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Abstract waterfalls are often interpreted as transient, upstream-propagating features that mark changes in
external conditions. Thus, waterfalls are commonly used to infer past tectonic and climatic forcing, making
understanding the controls on waterfall erosion central to predicting how external perturbations move through
landscapes. Surprisingly, there exist few direct field measurements of waterfall erosion, and existing waterfall
retreat measurements are rarely paired with measurements of waterfall morphology and frequency, which,
theory suggests, modulate retreat rates. This lack of data limits our ability to test existing theory and explore how
waterfalls alter reach-scale bedrock erosion rates. Here, we use cosmogenic '°Be accumulated in bedrock
riverbeds to measure erosion rates in fluvial reaches with varying waterfall frequency and morphology. We find
that waterfall-rich reaches erode one to five times faster than the landscape average, and that reach-averaged
erosion rates increase with increasing waterfall frequency. We develop a new, process-based model combining
waterfall and planar-channel erosion to explore mechanistic controls on the relative erosion rate between
waterfall-rich and waterfall-free reaches. This model predicts that reach-averaged erosion rates increase with
waterfall frequency at low sediment supply, consistent with our field measurements, but that waterfalls can also
slow reach-averaged erosion rates for high sediment supply, large grain sizes, low water discharge, or large
plunge pools. Our work is consistent with previous suggestions that waterfall erosion rates may decrease in low
drainage areas and can influence long-profile morphology.

Plain Language Summary Waterfalls are often created by geologic or climatic events (e.g., changes
in fault motion or sea level), allowing scientists to learn about geologic history from waterfall erosion and
retreat. While previous studies show how fast waterfalls or sections of rivers (reaches) with waterfalls move
upstream, few studies have examined how waterfall retreat rate is affected by waterfall geometry and frequency.
Here, we studied ten waterfall-rich reaches in the Kings and Kaweah Rivers in the southern Sierra Nevada, CA.
We used geochemical measurements of river bedrock and sand to assess the long-term erosion rate of the
reaches and surrounding landscapes. We found that all 10 reaches eroded at or above the average landscape
erosion rate and that waterfall frequency was the best indicator of reach erosion rate. We then created a model of
how rivers erode through mixed waterfall and non-waterfall processes. We used the model to examine how fast
waterfall-rich reaches erode under a range of conditions and found that sometimes, especially under large and
abundant sediment loads, waterfalls can slow erosion. These findings increase our understanding of how river
erosion and river form can differ from place to place.

1. Introduction

Bedrock rivers are crucial for interpreting landscape history. Bedrock rivers transmit climatic and tectonic per-
turbations through basins and can record these perturbations via km-scale reaches with elevated slope (which we
define as knickzones), which often contain a series of waterfalls (defined by the detachment of water from the
waterfall face) (Beeson & McCoy, 2019; Berlin & Anderson, 2007; Brocard et al., 2016; Crosby & Whip-
ple, 2006; DiBiase et al., 2015). In some cases, waterfalls can form by external base-level forcing, for example,
via accumulation of fault slip (Malatesta & Lamb, 2018; Yanites et al., 2010) or cliff erosion following sea-level
change (Mackey et al., 2014). In other cases, steepening of river channels caused by changes in base level or
otherwise can trigger morphodynamic instabilities in the form of small repeating bedrock steps, called cyclic
steps, which can grow into waterfalls, illustrating waterfall self-formation as a bedrock bedform (Baynes, Lague,
& Kermarrec, 2018; Groh & Scheingross, 2022; Izumi et al., 2017; Scheingross et al., 2019, 2020). Independent
of whether waterfalls form due to internal or external forcing, all waterfalls have a free-falling waterfall jet, and
commonly have plunge pools that the jet and entrained sediment have eroded and shaped (Figure S1 in Supporting
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Information S1) (Gilbert, 1890; Howard et al., 1994; Lamb et al., 2007). Interpreting how landscapes with wa-
terfalls respond to external forcing, thus requiring an understanding of the controls on waterfall plunge-pool
erosion and waterfall-channel interactions. For example, waterfalls that erode fast or slow relative to a
waterfall-free channel may result in km-scale changes in river long profile morphology that can potentially
obscure standard expectations for river long profile morphology following base level change (DiBiase
et al., 2015; Rothman et al., 2023; Scheingross et al., 2020).

Despite the importance of waterfall retreat rate for landscape evolution studies, existing theory, flume, and field
data do not provide a clear picture of when and why reaches with waterfalls will erode faster or slower than
similar, waterfall-free river reaches (cases that we term “fast waterfalls” and “slow waterfalls,” respectively).
Field measurements and remotely sensed data suggest that waterfalls erode fast in areas with high drainage area,
and slow near the headwaters, where transport stage drops due to increasing sediment size, and decreasing water
discharge (Berlin & Anderson, 2007; Crosby & Whipple, 2006; DiBiase et al., 2015; Raming et al., 2024; Raming
& Whipple, 2022). However, these studies do not account for the fact that retreat rate can also be influenced by
differences in waterfall morphology and erosion mechanisms (e.g., Lamb & Dietrich, 2009; Scheingross &
Lamb, 2017). Furthermore, the idea that waterfall retreat rate scales with drainage area is not universal, and
multiple studies have shown waterfall retreat rates that are independent of drainage area (Baynes, Lague, Attal,
et al., 2018; Mackey et al., 2014). Existing physics-based theory provides a framework to assess erosion rates at
individual waterfalls (Lamb & Dietrich, 2009; Scheingross & Lamb, 2017) and in planar bedrock channels (Lamb
et al., 2008; Sklar & Dietrich, 2001; Zhang et al., 2015) that can be used to predict if waterfall erosion is fast or
slow relative to waterfall-free reaches. However, these models commonly assume specific processes (e.g.,
waterfall retreat via toppling of bedrock columns (Lamb & Dietrich, 2009) or via vertical plunge pool drilling
(Scheingross & Lamb, 2017)), which may not be present at every waterfall. Furthermore, the processes included
in the existing theory may not control the speed of waterfall retreat. For example, recent experimental work (Inoue
et al., 2023) suggests that, for short drop heights, the rate of formation of new bedrock cyclic steps upstream of a
waterfall, which may erode into new waterfalls, is an important component of waterfall retreat; however, this
new-step-formation rate is not included in existing waterfall retreat theory.

Arguably, the most robust way to assess waterfall erosion rate is via direct field measurements. A robust field-
assessment, examining if waterfalls accelerate or slow reach-scale erosion rates, requires measuring multiple
waterfall erosion rates across a field area while systematically varying key variables thought to control the relative
erosion rate (e.g., waterfall morphology, waterfall frequency, sediment supply, and more). However, such data are
extremely limited. Existing studies tend to focus on retreat of knickzones without documenting or explicitly
exploring the role of waterfall geometry, waterfall frequency, or other waterfall features that may be key to setting
retreat rates (e.g., Brocard et al., 2016; Crosby & Whipple, 2006; DiBiase et al., 2015; Jansen et al., 2011; Perron
& Royden, 2013; Roda-Boluda et al., 2019; Whittaker & Boulton, 2012). In cases explicitly documenting
waterfall retreat, studies often focus on a single waterfall (e.g., Baynes et al., 2015; Gilbert, 1907; Mackey
etal., 2014; Valla et al., 2010), limiting our ability to link differences in morphology between waterfalls to retreat
rate variability. Perhaps the best documented case of retreat of multiple waterfalls across a study area is from
Hayakawa and Matsukura (2003); however, this study did not compare waterfall retreat rates to reach-scale or
basin-average erosion rates in the same catchment, making it difficult to assess the relative rate of waterfall
erosion.

Here, we attempt to quantify the conditions in which waterfalls erode fast or slow relative to waterfall-free reaches
through a detailed field study in the southern Sierra Nevada, CA, including both waterfalls within and apart from
larger-scale knickzones. We investigate the possibility that waterfall formation (be it via internal or external
forcing) allows for tectonically determined erosion rates to be expressed via differences in channel morphologies
(e.g., waterfall formation can allow rivers with identical erosion rates to have different reach-averaged slopes) as
proposed by Rothman et al. (2023). Given existing data (DiBiase et al., 2015; Mackey et al., 2014; Valla
et al., 2010) suggesting that waterfalls erode faster than surrounding waterfall-free reaches (in areas of moderate
to large drainage area), we hypothesize that reach-averaged erosion rates should increase with increasing
waterfall frequency in a given river reach. Testing this hypothesis requires a reach-based approach rather than
investigating a single waterfall. We use concentrations of cosmogenic '°Be found in the bedrock of the river bed
to measure local, reach-averaged erosion rates in 10 reaches spread between two rivers with varying waterfall
frequency and waterfall morphology. We compare these local erosion rates with basin-averaged erosion rate
measurements estimated from detrital sand to assess whether waterfalls amplify or dampen reach-scale erosion
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Figure 1. Location map showing the Middle Fork Kaweah and Dinkey Creek watersheds in the Sierra Nevada, CA. Areas
upstream of sand collected for basin-averaged erosion rates are shaded and cross-hatched; filled circles mark the locations of
reaches sampled for reach-averaged erosion rates.

rates at our field sites. To further explore mechanistic controls on the relative erosion rate between waterfall-rich
and waterfall-free reaches, we develop a new process-based model combining waterfall and planar-channel
erosion, which we use to explore the conditions under which the presence of waterfalls will increase or
decrease reach-scale erosion relative to reaches without waterfalls.

2. Study Area

We examine how waterfall frequency and morphology affect erosion rates in two rivers draining the western slope
of the Sierra Nevada in California, USA: Dinkey Creek (a tributary of the North Fork of the Kings River) and the
Middle Fork Kaweah (MFK) River (Figure 1, Figures S2-S5 in Supporting Information S1). These rivers
represent an ideal setting to test our hypothesis because the study rivers are only ~40 km apart, share a common
base level and tectonic history, and are in a mostly homogeneous and resistant lithology (predominately granitic
rock) with no major faults and abundant waterfalls (Bateman & Jones, 1972; Matthews & Burnett, 1965; Moore &
Sisson, 1987; Sisson & Moore, 2013). The Middle Fork Kaweah has a slightly higher drainage area at our study
reaches (213-423 km?) relative to our Dinkey Creek study reaches (100-301 km?, Table S1 in Supporting In-
formation S2). Both drainages are composed predominantly of granitic bedrock, with seven of our 10 reaches
underlain by uniform granite, and three reaches (MFK21-09, DNK22-03, and DNK?21-04) underlain by a mix of
granitic and metamorphic bedrock. The MFK and Dinkey Creek receive an average of 1,300 and 1,100 mm of
precipitation per year, respectively, which occurs primarily as winter snowfall (Prism Climate Group, Oregon
State University, 2024). Mean annual temperatures for the MFK and Dinkey Creek are 6.9 and 9.4°C, respectively
(Table S1 in Supporting Information S2). Both basins span ~3 km of relief, allowing temperature and snow
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accumulation to vary widely between high and low elevations. While climate is similar between the two basins,
over the past 30 years the MFK basin has received greater mean annual precipitation (1,300 mm/yr) than Dinkey
Creek (1,100 mm/yr) but lower flood discharges than Dinkey Creek (Table S1 in Supporting Information S2).
Higher flood discharges at Dinkey Creek may be due to lower headwater elevation, allowing an earlier spring
snow melt and more precipitation as rain. During the Last Glacial Maximum (LGM), the MFK and Dinkey Creek
basins were ~30% and ~28% glaciated, respectively (Table S1 in Supporting Information S2), with all LGM
glaciation above our study reaches (Gillespie & Clark, 2011). Despite previous glaciation of the basin headwaters,
optical imagery suggests that most previously glaciated valleys have little to no storage of glacial sediments. We
therefore assume minimal input of glacial sediment into the study reaches where we collected detrital cosmogenic
samples.

Previous assessment of the influence of waterfall formation on long profile form in Dinkey Creek and the East
Fork Kaweah (a tributary of the Middle Fork Kaweah with similar profile form) shows that waterfall frequency is
closely correlated with channel slope in Dinkey Creek but only loosely correlated with channel slope in the East
Fork Kaweah (Rothman et al., 2023). These differences in longitudinal profile form were attributed to differences
in waterfall erosion rate relative to the erosion rates in adjacent, waterfall-free channels, introducing the possi-
bility that slow-eroding, self-formed waterfalls create high-slope knickzones in Dinkey Creek, but fast-eroding,
self-formed waterfalls reduce East Fork Kaweah channel slopes. The difference in waterfall erosion speed hy-
pothesized by Rothman et al. (2023) for the East Fork Kaweah and Dinkey Creek represents an opportunity to
investigate the drivers of waterfall erosion rates in the field. In this study, we focus on the MFK instead of the East
Fork Kaweah, because the MFK has abundant waterfalls and a similar profile to the East Fork Kaweah, but the
increased accessibility of MFK facilitates detailed field measurements and sample collection.

3. Assessment of Channel and Basin-Averaged Erosion Rates Using Cosmogenic '’Be
3.1. Approach

In this study, we define waterfalls as bedrock bedforms with a steep face from which water detaches and enters
free fall (Groh & Scheingross, 2022). The water reconnects with the river in a downstream plunge pool, which is
drilled by the force of the water and sediment impacts descending from the waterfall jet (Scheingross et al., 2017).
We only examine waterfalls that erode primarily through plunge-pool drilling (e.g., Howard et al., 1994; Lamb
et al., 2007), and we assume that plunge-pool drilling is the main erosional mechanism if a waterfall has smooth,
well-abraded bedrock at the waterfall lip and a plunge pool with geometry independent of existing bedrock
fracture patterns. While we suggest that the waterfalls we investigate here have self-formed in a massive, resistant
lithology, waterfalls can also form in layered rock due to variable lithologic resistance to erosion (Chilton &
Spotila, 2022; Frankel et al., 2007; Holland & Pickup, 1976) and some waterfalls erode primarily by undercutting
and caprock collapse (Gilbert, 1890; Haviv et al., 2010), gradual detachment of rock from the waterfall face (e.g.,
Hayakawa & Matsukura, 2010), or toppling along lithologic weaknesses (e.g., Lamb & Dietrich, 2009). This
study is not applicable to waterfalls that erode via these mechanisms.

To test whether waterfall occurrence causes reaches to erode faster or slower than the basin-averaged erosion rate,
we constrained erosion rates of waterfall-rich channels using cosmogenic radionuclide inventories. Specifically,
we examined how local, reach-averaged bedrock erosion rates vary as a function of waterfall frequency within a
channel reach by collecting and amalgamating multiple bedrock samples from the active channel (targeting
waterfall lips, waterfall faces and plunge pool margins). We compare these local, reach-averaged erosion rates to
basin-averaged erosion rates derived from '°Be concentrations in fluvially deposited sand in mainstem channels.

We used the ratio of the local, reach-averaged erosion rate (E ) and the basin-averaged erosion rate

reach_avg

(Epasin_avg) to define a normalized erosion rate (E,

orm) TEPrEsenting the erosional efficiency of the reach relative to

the basin average.

Enarm = reach_avg/Ebasin_avg (1)

To test how waterfall abundance and morphology affect bedrock incision rates, we combined our estimates of
normalized erosion rate with field and lidar surveys of waterfall and channel morphology across our study
>1land E

norm 1S not

reaches. £

norm < 1 imply fast and slow waterfall erosion, respectively, but importantly, E,

orm

a direct measure of whether waterfall-rich reaches erode fast or slow relative to waterfall free reaches. Such a
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direct measurement would require independent measures of erosion rates in both waterfall-rich and waterfall-free
reaches. In our field area waterfall free reaches are often mantled in sediment cover, limiting access to the bedrock
bed and our ability to measure waterfall-free reach erosion rates with cosmogenic nuclides.

3.2. Methods
3.2.1. Sample Collection and Processing

We gathered samples from 10 different field locations (Figures 1 and 2), selecting areas with different waterfall
frequencies based on accessibility and waterfall visibility in satellite imagery and high-resolution topography
derived from lidar (Table S2 in Supporting Information S2). All sites featured smooth, polished rock, consistent
with erosion via abrasion (as opposed to plucking) and at all sites, the position of the waterfall lip was independent
of channel-wide bedrock fractures. At each site, we collected two to four bedrock samples from waterfall lips,
waterfall faces and exposed plunge pool margins (Figure 2, Figures S2-S5 in Supporting Information S1, Table
S3 in Supporting Information S2). The samples, which were less than 4 cm in thickness, were always taken from
the surface of bedrock bed and were collected primarily via hammer and chisel and in some cases (for sites outside
of Sequoia National Park) with an angle grinder. Within a reach, we selected specific areas to collect bedrock
samples based on proximity to waterfalls, prominence above the water surface at low flows, evidence of fluvial
abrasion (i.e., a smooth bedrock surface), and avoidance of surfaces where the intersection of bedrock joints
showed evidence of recent block plucking. We also avoided sampling bedrock from plunge-pool floors, where
both sediment and water shield bedrock. Samples in each reach were always within 120 m of one another, with the
exception of one site (DNK21-0304) where we amalgamated two samples (located within ~10 m of each other)
with a third sample located ~1 km downstream but in a location with similar reach morphology as the two
upstream samples.

We collected four detrital sand samples for basin-averaged erosion rates, two samples each from the mainstem
Middle Fork Kaweah and Dinkey Creek (Figure 1, Table S1 in Supporting Information S2). For each river, we
collected nested samples, that is, we collected one sample downstream of all study reaches and one sample near
the upstream extent of the study reaches, allowing us to test whether different parts of the basin erode at equal
rates. In both the upstream and downstream locations, we amalgamated fluvially deposited sand from at least four
different deposits, including areas inundated at the time of measurement (during low-flow conditions in the late
summer and fall) and from emerged bars that we interpret to be deposited during high flow. When calculating
E, .. in Equation 1, we always used the basin-averaged erosion rate from the drainage basin with a larger
contributing area.

Our sample processing and preparation differed slightly between bedrock collected for reach-averaged erosion
rates and sand collected for basin-averaged erosion rates. For bedrock samples, we separately ground and sieved
each sample into 106-850 pm particles. We then visually estimated the quartz content in each individual sample
using an optical microscope (Table S3 in Supporting Information S2), before creating a single amalgamated
sample by combining all bedrock samples from the reach, ensuring an approximately equal quartz contribution
from each individual sample. The combined sample with equal quartz content from each individual sample
represents an average erosion rate from the acquired samples, and a better estimate of the reach-averaged erosion
rate. For detrital sand samples, we dried and sieved sand into 100-500 pm and 500-1,000 pm size fractions and
then combined equal masses of each size fraction to protect against a grain-size bias (Lukens et al., 2016). For all
samples, quartz purification, chemical preparation and '°Be measurements were made at the Lawrence Livermore
National Lab Center for Accelerator Mass Spectrometry. For detrital samples, we considered the influence of
shielding from snow, whereas for bedrock samples we calculated shielding from water cover and topography
(Text S1, Table S4 in Supporting Information S2). We used CAIRN and LSD Topotools (Mudd et al., 2016, 2023)
to assess differences in production rates throughout the basin, and calculated final erosion rates for both detrital
and bedrock samples using the LSD calibration (Lifton et al., 2014) in the CRONUS earth calculator (Balco
et al., 2008).

3.2.2. Lidar Surveys and Field Data Collection

We measured morphology and sediment conditions at each study reach via lidar analysis and field campaigns
conducted in 2020, 2021, 2022, and 2023. For each study reach, we made measurements of channel, waterfall and
plunge pool geometry across a 300 m stretch (as measured using the channel centerline in Google Earth) including
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Figure 2. Bedrock sample reaches: (a—e) Middle Fork Kaweah and (f—j)
Dinkey Creek, ordered from downstream (top images) to upstream (bottom
images) for both rivers. Colored circles in the upper-right corner of each
image represent the reach-averaged erosion rate. Scale bars show vertical
drop heights for the waterfalls pictured.

and moving upstream from the bedrock sample sites. We measured
morphology upstream of the bedrock sample site (as opposed to downstream)
based on the assumption of Froude critical or supercritical flow at waterfall
lips (Rouse, 1936, 1937), thereby preventing hydraulic communication from
areas downstream with our reach of interest. For site DNK21-0304, where
one sample was located ~1 km downstream, we combined measurements
made across a 100 m stretch at the downstream site and a 200 m stretch at the
upstream site.

Many of our study reaches were partially inaccessible on foot. To make
consistent measurements along the same channel length at all sites, we used
lidar to measure waterfall frequency, channel slope, and waterfall drop height
rather than making field measurements. Using Topotoolbox 2 (Schwanghart
& Kuhn, 2010; Schwanghart & Scherler, 2014) and a lidar-derived DEM, we
extracted the channel profile, and manually identified waterfalls as drops with
>1 m drop height over horizontal distances of less than 10 m (Figure S6 in
Supporting Information S1). We used lidar-derived profiles to manually
measure waterfall drop height as the change in elevation between where the
waterfall drop begins (often with a low angle lip feeding into a steeper face)
and ends (in a pool with a slope of zero). We measured waterfall frequency
across a reach ~300 m long (or roughly 15 times the average waterfall length
across both study areas) in order to capture variation in waterfall frequency
(Table S5 in Supporting Information S2). Lidar was not available for one of
our reaches (DNK22-03). In this case, we identified waterfalls using Google
Earth following Rothman et al. (2023) (see Text S4 in Rothman et al. (2023)),
and measured drop heights using 10 m DEM in conjunction with visual

imagery.

In the field, we measured plunge pool depth, width, and length for accessible
waterfalls (Figure S1 in Supporting Information S1, Table S6 in Supporting
Information S2). Using a weighted tape measure (with mm precision), we
measured pool depth as the maximum distance between the water surface and
the pool floor at the time of measurement, focusing on areas close to where
the waterfall jet impinges in the plunge pool at high flow. This measurement
represents a minimum plunge pool bedrock depth, because most MFK pools
and some Dinkey Creek pools were partially filled with sediment at the time
of measurement. We defined pool width as the maximum cross-stream dis-
tance from the water's edge on one side of the pool to the other, and pool
length as the along-stream distance between the water's surface at the
waterfall face and the downstream plunge-pool lip (the point at which the
channel bed changes from increasing in elevation as the plunge pool shallows
to decreasing in elevation in the downstream river reach) (Figure S1 in
Supporting Information S1). We measured the plunge-pool width and length
using a laser range finder (with cm precision) to identify the maximum dis-
tance. Our field observations showed predominately asymmetric pools (i.e.,
length and width were not the same, in contrast to cylindrical pools often
assumed in modeling (e.g., Scheingross & Lamb, 2017), and we therefore
estimated pool radius as the minimum value between half pool length and half
pool width (Table S6 in Supporting Information S2).

We used additional data to compare water discharge and sediment availability
at MFK and Dinkey Creek. We estimated discharge at each of our study
reaches using linear drainage-area scaling of discharge reported at USGS
gauge 11217000 (Dinkey Creek) and 11209900 (MFK) (Table S7 in Sup-
porting Information S2). We measured grain size at 12 locations in MFK and
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six locations in Dinkey Creek via random walk pebble counts with measurement of >100 median grain diameters
in all but one case where we measured 50 grains (Table S8 in Supporting Information S2). For both MFK and
Dinkey Creek, grain size distributions are relatively constant with distance downstream (Table S9 in Supporting
Information S2), allowing us to combine all pebble count data from each river to estimate a single median grain
size. We made qualitative observations of the degree of sediment cover on the riverbed throughout all areas
surveyed in both Dinkey Creek and MFK.

3.3. Erosion Rate and Channel Morphology Results and Discussion

We find that basin-averaged cosmogenic erosion rates in the MFK (95.0 + 7.69 mm/kyr and 89.6 + 7.52 mm/kyr)
are significantly faster than in Dinkey Creek (33.7 £2.63 and 33.2 + 2.71 mm/kyr) (Figure 1, Tables S1 and S7 in
Supporting Information S2). For both drainages, the nested erosion rates are within error of each other, suggesting
uniform erosion throughout both catchments. Although our basin-averaged erosion rates reflect the average
landscape erosion rate of the upstream basin, our reach-averaged erosion rates represent the fluvial erosion rate of
our study reaches. We find that, with one exception, our reach-averaged erosion rates are all faster than the basin-
averaged erosion rate of the landscape. Furthermore, an unpaired ¢ test (p = 0.05) shows that reach-averaged
erosion rates from bedrock samples in the MFK (which range from 78 mm/kyr to 439 mm/kyr) are, on
average, faster than reach-averaged erosion rates in Dinkey Creek (44 mm/kyr to 170 mm/kyr, Figure 3a, Table
S4 in Supporting Information S2). Higher reach-averaged erosion rates in the MFK relative to Dinkey Creek may
be due to differences in grain size and sediment supply between the rivers, because higher sediment supply and
larger grain sizes are predicted to result in higher erosion rates in sediment-poor rivers (Beer & Turowski, 2015;
Sklar & Dietrich, 2004). Pebble counts (Table S5 in Supporting Information S2) show smaller median grain sizes
(Dsp) in Dinkey Creek (3.0 cm) relative to the MFK (10.3 cm), and Dinkey Creek had lower sediment cover than
the MFK. For example, the MFK had frequent cobble bars and plunge pools typically mantled with sediment,
while in Dinkey Creek some plunge pools were baer, and there were few visible sediment deposits in between
waterfalls (Figure S7 in Supporting Information S1). These observations are consistent with previous studies in
the Shaver Lake upland (e.g., Callahan et al., 2019), which have argued for a tools-limited regime with inefficient
erosion in the Dinkey Creek region.

Unlike the dimensional erosion rates, normalized reach-averaged erosion rates (Equation 1) are not significantly
different between the MFK and Dinkey Creek (as determined by an unpaired ¢ test, p = 0.58), with values ranging
from0.76 < E,,,,, < 3.7 for the MFK, and 1.2 < E,, ,,, < 4.6 for Dinkey Creek (Figure 3b, Table S7 in Supporting
Information S2). The collapse of the reach-averaged erosion rates into the same range of values (E,,,,,, & 1-5) via
normalization emphasizes the importance of basin-wide variables (specifically, sediment abundance and size) in

setting reach-scale erosion rates and raises the possibility that E, of waterfall-rich reaches in many rivers may

norm

fall within this range. Since E,,,, > 1 indicates that reaches are eroding faster than the basin-average rate, we

orm
interpret the predominance of E,,,,, > 1 as an indication that waterfalls increase reach-scale erosion rates, at least
in the relatively large (>100 km?) drainage areas we examined here. This result is consistent with previous
findings of fast waterfall erosion at large drainage areas (Crosby & Whipple, 2006; DiBiase et al., 2015; Raming
& Whipple, 2022). Because the location of our study reaches far from channel heads, our data cannot be used to

test the associated idea that waterfall erosion slows and may even stall at low drainage areas.

We use the normalized erosion rates to examine the influence of reach-scale morphology on reach-scale erosion
rates. Several metrics that are often assumed to scale with reach-scale erosion rates are not significantly correlated
with E, ., in our data set (Figure 4). For example, while channel erosion rates often scale with stream power
(Finnegan et al., 2008; Lague, 2014), we find no significant trend between stream power and E, ., (using
Pearson's correlation coefficient, p, Figure 4a). Other studies show that in high-slope knickzones, retreat rates
scale with drainage area (e.g., Crosby & Whipple, 2006) or slow at a drainage area threshold (e.g., Raming &
Whipple, 2022); however, our results show no significant relationship between drainage area and E,,,,
(Figure 4b). Channel width has also been shown to decrease with increasing erosion rates (e.g., Duvall
et al., 2004); however, our results show no significant relationship between reach-scale erosion rates and reach-
averaged channel width (Figure 4c). We also investigated the influence of waterfall and plunge-pool geometry on
reach-scale erosion rates. Although plunge-pool erosion rates are predicted to increase with waterfall drop height
and decrease with greater pool depth and radius (Scheingross & Lamb, 2017), our results show no significant
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Figure 3. Waterfall frequency versus (a) '°Be-derived reach-averaged
erosion rates (E,,,.;,_ag) fOr bedrock reaches sampled, and (b) reach-
averaged erosion rates normalized by their respective basin averaged erosion
rates (E,,,,,» Equation 1). For both plots, separate best-fit linear models for
Dinkey Creek (pink line) and Middle Fork Kaweah (blue line) are shown
with p values for the slope of the line. For the normalized data, the black
dashed line shows the best-fit linear trend for the entire data set (Dinkey
Creek and MFK data combined). While the data sets are small on their own,
the MFK and Dinkey Creek data sets display the same trend. Thus, the
relationship becomes more significant when the data sets for the MFK and
Dinkey Creek are combined in panel (b). The dotted lines represent 95%
confidence intervals, and in panel (b) the confidence intervals for the
individual MFK and Dinkey Creek relationships are omitted for clarity. The
error bars represent the measurement and methodological error of the
cosmogenic erosion rate measurements.

correlation between reach-averaged drop height, pool depth, and pool radius
with E (Figures 4d—4f). When treated individually, MFK and Dinkey

norm
Creek display different correlations between E,, ..,

and pool depth and reach
width (p and p values are available for the individual and combined data sets
in Table S10 in Supporting Information S2), which may indicate that under
different sediment conditions, channel form has a different influence on
erosion rate (elaborated on in Text S2 in Supporting Information S1).
Furthermore, we acknowledge that the trends (or lack thereof) shown in
Figure 4 are potentially sensitive to measurement error. Waterfalls and plunge
pools in particular are irregular landforms from which it can be difficult to
obtain objective geometric measurements. However, in the case of the data
presented in Figure 4, the range of reported waterfall drop heights (2.2-8.5 m,
Table S7 in Supporting Information S2), plunge-pool radii (1.0-8.5 m, Table
S7 in Supporting Information S2), and plunge-pool depth (1.0-4.0 m, Table
S7 in Supporting Information S2) are all large. Thus, even if uncertainty on
the order of ~1.0 m exists in our geometric measurements, the lack of a
statistically significant trend between geometric variables and normalized
reach-scale erosion rates is still meaningful.

Of all the variables we examined, the only significant correlation we found
(p = <0.01, Figure 3b). Our data
show that the fastest eroding reaches have high waterfall frequencies (10-21
waterfalls/km), whereas the site with the lowest waterfall frequency (MFK-
04, ~2 waterfalls/km) was the only site with E, ., < 1. Fitting a linear
versus waterfall frequency data demonstrates that

was between waterfall frequency and E,,,,,,

relationship to our E, ..
there is a significant positive relationship between these variables (p < 0.01),
and highlights the fact that waterfall erosional processes can lead to faster
reach-scale erosion rates (relative to the basin average erosion rates) in rea-
ches with greater than ~5 waterfalls per km. Furthermore, while we could not
test the reach-averaged erosion rate of waterfall-free reaches (as they tended
to be covered with sediment limiting our ability to sample the bedrock bed),
the best fit linear model between E,,,,, and waterfall-frequency (Figure 3b)
infers that waterfall-free reaches should erode both slower than the basin

average and slower than waterfall-rich reaches.

Our results show that waterfall-rich channels erode faster than both waterfall-
free reaches and the basin average rate, with waterfall frequency being the
most important variable predicting normalized erosion rates. This conclusion
suggests that, without changing relief or length, a reach could erode at five
times its planar-bed erosion rate by forming frequent waterfalls along its
length. Following this logic, processes resulting in the formation of multiple
waterfalls (e.g., the formation of waterfalls and bedrock cyclic steps as
bedrock bedforms (e.g., Baynes, Lague, & Kermarrec, 2018; Groh &
Scheingross, 2022; [zumi et al., 2017)) should yield faster reach-scale erosion
rates than processes that result in the formation of a single waterfall (e.g.,
accumulated slip along a fault, Malatesta & Lamb, 2018). We investigate this
possibility further in Section 5.

4. Discussion: Implications for Long-Profile Evolution in Waterfall Rich Reaches

Rothman et al. (2023) used a modified stream power model to argue that river profile form and evolution are
influenced by both waterfall development, and whether waterfalls erode “fast” or “slow” relative to waterfall-free

reaches. This previous modeling effort suggests that elements of the East Fork Kaweah River (a tributary of the

MFK) and Dinkey Creek are consistent with fast and slow waterfall erosion, respectively. The new cosmogenic

data presented here provide an opportunity to field test some of our previous modeling predictions and show
consistency with the Rothman et al. (2023) fast waterfall model.
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Figure 4. Normalized channel erosion rates as a function of (a—c) channel metrics including (a) stream power (S x A% where
S is local channel slope and A is drainage area), (b) drainage area, (c) reach-averaged width, calculated using a 10-year return
period discharge and channel parameters (Text S1 in Supporting Information S1) and (d-f) waterfall morphology including
(d) reach-averaged drop height, (e) reach-averaged plunge-pool radius and (f) reach-averaged plunge pool depth. In all
panels, the dotted line at £, ,,, = 1 marks the transition between fast and slow reach-averaged erosion rates. Each plot

displays the Pearson correlation coefficient (p) and corresponding p-value for the relationship between that variable and
Erwrm'

The Rothman et al. (2023) fast waterfall model predicts that when channels steepen above the critical slope
necessary for waterfalls to self-form (~3%—7%, Groh & Scheingross, 2022), a zone of dynamic equilibrium forms
in which the channel cyclically aggrades and over-erodes to keep slopes fluctuating around the critical value for
waterfall self-formation. Four of the five bedrock sample sites in the MFK had E,, ,,,,, > 1, indicating fast waterfall
erosion relative to waterfall-free channels. Furthermore, these sites were not positioned in high-slope reaches
resembling knickzones; rather, the bedrock sample sites occurred along a reach of near-constant slope of 4.1%
(Figure 5a). We interpret the existence of this relatively constant-slope reach, the magnitude of the slope within
the 3%—7% range where waterfalls are speculated to self-form (Groh & Scheingross, 2022), and the cosmogenic
data implying fast waterfall erosion to all be consistent with the Rothman et al. (2023) model predictions for a fast
waterfall dynamic zone. The strong correlation between waterfall frequency and reach-averaged erosion rates and
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Figure 5. Elevation and slope profile of (a) MFK and (b) Dinkey Creek. Bars show bedrock sample sites and are colored by
the reach-average erosion rate. The dashed line shows the median channel slope. In both plots, the channel slope is a running
mean averaged over a 0.5 km moving window.

the lack of correlation between stream power and reach-averaged erosion rates in the MFK therefore provide the
best evidence to date that waterfall formation and erosion can shape longitudinal profiles over km length scales.

Rothman et al. (2023) suggested that Dinkey Creek hosts slow waterfall erosion, which could be responsible for
the large knickzone at ~12 km upstream of the Dinkey Creek outlet at site DNK-02 (Figure 5b). However, the
cosmogenic data presented here show that all bedrock sample sites in Dinkey Creek erode faster than the basin-
averaged erosion rate, implying fast waterfall erosion. This result introduces the possibility that Rothman
et al. (2023) misinterpreted the Dinkey Creek long profile signal; however, there are several explanations for the
E, .. > 1 measurements in Dinkey Creek that allow for consistency with the Rothman et al. (2023) model results.
First, it is possible that the Dinkey Creek long-profile morphology is influenced by both rock-strength hetero-
geneity (which occurs on too fine a scale to be captured by existing geologic maps) and fast-waterfall erosion that
superimpose to make a complicated long-profile form. In this case, the slope fluctuations (including the high
channel-slope at site DNK-02) may reflect variations in rock strength. It is also worth noting that, with the
exception of the two largest high-slope knickzones on Dinkey Creek, much of the rest of the channel fluctuates
around a median slope of 4.2%, similar to the MFK and consistent with the Rothman et al. (2023) fast waterfall
model. Alternatively, Dinkey Creek may be experiencing a transient response to late Cenozoic uplift (Beeson &
McCoy, 2022; Stock et al., 2005; Wakabayashi, 2013). In the Rothman et al. (2023) model, slow waterfalls will
erode faster than the basin average where they occur in transient knickzones; therefore, it is feasible for the
waterfalls we sampled to have E,,,, > 1 while still slowing the knickzone erosion rate from what it would be
without waterfalls. Finally, it is possible that the Dinkey Creek hillslopes are out of equilibrium with channel
incision (e.g., Callahan et al., 2019; Stokes et al., 2023), and that basin-averaged erosion rates thus give little
insight into channel incision rates. If basin-averaged erosion rates do not reflect channel incision rates, then it is
not possible to assess the erosion rate of Dinkey Creek waterfalls relative to planar-channel incision. While
determining which, if any, of the above three possibilities is occurring in Dinkey Creek requires additional work
which is beyond the scope of this study, we emphasize that these results still allow for consistency with the
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Rothman et al. (2023) model and highlight the range of complicating factors that can occur even in a relatively
well-constrained field setting.

Finally, inspection of the samples near the largest Dinkey Creek knickzone provides additional insights into
controls on reach-scale erosion rates. Samples DNK-02 and DNK-0304 were sampled ~300 m apart, but DNKO02
was in the high-slope knickzone (average channel slope of 0.35), whereas DNK-0304 was in a lower-sloping
reach (average channel slope of 0.10). In a stream power analysis, this higher-slope sample site would be ex-
pected to have a higher local erosion rate than the lower-slope site; however, our results show the opposite, with
the steep knickzone site (DNK-02) eroding a factor of ~2 slower than the less-steep site (DNK-0304) (Figures 2
and 5). Based on our field observations, we posit that this decrease in erosion rate at steep slopes may be due to a
switch from fluvial abrasion at moderate slopes to weathering and rockfall processes at higher slopes. Field visits
to DNK-02 showed little fluvial canyon incision into the surrounding landscape, the presence of very small
plunge pools (average radius = 1 m), large waterfall drop heights (average of 6.3 m) and large bedrock slabs that
appeared to be detaching from the steep slopes adjacent to the channel (Figure 2h). This field evidence suggests
that limited plunge pool incision or other fluvial abrasion occurs in this reach, and that erosion may instead occur
primarily through bedrock weathering and rockfall. In contrast, field visits to site DNK-0304 revealed deep
plunge pools and fluvially abraded rock (Figure 2g). The high slope but moderate erosion rate of DNK-02
demonstrates that channel slope may not be an important indicator of erosion rates in cases where there is lit-
tle evidence of extensive fluvial abrasion and incision.

5. Modeling Reach-Averaged Erosion Rates in Waterfall-Rich Channels

Our field data suggest that, at least for the MFK and Dinkey Creek, waterfall-rich reaches erode faster than the
basin-averaged erosion rate, and reach-averaged channel erosion rates increase with waterfall frequency
(Figure 3). While reach-averaged erosion rates in reaches with waterfalls likely depend on a variety of factors
(e.g., Scheingross & Lamb, 2017; Sklar & Dietrich, 2001), the complexity of erosion in natural channels and the
overwhelming influence of waterfall frequency in our data make it difficult to gain further insight into the
sensitivity of reach-averaged erosion rates using our field data alone. In this section, we use physics-based models
to explore the conditions when waterfall development increases or decreases reach-scale erosion rates. We
combine existing planar channel (Lamb et al., 2008) and waterfall bedrock erosion theory (Scheingross
et al., 2017) into a new reach-averaged erosion model that describes how channels erode by a combination of
waterfall and non-waterfall erosional mechanisms. We then examine the effectiveness of the model by entering
parameters for our Dinkey Creek and MFK study reaches and comparing the predicted erosion rates to our
cosmogenic-derived measurements (without using field measurements or reach-averaged erosion rates to tune our
model). Finally, we explore how changes in waterfall and channel geometry, sediment supply, water discharge,
and grain size influence the relative erosion rates of waterfall-rich and waterfall-free channels.

5.1. Model Methods: Approach and Development

While models exist for fluvial bedrock incision in planar reaches (e.g., Chatanantavet & Parker, 2009; Lamb
et al., 2008; Sklar & Dietrich, 2004; Zhang et al., 2015), and waterfall erosion and retreat (e.g., Crosby &
Whipple, 2006; Hayakawa & Matsukura, 2003; Lamb & Dietrich, 2009; Scheingross & Lamb, 2017), no model
combines both planar bedrock incision and waterfall erosion. Here we develop a “Combined Processes Model”
which predicts the total erosion from both waterfall plunge-pool and planar-channel abrasion (Figure 6a). In this
model, we assume that waterfall-rich river reaches are made of alternating planar channels (with erosion rates
predicted by the total load model (Lamb et al., 2008)) and channels with waterfalls and plunge pools (with erosion
predicted following Scheingross and Lamb (2017)). Our model assumes that reach geometry is constant through
time, that planar-channel reaches have constant width and slope, and that each waterfall plunge-pool system
within a reach has identical dimensions (Figure 6a).

To predict the instantaneous reach-averaged erosion rate of a channel with both waterfall and planar components
(Ecompinea) We calculate the spatially weighted average of plunge-pool vertical erosion (E,_,.), plunge-pool
lateral erosion (E,;_j,,) and erosion in planar reaches without waterfalls (which we refer to as total load abra-
sion, E;;)
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Figure 6. (a) Diagram of the combined model with total load erosion (Lamb et al., 2008) acting on planar portions, and
waterfall vertical and lateral erosion (Scheingross & Lamb, 2017) acting on plunge pools. (b) Diagram of a waterfall-free
reach with a planar channel and total load erosion (Lamb et al., 2008) throughout.

_ [wa_vert “Thool * 2 nwf] + [wa_lat . hpool 2 nwf] + [Etl : (Lreach - (rpoul -2 nwf))]
Ecombined - L \ . (2)

In Equation 2, r,,,,,; and &, are the reach-averaged plunge-pool radius and depth, respectively, n, is the number
of waterfalls in the reach, and L,,,, is the total reach length (Figure 6). The three terms in square brackets in
Equation 2 numerator represent the 1D channel erosion rate via vertical plunge-pool erosion, lateral plunge-pool
erosion, and total load abrasion, respectively. Note that the total length along which erosion occurs is longer than
the reach length because plunge pools erode both vertically and laterally. The factor of two present in the first and
third terms in brackets in Equation 2 represents that the length of a plunge pool is two times its radius, and the
factor of two in the second term in brackets exists following the assumption that a plunge pool has two walls that
erode laterally in our 1D model (Figure 6). Our model assumes zero lateral erosion along the portion of the
waterfall face exposed above the plunge-pool water surface, and neglects accelerated erosion immediately up-
stream of the waterfall lip (Haviv et al., 2006).

We solve for planar bed erosion, E,;, following Lamb et al. (2008) (their Eq. 19) and for plunge-pool erosion
components E, ., and E,¢_;,, following Scheingross and Lamb (2017) (their Eq. 6a and 6b, respectively). In
both theories, bedrock erosion is predicted by estimating the concentration and velocity of single-sized sediment
particles near the bedrock under specified hydraulic conditions. To calculate waterfall erosion rates, we slightly
alter the underlying plunge-pool sediment-transport model (Scheingross & Lamb, 2016) by setting the tailwater
depth (Eq. 11 in Scheingross & Lamb, 2016) equal to the flow depth in the planar channel. Solving for E,, requires
inputs of six parameters describing the sediment and water discharge in the study reach during a given flood: the
planar-channel slope (S,,,,_,, in Figure 6a), characteristic sediment size (Ds,), sediment supply (Q,), water
discharge (Q,, ;). as well as reach-averaged channel width and reach-averaged channel depth (established using
lidar-based measurements, Text S3 in Supporting Information S1). Solving for E, ,,,, and E, ,, requires the
same parameters needed for E,;, as well as reach-averaged waterfall drop height, plunge-pool radius, and plunge-
pool depth. Both waterfall and total load abrasion also require constants for bedrock properties (bedrock tensile
strength and Young's Modulus), sediment density, and fluid properties (fluid density, kinematic viscosity, and
von Karman's constant).
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5.1.1. Site-Specific Model Inputs

Before exploring the parameter space predicted by the Combined Processes Model, we first assess model ac-
curacy by comparing our reach-averaged bedrock erosion rates in MFK and Dinkey Creek (Figure 3a) to
Combined Processes Model erosion-rate predictions made with parameters from those sites (without tuning our
model with our '°Be-derived erosion rates). Comparing instantaneous erosion rates predicted by Equation 2 to
erosion rates measured via cosmogenic nuclides is not a straightforward task. Equation 2 requires input of high
temporal resolution data on changes in water and sediment flux, grain size, plunge pool and channel geometry and
more, which is not feasible to obtain over the millennial timescales cosmogenic erosion rates integrate. Thus, we
make several approximations, as described below, to compare Equation 2 predictions to our cosmogenic-derived
erosion rates.

First, we assume that reach geometry, waterfall geometry, waterfall frequency and sediment size are constant
through time, and that we can accurately represent erosion using reach-averaged field variables (i.e., a single,
reach-averaged value of channel width, waterfall drop height, plunge-pool radius and plunge-pool depth) and a
single grain size which we set equal to the D5, of the channel of interest (Table S7 in Supporting Information S2).
We assume that waterfalls continuously migrate upstream (Baynes, Lague, Attal, et al., 2018; Izumi et al., 2017);
thus, both waterfall and total load erosional processes influence local erosion rates in all parts of the channel,
independent of where waterfalls are currently positioned in the MFK and Dinkey Creek. Running the Combined
Processes Model also requires inputting the slope of the planar portion of the channel between waterfalls
(Syon—wy) (Figure 6a), which we estimate as

Rreach - (hwf My )
(Lreach - (rpool 2 nwf))

3)

Snon—wf =

where R, is the relief from the total reach.

Second, we assume that the integrated erosion recorded by our cosmogenic nuclide data can be approximated to
occur through a 10-year recurrence interval flood. We use a 10-year flood as a characteristic flood following the
idea that in steep drainages, large floods are often required to mobilize enough sediment to create significant
erosion (Turowski et al., 2013) and that waterfall plunge pools are typically filled with sediment for discharges
below the 10-year return period (Scheingross & Lamb, 2021). Furthermore, for the case of the MFK and Dinkey
Creek, using a larger-magnitude flood would submerge some waterfalls, violating the underlying assumption in
the Scheingross and Lamb (2017) model. We calculate the 10-year flood water discharge at each of the bedrock
study reaches (Q,, ;) using historic gage records scaled by drainage area

A

site 4
4 )

gage

Qw_xite = Qw_gage :

where A,;,, and A,,,. are the drainage areas at the sample site and discharge gage, respectively, and Q,, is the

gage _gage
discharge at the gage (Table S7 in Supporting Information S2). We combine the 10-year discharge with a flow-
resistance empiricism (using Dy, as the roughness element) (Ferguson, 2007) and lidar to estimate flow depth and

wetted channel width (Text S3 in Supporting Information S1).
We estimate the sediment supply of the 10-year flood (Q,) using the long-term basin-averaged erosion rates
derived from our detrital cosmogenic nuclide samples (E, g, ave)-

A

_ Ebasin_avg )

0, 2 )

where I;is an intermittency factor that we set equal to 1% (~3.5 days; changing I, had little effect on model fit,
Figure S8 in Supporting Information S1). Equation 5 thus assumes that the total sediment flux transported in a
characteristic 10-year flood is equal to the average annual volume of sediment produced by the basin, given an
erosion rate equal to that measured by the basin-averaged cosmogenic nuclide samples. This approach follows the
idea that, because the frequency-magnitude distribution of flood and erosion events is heavy-tailed (e.g., DiBiase
& Whipple, 2011; Lague et al., 2005), the mean-annual erosion rates recorded by basin-averaged cosmogenic
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rates should be skewed toward less-frequent erosive events. We emphasize that the basin-averaged erosion rates
(derived from °Be accumulation in detrital sands) are an independent input for sediment flux relative to the
reach-averaged erosion rates we are using to test the accuracy of Equation 2.

Using our estimates for the water discharge and sediment flux for a 10-year return flood as inputs into the
Combined Processes Model (Equation 2) yields an instantaneous erosion rate for the 10-year event. To compare
instantaneous erosion rate predictions with millennium-scale cosmogenic erosion rates, we assume that erosion-
producing floods occur once every 10 years and last 3.5 days. We estimate the time-averaged erosion rate,

Ecombined_lime_avg! as

_ Ecombined ) If

Ecomhined_time_avg - P
return

(©)

where P,,,,,, is the 10-year flood return interval.

We acknowledge that these model inputs are simplified in that they are temporally constant and we limit the
distribution of flood magnitudes and sediment fluxes that contribute to reach-scale erosion; however, the full
frequency-magnitude distribution of floods and time-dependent input variables needed to more accurately test our
model against cosmogenic nuclide-derived erosion rates are impossible to constrain given current knowledge. We
emphasize that using these approximations allows a comparison between our field-measurements and model
predictions at a proof-of-concept level, which has not previously been done for the Combined Processes Model or
for either of its component parts (i.e., the Lamb et al., 2008; Scheingross et al., 2017 models). Furthermore, our
simplified inputs allow us to carefully examine the influence of each input variable (in Section 5.3) and inform
future work which can address how cosmogenic erosion rates reflect a time-average of a broad variety of erosive
events.

5.2. Comparison Between Model-Predictions and Field-Measurements

With the exception of one outlier (DNK-02, discussed below), our results show that the Combined Processes
Model yields predictions within a factor of two of the range of the cosmogenic nuclide-derived reach-averaged
erosion rates in Dinkey Creek and within a factor of five of the reach-averaged erosion rates in the MFK
(Figure 7a, Table S7 in Supporting Information S2). Furthermore, the model-predictions agree with field data in
predicting higher erosion rates in the MFK relative to Dinkey Creek, and model predictions have a statistically
significant positive relationship with field-measured erosion rates (p = 0.85, p = 0.004, Figure 7a). This positive
correlation indicates that the Combined Processes Model has a statistically meaningful use in determining which
reaches have higher erosion rates. Furthermore, this correlation between predicted and measured values for the
Combined Processes Model is higher than the correlation predicted by the total load model or waterfall plunge-
pool model in isolation (Figures 7b and 7c), thereby highlighting the importance of including both planar fluvial
erosion and waterfall erosion processes in model predictions.

In the correlation estimates above, we excluded one outlier (DNK-02) predicting an erosion rate >600% higher
than any other erosion rate prediction (Figure 7a. Table S7 in Supporting Information S2). As previously
mentioned (Section 4), this reach was anomalously steep (average channel slope 0.35 relative to an average slope
of 0.049 in other sites) with high drop heights and minimal plunge-pool development (Figure 2, Tables S6 and S7
in Supporting Information S2). The strong disagreement between model predictions and cosmogenic-measured
erosion rates at DNK-02 is consistent with our interpretation in Section 4 that erosion at DNK-02 is domi-
nated by processes not included within the Combined Processes Model (e.g., weathering and collapse of the
waterfall face).

We posit that the decreased accuracy of model predictions in the MFK relative to Dinkey Creek may stem from
differences in sediment cover between these two rivers. While study reaches in Dinkey Creek had abundant
bedrock exposure (e.g., Figure S7 in Supporting Information S1, Movie S1), the MFK had abundant sediment
cover (Movie S2) and study reaches often displayed large (>1 m diameter) boulders covering parts of the channel
and frequent paleo-plunge pools (which we define as >1 m deep pools along the channel thalweg that lacked a
corresponding waterfall (Figure S9 in Supporting Information S1)). The presence of paleo-plunge pools violates
our assumption that a planar channel bed between waterfalls and paleo plunge pools may serve as locations to
collect sediment covering the bedrock bed. This increased cover should reduce erosion rates in reaches between
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measurement and methodological error of the cosmogenic erosion rate

measurements.

waterfalls relative to our Combined Processes Model predictions and is
consistent with the over-prediction of erosion rates with the Combined Pro-
cesses Model in MFK (Figure 7a). This idea is supported by model results of
the Combined Processes Model with planar-bed erosion set to zero (Figure
S10 in Supporting Information S1). When planar-bed erosion is set to zero,
the Combined Processes Model predicts that four out of five MFK model
predictions are within a factor of two of the erosion rate measurements. On the
other hand, the Dinkey Creek estimates are less accurate, with three estimates
falling to almost one fifth of the cosmogenic-measured erosion rate estimate,
which is consistent with our field observations of minimal sediment cover in
Dinkey Creek.

Overall, we interpret the positive correlation between model predictions and
our cosmogenic measurements of reach-averaged erosion rates to indicate the
success of the Combined Processes Model at the proof-of-concept level.
While the model may not estimate accurate erosion rates, the Combined
Processes Model provides an easy way to estimate differences between reach-
scale erosion rates in waterfall-rich channels. Moreover, the agreement be-
tween model-predictions and reach-averaged field measurements within a
factor of five is reasonable, given the assumptions required to make model
predictions (e.g., assuming all erosion occurs in a 10-year return flood due to a
lack of data on water and sediment fluxes over the millennial timescales
recorded by the cosmogenic-nuclide derived erosion rates). Thus, we argue
that the predictive value of the Combined Processes Model in identifying
differences in reach-averaged erosion rates between reaches justifies using
the model to explore the sensitivity of reach-averaged erosion rates to
changing sediment and water discharge, and waterfall and channel geometry,
as we do below.

5.3. Exploration of the Combined Processes Model
5.3.1. Methods

We now use our Combined Processes Model to identify how differences in
channel morphology, water discharge and sediment flux influence reach-
averaged erosion rates. To determine how waterfalls alter erosion rates
relative to waterfall-free channels, we use the Combined Processes Model to
predict reach-scale erosion as a function of waterfall frequency using the
MFK as a reference site (Table S11 in Supporting Information S2). Each
model run consists of a 300 m long channel with 22 m of relief partitioned into
20 m of waterfall relief and 2 m of planar-channel relief (e.g., Figure 6a). We
explore the role of waterfall frequency in altering erosion rates by performing
different model runs with waterfall relief divided into either one, two, four,
six, or eight waterfalls with drop heights of 20, 10, 5, 3.3, or 2.5 m, respec-
tively. Because both plunge-pool depth and radius have been suggested to
scale with waterfall drop height (Scheingross & Lamb, 2017), we scale
plunge-pool depth and radius using the best fit linear relationship with drop
height from our field-surveyed data (Figure S11 in Supporting Informa-
tion S1). These conditions cause channels with higher waterfall frequency to
have shorter drop heights, smaller pool radii, smaller pool depths and a greater
S

n

on_wy (due to the increased cumulative length of plunge pools, Equation 3).

For all model runs, we present both model results as dimensional (Figure S12
in Supporting Information S1) and non-dimensional (Figure 8) erosion rates.
We non-dimensionalized erosion rates by normalizing Combined Processes
Model predictions of erosion rate by the erosion rate of a “non-waterfall”
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Vertical waterfall erosion rate (E,, ,,,,) normalized by E,,, ,,» (C, g, k, 0, s) lateral waterfall erosion rate (E,, ,,,) normalized by E,,, ,,» and (d, h, 1, p, t) and total load

erosion rate in the planar reaches between waterfalls (E,)) normalized by E,

non_wf*

channel (£

won_wy)» €stimated using the total load model applied across a channel of the same relief with no wa-

terfalls (Figure 6b). We perform five groups of model runs exploring how erosion rates vary as a function of water
discharge (Group 1), the sediment supply to sediment transport capacity ratio (Q,/Q,.) (Group 2), median grain
size (Group 3), plunge pool radius (Group 4), and channel morphology (Group 5), with all other parameters held
constant at the MFK reference values (Table S11 in Supporting Information S2) unless otherwise noted. In all
model runs, we calculate the sediment transport capacity for the planar channel without waterfalls (i.e., a 300 m
long channel with 22 m of planar-channel relief and O m of waterfall relief, Figure 6b), we calculate Q. following
Fernandez Luque and Van Beek (1976), and we hold Q,/Q;. constant except in Group 2. We pay particular
attention to the trend in our model results (rather than the absolute magnitude) to avoid over-interpretation of the
model predictions and to be consistent with the proof-of-concept level we believe the model represents.
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5.3.2. Results

In Group 1, we explore varying water discharge from a 2-year to 100-year return period for the MFK reference
site while holding Q,/Q,. constant across all discharges (thus, sediment flux varies with water discharge)

on_wf> E /Enon_wﬁ
E\t 1at/Enon_wp and Ey/E,,,, ) increase with both increasing waterfall frequency and increasing flood magnitude
(Figures 8a—8d), and that reaches with waterfalls always erode faster than waterfall-free reaches for floods of 5-
>1, Figure 8a). Normalized erosion rates increase with

(Figures 8a—8d). Our results show that almost all normalized erosion rates (E.,,,.pinea/E, wf_vert

year return periods or larger (i.e., E,pmpineaEnon_wp

discharge because, although the erosion rates of both waterfall and non-waterfall channels (E.,,pincq a0d E,pp,_yp

respectively) increase with discharge (Figures S12a-S12¢ in Supporting Information S1), E,,,,,,

with discharge than E,,,,;;,.q» due to differences in the scaling of sediment transport capacity with discharge for

wr increases less

waterfall plunge pools versus planar channels (Scheingross & Lamb, 2021). At low discharges, waterfalls cannot
effectively transport sediment out of their plunge pools, allowing the development of cover that prevents plunge
pool erosion (Figure 8b, 2-year flood); however, at high discharges, the near-perpendicular impact of a waterfall
jet directly into a plunge pool allows the sediment load to energetically impact the bedrock pool floor. In contrast,
discharge increases in planar channels cause some sediment to be suspended, reducing the total amount of
sediment impacts (Lamb et al., 2008; Scheingross et al., 2014).

In Group 1, Combined Processes Model erosion rates in waterfall-rich channels increase with waterfall frequency
for two reasons. First, waterfall erosion rates are faster than that of the planar channel by total load abrasion, so
increasing the fraction of channel length eroded by waterfalls (relative to erosion by total load abrasion) increases
the reach-scale erosion rate. Second, individual vertical and lateral erosion rates in waterfall plunge pools increase
with waterfall frequency (at discharges greater than a 2-year flood), because waterfalls are shorter with smaller
pool radii. In this case, the decrease in erosion rate from decreasing drop height is outweighed by the increase in
erosion rate from decreasing the plunge pool radius.

In Group 2, we vary O, /0. from 0.002 to 0.5. Because Q.. is calculated for the planar channel with no waterfalls
(Figure 6b), a Q,/Q,. of 0.5 ensures reaching full sediment cover in reaches with waterfalls (Figure 6a) (i.e., cover
will occur both in plunge pools and in planar reaches between waterfalls). While both waterfall and planar channel
erosion rates increase with higher Q./0,., Combined Processes Model erosion rates in waterfall-rich rea-
ches increase modestly as compared to erosion rates in waterfall-free reaches. Therefore, at low sediment supply
(Q,/0Q,. £0.032), waterfall-rich channels erode fast relative to non-waterfall channels (i.e., E.oppinea/Enon_wr> 1)
but under high sediment supply (Q,/Q,. > 0.13), waterfall-rich reaches erode slow relative to a planar reach
(Ecompined Enon_wr < 1)- The switch from fast to slow erosion rates is partially driven by the onset of partial to full
sediment cover in plunge pools, which reduces vertical and lateral erosion rates (Figures 8f and 8g) at a lower
threshold Q/Q,. than non-waterfall channels (Figures S12f—S12j in Supporting Information S1). Additionally, as
sediment supply increases, the lower-slope planar reaches between waterfalls experience the onset of sediment
cover before the higher-slope waterfall-free channel, causing normalized total load erosion rates to decrease and
eventually drop to zero at high sediment supply (Q,/Q,. > 0.1257). Our Group 2 results show that at high
sediment supply, reaches with fewer, larger waterfalls can evacuate sediment more effectively and erode more
quickly than reaches with more, smaller waterfalls; however, in all cases explored in our model runs, waterfall-
rich reaches at high sediment supply erode slow relative to non-waterfall channels (i.., E ,mpinea/Enon_wr < 1 for
Q,/0,. > 0.13). Both of these trends are counter to the positive relationship between waterfall frequency and
erosion rate found using our cosmogenic data (Figure 3), highlighting the need to collect more field data across a
broader range of sediment supplies.

In Group 3, we vary median grain size from 3 mm to 20 cm. Again, dimensional erosion rates for waterfall-free
and waterfall reaches both increase with grain size, but waterfall-reach erosion rates increase slower than
waterfall-free rates, and then decrease precipitously at large grain sizes due to the onset of cover in the plunge-
pool (Figures S12k-S120 in Supporting Information S1). Therefore, normalized reach-scale erosion rates
(Ecompinea’Enon_wyp) are highest for small grain sizes and decrease with increasing grain size (Figure 8j-8m). At the
largest explored grain size (D5, = 20 cm), sediment cover in plunge pools and planar reaches between waterfalls
causes E,r 0. Eyyp 10 and E; to drop to zero (Figure 8j—8m and Figures S12k-S120 in Supporting Informa-
tion S1); whereas for all grain sizes less than 20 cm, normalized reach-scale erosion rates increase with waterfall
frequency (Figure 8j—8m).
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For Groups 1-3 we vary the plunge pool radius with waterfall drop height following theory (Scheingross &
Lamb, 2017) and using the best-fit relationship from our field data (Figure S8 in Supporting Information S1).

rpool =0.26 X hwf +3.7 (7)

However, in Group 4, we explore how changing the relationship between plunge pool radius and waterfall drop
height influences erosion rates by multiplying Equation 7 by a constant, C, ranging from 0.67 to 3

rpoo, = C[026 X hwf + 37] (8)

Our results show that smaller plunge-pool radii (lower C values) increase normalized waterfall and reach-scale
E /E,

erosion rates (Ecombined /Enon_wf! wf_vert' =non_wf>

pool radii create higher flow velocity in the plunge pool and concentrate sediment impacts over a smaller surface

and E, ., /E,,,_p- This increase occurs because smaller

area. This increase in erosion rate is enough to offset the effect of the decreased fraction of the total channel length
experiencing waterfall erosion (Figures 8n—8q). If pool radii become too large (e.g., C = 3), plunge-pool sediment
transport capacity drops below the sediment supply and the waterfall can no longer remove sediment from the
plunge pool, causing a reduction in normalized erosion rates. Given that plunge-pool radii tend to increase over
time (Scheingross et al., 2017), this result indicates that if upstream waterfall retreat is halted (e.g., via retreat into
a particularly resistant patch of rock), a waterfall that was initially eroding fast relative to waterfall-free reaches
could become a “slow” waterfall due to the increase in plunge pool radius.

In Group 5, we test the robustness of the relationship between erosion rate and waterfall frequency by exploring
different relationships between waterfall form and waterfall frequency. In Scenario 1, we use the baseline con-
dition for the MFK reference site in which we follow the channel morphology rules used in Groups 1-4 (allowing
h

th’ y pool>

pool>
E, . .rincreases with increasing waterfall frequency, due in part to increasing length of the channel eroded by
waterfalls, and in part to higher vertical and lateral waterfall erosion rates caused primarily by smaller plunge-pool

radii.

and S,,,,, . to co-vary with waterfall frequency). As discussed above, in this Scenario, E,.,ineq/

In Scenario 2, we allow waterfall frequency and drop height to co-vary under the same scheme as Scenario 1, but
we hold plunge pool morphology constant at the median radius and depth found in our channel surveys across
both MFK and Dinkey Creek (7,,,,, = 4.5 m, h,,,,; = 2.5 m). In this scenario, the erosion rate of waterfall-rich
channels is fast relative to non-waterfall channels (E.,,pinea/Enon_wr > 1) and increases with waterfall fre-
quency. However, erosion rates increase by a diminishing margin with each increase in waterfall frequency
because both vertical and lateral plunge pool erosion rates decrease with decreasing drop height, as less energy is
applied across the same sized plunge-pool (Figures 8s and 8t).

In Scenario 3, we hold waterfall drop height, plunge-pool radius and plunge-pool depth constants (h,,,= 2.5 m,
Tpoot = 4.5 m, h,,,,; = 2.5 m) and instead vary the slope of the planar channel between waterfalls (S,,,, ) to keep
the total relief constant in the model reach across different waterfall frequencies. In Scenario 3, erosion rates at

each waterfall are roughly constant with increasing waterfall frequency (there are slight changes in E, , and

wf_ver:

E, ¢ 14 due to changes in S, ,0); however, normalized channel erosion rates increase with waterfall frequency.

In all three Scenarios, erosion rates in waterfall-rich reaches remained equal to or greater than erosion rates in
planar reaches (E.,pinca’Enon_wp> 1) and increased with increasing waterfall frequency (Figure 8r). We interpret
this as evidence of a strong relationship between waterfall frequency and channel erosion rates, which is robust to
the manner of waterfall morphology changes with waterfall frequency.

5.3.3. Model Discussion

Our model exploration shows that the presence of waterfalls can result in both fast and slow erosion relative to
waterfall-free channels. Across all variables, waterfall frequency remains a dominant control on normalized
erosion rates, with rates generally (but not always) increasing with increasing waterfall frequency. Our modeling
results show that higher waterfall frequency results in particularly large increases in reach-scale erosion rates for
reaches with low sediment supply, small grain sizes, and high-flood discharges. However, we also find that
waterfalls can cause reach-scale erosion to decrease relative to waterfall-free conditions, predominantly under
conditions of high sediment supply, large grain size, low flood discharge, and/or large plunge pool radius. In these
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circumstances, both waterfall plunge pools and planar reaches between waterfalls may cease to erode due to the
onset of sediment cover earlier than in an entirely planar channel.

Our sensitivity analysis demonstrates that waterfalls alter reach-averaged channel erosion rates under a broad
range of conditions and morphology assumptions. Not only do waterfalls influence channel erosion rates under
most sediment and discharge conditions, but reach-averaged erosion rates increase with waterfall frequency over
a broad range of plunge pool and drop height dimensions. These model results emphasize that waterfall formation
is a mechanism by which a wide variety of channels can self-adjust their morphology (in different ways) in order
to erode at a rate equal to an imposed forcing.

Our model supports and provides context for other waterfall and knickzone erosion rate studies. For example, our
model results agree with previous work that under a large range of conditions, waterfall-rich reaches erode fast
(e.g., Crosby & Whipple, 2006; DiBiase et al., 2015; Gallen et al., 2011; Y. Hayakawa & Matsukura, 2003). Our
model also indicates that waterfall erosion rates likely decrease with drainage area upstream and may become
slow compared to planar-channel erosion at low drainage areas, where grain sizes are large, and flood magnitude
is small (Figure 8, Figure S12 in Supporting Information S1). This result is consistent with previous work
demonstrating that at small drainage areas, waterfall retreat may halt, and waterfall erosion can be negligible
(Berlin & Anderson, 2007; Crosby & Whipple, 2006; DiBiase et al., 2015; Raming et al., 2024; Raming &
Whipple, 2022). Furthermore, our model suggests a reason why waterfalls do not show drainage-area dependence
in sediment-free experiments (e.g., Baynes, Lague, Attal, et al., 2018), by indicating that drainage-area depen-
dence may be due to the increase in sediment size with distance upstream together with a decrease in flood
magnitude.

Our model sensitivity analysis also provides insight into the channel dynamics in Dinkey Creek by supporting the
idea proposed by Callahan et al. (2019) that in the Dinkey Creek landscape, channels have too little sediment to
incise. Indeed, at low sediment loads and small grain sizes, both the Combined Processes Model and the total load
model predict that channel erosion rates decrease almost to zero (Figure S12 in Supporting Information S1).
Although waterfalls may erode faster than planar bed erosion, the channels may be unable to adjust to equilibrium
because both erosion mechanisms work slowly.

6. Implications and Conclusions

Our reach-scale and basin-averaged erosion rates show that many waterfall-rich reaches erode faster than the rest
of the basin. Furthermore, variability in reach-scale erosion rates can be explained primarily by waterfall fre-
quency, with a higher frequency of waterfalls resulting in as much as a factor of 5 difference in local erosion rates
for reaches with similar average-channel-slope and stream power (Figures 4, 5, and 8). These results highlight that
channel slope or stream power alone may poorly predict differences in reach-scale erosion rates between
waterfall-rich reaches, and instead we need to consider the combined effect of both waterfall erosion and abrasion
in planar channels in order to accurately predict reach-scale erosion rates (Figures 4 and 5).

Our findings support previous numerical modeling predictions that waterfall occurrence can result in km-scale
changes in river long profile morphology by altering erosion rates without greatly altering channel slopes
(Rothman et al., 2023). Specifically, our cosmogenic measurements support the idea of a fast waterfall dynamic
zone, by demonstrating that across a river with no high-slope knickzones and little variation in slope, channels
with slightly above-average slopes and high waterfall frequencies may be eroding up to four times faster than the
basin average.

While our field data show a predominance of fast waterfalls, our modeling indicates that waterfall occurrence can
slow channel erosion rates under conditions of low discharge, large sediment size, large plunge pool radius, and
high sediment supply. These factors suggest that waterfall erosion rates may slow as they move upstream, both in
absolute terms and relative to planar-channel erosion rates, due to larger sediment size and smaller flood size. This
finding is consistent with previous work demonstrating a decrease in waterfall and knickzone retreat rates moving
upstream (e.g., Berlin & Anderson, 2007; Crosby & Whipple, 2006; DiBiase et al., 2015; Raming &
Whipple, 2022).

If fast waterfall erosion is most likely to occur under low sediment supply and with small grain sizes, we hy-
pothesize that fast-waterfall rich channels could also alter rivers in terms of channel planform and lateral
migration. Fast-eroding waterfall reaches likely coincide with low lateral erosion rates due to the lack of sediment
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cover and bed roughness needed to drive high rates of lateral sediment impacts (Baynes et al., 2020; Tur-
owski, 2018). This conjecture agrees with our field observations and previous findings that waterfall-rich
channels tend to be narrow, with lateral erosion mostly confined to plunge pools (e.g., Baynes et al., 2022;
DiBiase et al., 2015). Furthermore, if waterfalls deflect grain impacts equally toward all plunge-pool walls
(Scheingross et al., 2017) rather than preferentially toward the cutbank channel wall as in sinuous channels
(Turowski, 2018), waterfalls may also alter channel planform evolution by slowing bedrock channel migration. In
sum, our field and modeling results highlight waterfalls as important channel features that can both drive reach-
scale erosion rates and shape river morphology, and potentially watershed morphology over larger spatial scales.
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All cosmogenic nuclide data are available in Tables S1-S4 and S7, and all survey and pebble count data are
available in Tables S5-S9 in Supporting Information S2 as well as in a Zenodo data set repository (Roth-
man, 2024b). We have also supplied codes for identifying channel width using TopoToolbox 2 (Schwanghart &
Scherler, 2014), and for running the Combined Processes Model (including codes for calculating waterfall erosion
previously made available in the supporting information of Scheingross and Lamb (2016) and Total Load Erosion
code written by Michael P. Lamb and edited by Joel S. Scheingross as per Lamb et al. (2008)) available in a
Zenodo software repository (Rothman, 2024a). All codes were written in MATLAB (2022).
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Erratum

The originally published version of this article contained typographical errors. In Figure 2, panels f and j should be
renamed as “DNK-03" and “DNK-06,” respectively. The errors have been corrected, and this may be considered
the authoritative version of record.
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