivity (kv = 3, n = 5)
250 W = r0 T 0
— c
8 2004 L2 § 22
> e o
S i} L
= 1504 Ly € =
o o i w
g100f, |° ’ | $ ) ) L6 § 68
P ° \, . ° e & ° & oo R ° £ £
Z 50f oo I N T I P TN ° o oSN im0 8 S 89
L10 10
-0 \ 0
— ° c
B L2 § - 23
£ o g ® o
£ 150 e 2 4 g
(0] 1 r4 5 [“ ©
g Y i
$ 100 6 8 ° X
o '(—_“ ©
S 5 § oo £ 8 5
= i SR o e © -8 & ()
o Tty ] 82 z
L10 10

0 25 50 75 100 125
Time (Model Years)

175 200

0 50
Qw (m3/sec)

100 150 200 250

Figure 6. Four time series of river discharge, sediment cover, and normalized event incision for endmember scenarios of water discharge (Q, ) variability and sediment
supply (Q,) sensitivity. Results are plotted for a model node 20 km upstream of the model river mouth. All models have constant rock uplift of 0.1 mm/yr. Panels here

are organized by endmember variability scenarios (Figure 5).

This complicates our understanding of bedrock river incision in response to climatic forcings and suggests
the need for study of the dynamics of hillslope sediment supply to channels over both event and geomorphic

timescales.
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accomplished by an event in each bin (we call this event erosion). The left column of the figure has low water discharge variability (k, = 3.0), and the right column has
high discharge variability (k, = 0.3). Sediment supply sensitivity increases from the bottom row of the figure to the top. Panels (a) and (b) have no sediment, and instead
we apply a threshold for incision equal to the threshold of grain motion using the same grain size patterns as the sediment cover models. Panels (c) and (d) have low
sediment supply sensitivity (y = 0.25), and (e) and (f) have high sediment supply sensitivity (7 = 2.0). All models here are at dynamic equilibrium with 0.1 mm/yr rock
uplift. Orange shading shows the range of discharge events in which erosion occurs.

3.4. Impact on Channel Morphology

We compare the morphology of model channels using ratios of channel slope to channel width. In Figure 8, we
show the combined impact of water discharge and sediment supply variability on channel morphology for low
(0.1 mm/yr) and high (5 mm/yr) rock uplift rates. We normalize this parameter by its lowest measured value for
each uplift rate to allow comparison between the two panels in Figure 8. Non-normalized values of channel slope
and width are available in Supporting Information S1.

In Figure 8 we push 7 to higher and lower values than before, ranging from 0.1 to 5.0. We observe that our
nondimensional morphology parameter decreases with increasing variable water discharge. This is expected
from current theory, which predicts lower channel steepness as discharge is increasingly variable (DiBiase
& Whipple, 2011). We see little impact of sediment supply sensitivity # for the case of low rock uplift rates
(Figure 8b). We observe, however, a strong impact of sediment supply sensitivity on channel morphology when
rock uplift rates are high (Figure 8a). As we increase 1 under high rates of rock uplift, channels get less steep
and/or achieve greater widths. We note that channel slope and width are readily measured either in the field or
remotely, thus presenting a feasible path toward validating these model predictions.

4. Discussion

The model results presented here show the importance of sediment supply sensitivity to precipitation events in
controlling river dynamics in actively eroding landscapes. Given the ubiquity of time-varying hillslope sediment
supply across landscapes, consideration of sediment supply sensitivity is necessary to fully link river process
and form over geologic timescales. Current modeling frameworks largely ignore this complexity, potentially
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Figure 8. Channel slope divided by channel width (m~') plotted against sediment sensitivity # for high (panel a) and low
(panel b) uplift scenarios. Values are normalized by lowest value for each uplift rate to improve comparability between panels
(a) and (b).

mischaracterizing how tectonics and climate imprint themselves on landscape form. Below we present our
evidence for the presence of an upper threshold for river incision for systems where sediment supply is highly
sensitive to runoff events, and discuss implications for the observation of bedrock incision magnitudes, the
importance of rock uplift rate, model caveats, and directions for future work.

4.1. Evidence of an Upper Threshold for Bedrock Incision

To show the tradeoff between sediment supply and sediment transport capacity in our model, we plot sediment
supply O;* from Equation 13 and sediment transport capacity Ot* from Equation 9 in Figure 9. We plot these two
variables against a distribution of nondimensional water discharge (Q,,*) from Equation 11 for endmember values
of k, and #. This plot illustrates the transition from net incision to net aggradation during individual weather
events, defining an important threshold beyond which incision no longer occurs due to sediment cover.

Scenarios in Figures 9a and 9b have high sediment supply sensitivity (7 = 2.0). In the high sediment supply sensi-
tivity scenarios, the majority of hillslope sediment supply occurs during rare large events. As such, the smallest
events receive less sediment and thus their sediment transport capacities are higher than sediment supply, which
allows bedrock erosion to occur. The largest events have sediment supply that significantly exceeds their trans-
port capacity. Discharge events become depositional above this threshold where the tan and black lines cross in
Figures 9a and 9b. This behavior is seen in nature during large storms in steep landscapes (DeLisle et al., 2021;
Kim et al., 2021; Webb et al., 2008; Yanites et al., 2018) or after wild fires (Anderson et al., 2015; Rengers
et al., 2020), where the loss of hillslope cohesion effectively increases the local value of # for a period of time.

Figures 9c and 9d shows scenarios with low sediment supply sensitivity (7 = 0.25). Here, the most frequent
discharge events, which are lower than long-term mean river discharge, drive sediment aggradation. These events
have low sediment supply to channels but even lower sediment transport capacity. As river discharge increases,
sediment transport capacity exceeds hillslope sediment supply and rivers begin to erode bedrock. This fits the
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current understanding of how rivers behave in response to variable river discharge, in which a threshold of
discharge and shear stress must be overcome to erode bedrock. Above this threshold, river incision is expected to
increase monotonically with increasing discharge. Note that this threshold is larger than the threshold for grain
size entrainment as it also encapsulates the need to transport the total supplied bedload.

These findings have implications for hillslope-channel coupling and landscape evolution. As relief evolves in an
orogen, hillslopes are likely to become more susceptible to landslides and stochastic hillslope events. Thus, hillslope
response to large storms and sediment supply variability will change through the development of relief in an evolv-
ing landscape. Any attempt to account for such effects in a strictly stream power framework (i.e., E = KA™S") would
have to parametrize changes in erosional efficiency (K) with relief development or through time. The importance
of hillslope-channel coupling also has implications for considering landscape response to climate change. In short,
the model results here show that increases in storminess might not increase river erosional efficiency as the result
depends on how hillslopes and their sediment supply sensitivity are impacted by climate changes. Such feedbacks
within the landscape system could explain why impacts of climate change on landscape evolution remain enigmatic.
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4.2. Implications for River Morphology and Incision Rates

Observation of natural systems suggests that the sediment supply sensitivity is fundamental to understanding
bedrock river evolution. Many mountain rivers are consistently inundated with sediment over the timescales
of human observation, even as geomorphic evidence clearly points to active river incision over geologic time
(Blothe & Korup, 2013; Yanites et al., 2011). Strath terrace development requires cyclical periods of aggrada-
tion and incision to form even in highly active landscapes (Finnegan et al., 2014; Fuller et al., 2009; Hancock
& Anderson, 2002). Sediment cover is observed to change rapidly in mountain rivers with frequent observa-
tions of significant aggradation following large storm events (DeLisle et al., 2021; Kim et al., 2021; Pfeiffer
et al., 2019; Webb et al., 2008), though this can result from both increases and decreases in sediment cover
(Turowski et al., 2013).

The results presented here also have implications for interpreting event-scale magnitudes of incision. The
observed nonmonotonic relationship between river discharge and bedrock erosion when sediment supply sensi-
tivity is accounted for suggests the presence of a feedback that limits incision rates in fast-eroding landscapes
during rare, large events. In these endmember cases where hillslope erosion and river incision rates are high,
hillslopes provide enough sediment to channels to limit the rate of erosion of fresh bedrock. Rivers in these
landscapes must incise bedrock quickly during periods of bedrock exposure in channels to make up for periods
of sediment cover and keep up with rock uplift through geomorphic time. This conclusion is supported by field
observations of extremely fast bedrock river incision during even moderate storms in active orogens (Hancock
et al., 1998; Hartshorn et al., 2002; Johnson et al., 2010). This conclusion suggests the need to improve our inte-
grated understanding of hillslope-fluvial systems, especially in areas with high sediment flux and those which are
dominated by mass wasting processes.

4.3. The Impact of Rock Uplift Rate

Rock uplift plays a dual role in controlling sediment supply variability. In our model, rock uplift rate determines
long-term sediment supply (O, in Equation 15), so increasing rock uplift rate increases total sediment load. We
hypothesize a second impact of rock uplift, in which increasing rock uplift rate increases sediment supply sensi-
tivity (7 in Equation 13). Evidence for this hypothesis exists in that widespread concurrent landslide initiation
is observed only in steep landscapes which have relatively high rates of rock uplift (DeLisle et al., 2021; Kim
et al., 2021; Marc et al., 2018; Roback et al., 2017; Webb et al., 2008). As rock uplift rates increase, hillslopes
steepen and shift their sediment delivery styles from diffusive to mass-wasting, causing increasingly variable
sediment delivery.

4.4. Range of Chosen 5 Values

We use a power-law relationship between nondimensional river discharge and nondimensional sediment supply
(Equation 13). While the true relationship between these variables is an important unconstrained parameter in
understanding sediment delivery to and transport through mountain rivers, we believe that our chosen range of
values from 0.1 to 5.0 represents a wide range of possible real-world behaviors. As # approaches zero, sediment
supply approaches a constant rate. This is the simplest form of a river discharge—sediment supply relation-
ship. We use a 7 > 2.0 to represent systems like that of southern Taiwan in which extreme sediment supply events
have been observed which are many orders of magnitude greater than long-term geomorphic averages (DeLisle
et al., 2022). For example, Typhoon Morakot produced rainfall in excess of 3,000 mm (Chien & Kuo, 2011),
which is roughly an order of magnitude greater than typhoons of average size in the region. Using a value of
n = 2.0, our model would predict sediment delivery of 100x background rates during this storm, which to a first
order agrees with published observations (DeLisle, et al., 2022). We acknowledge, however, that there is a strong
need for continued study to better constrain the relationship between river discharge and sediment supply at the
event scale.

4.5. Assumptions and Caveats

In the model results presented here, we keep many of the constituent variables (e.g., K in Equation 2, D, in
Equation 10, k,, in Equation 17, C,, and H, in Equation 19) constant across model runs. Each of these variables
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likely exerts a control on the equilibrium morphology of our model rivers. K is important in setting channel slope
(Whipple & Tucker, 1999), grain size is known to modify channel steepness (Lai et al., 2021), k,, controls the
variability of channel widths, and the variables in Equation 19 determine drainage area which controls both river
discharge and sediment supply. In the initial presentation of this model, we have chosen to keep these variables
constant and focus on the impacts of water discharge and sediment supply sensitivity. Although outside the scope
of this paper, each of these variables deserves independent study within this new modeling framework.

Our model does not explicitly account for the tools effect where increasing sediment load in bedrock rivers drives
increasing rates of bedrock erosion (Sklar & Dietrich, 2004, 2006). We have chosen to represent only the cover
effect for simplicity in the presentation of this model but believe that adding a tools effect would either strengthen
or leave unchanged the results presented here. The cover effect in this modeling framework occurs when large,
rare discharge events drive high volumes of sediment supply. By adding a tools effect, the smaller sediment
supply at moderate discharges may accelerate erosion due to the increase in available tools, but large events
accompanied by large volumes of sediment would still be depositional rather than erosional.

We recognize the importance of choosing an appropriate time step in the proper application of this model. We
sample discharge events from a daily distribution and stretch the impact of those events and the sediment supply
resultant from them over the duration of a timestep. This method has been tested and shown to be effective for
processes of detachment limited bedrock river incision (Shen et al., 2021; Tucker & Bras, 2000), but we acknowl-
edge that the nonlinearity of our model makes assuming the same is true here complicated. If one was to use
this model with df = 1 year, for example, the largest sediment supply events would drive 24X greater sediment
delivery than they do when we use our dt of 1/24 year. We chose df = 1/24 year as a balance between high enough
resolution to accurately capture stochastic events driven by weather, while maintaining computational efficiency.

Our model results are concerned primarily with the impact of local sediment supply from hillslopes to adjacent
channels during individual storm events. We do not directly quantify the impact of waves of sediment which
propagate downstream after deposition. The impact of downstream-propagating sediment can be seen, however,
in Figures 4-6. In the scatter plots in these figures, our results show a number of events which accomplish no
bedrock incision even with relatively large river discharge. This occurs in times of sediment cover resulting
from previous upstream depositional events, as sediment is removed from the system. Our results are primarily
concerned with the non-zero events, however, and these trends are not impacted by these periods of sediment
cover.

4.6. Future Work

In Figure 8, we presented trends in channel morphology driven by the sediment sensitivity exponent 7. Our model
predicts a strong effect of 7 on channel morphology, especially in rapidly uplifting landscapes. The fundamental
prediction from Figure 8 is that in rapidly uplifting landscapes, increasingly variable sediment supply should
drive lower channel slopes and wider channels. This is an important observation, as sediment supply is a largely
unconstrained parameter across evolving orogens. Future work should seek to constrain # using model predictions
of channel morphology in tandem with available observations of hillslope sediment supply in response to precip-
itation events across landscapes with a range of sediment delivery styles. Our model represents time-varying
sediment supply but does not account for point-source inputs of sediment. In natural systems, sediment delivery
is often highly spatially varied on short timescales, especially when sediment delivery occurs predominantly via
mass-wasting. Our model could be expanded to include these effects, and doing so may introduce new feedbacks
between hillslope and fluvial processes.

Our results suggest that the style and timing of hillslope sediment transport act as a first order control on patterns
of river incision. While we tested a range of values for 7, we believe constraining this variable through field and
modeling studies to be an important direction toward better calibrating models of bedrock river evolution. We
intuitively suggest that lower values of # be used for landscapes dominated by slow moving diffusing processes
such as soil creep and frost heave. Higher values of 7 best represent landscapes dominated by mass wasting
processes like landslides and debris flows, where sediment supply is dominated by rare, large magnitude events.
It is possible that 7 varies temporally on both short and long timescales. On short timescales, # should almost
certainly increase following earthquakes and forest fires, as decreased cohesion in soils commonly leads to
outsized landslide triggering and debris flow initiation during the first rainstorms after fires and earthquakes.
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Over long timescales, 7 likely varies during orogenesis as landscapes steepen and hillslopes transition from diffu-
sive hillslope sediment supply to mass wasting processes.

5. Conclusions

By incorporating the impact of sediment supply sensitivity to precipitation events into a model for bedrock river
incision by stochastic water discharge, we uncover a complicated picture of stochastic river evolution. We show
that the simplest relationships between river discharge and bedrock erosion, normally assumed to be monotonic
and positive, may not be so. Addition of time-variable sediment supply to a stochastic model for bedrock river
incision can limit the geomorphic work accomplished during the largest floods. This effect strongly compli-
cates river response to discharge variability but offers an important new framework to consider hillslope-channel
coupling in landscape evolution. The evidence presented here indicates that hillslope sediment supply is a signif-
icant control on river evolution, especially in landscapes with highly variable hillslope processes, which deserves
the same careful study given to river discharge.
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