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Abstract. Bedrock river bathymetry is dynamic, with incision rates dependent on sediment cover, supply, and
mobility in the channel. However, the scale and fluctuation of this dynamic sediment storage is not well un-
derstood, particularly in large bedrock rivers where the bed is not visible at low flows. We used repeat, high
resolution, multibeam bathymetric surveys from 2021–2023 to characterize bed and bank topography in nine
bedrock canyons that are representative of a wide range of width, depth, slope, and velocity observed through
the 375 km long Fraser Canyon in British Columbia. Change in elevation as high as 15 m is identified between
surveys. We characterize patches of contiguous change to measure changes in sediment storage volume. Our ob-
servations reveal that channel morphology determines where storage occurs. We find that sediment is “staged”
through canyons, initially being deposited in a canyon near a sediment supply site, then moving downstream as
the initial deposit declines. Substantial changes in storage volume occur without substantial changes in patch
footprint. These findings provide key context for interpreting the reach-scale structure of bedrock erosion, the
long-term evolution of mountain river networks, and the moderation of sediment delivery to lowland environ-
ments.

1 Introduction

The propagation of climatic and tectonic signals through
river networks is controlled by reaches where erosion-
resistant bedrock dominates the bed and banks (Whipple
et al., 2013). It is here that the rate of landscape evolution
is limited by the rate of bedrock fluvial incision (Rennie
et al., 2018; Turowski et al., 2008; Venditti et al., 2020b;
Whipple and Meade, 2004; Wohl, 2015) because bedrock-
bound reaches present hard points that must be incised along
the river profile and determine the base level of upstream
landscapes (Venditti, 2026). Local incision processes are
controlled by hydraulic and sediment conditions at the bed
(Chatanantavet and Parker, 2008; Lamb et al., 2008, 2015;
Larsen and Lamb, 2016; Li et al., 2020, 2021, 2023; Sklar
and Dietrich, 2004; Turowski et al., 2007, 2008; Yanites,
2018; Zhang et al., 2015). Bedrock is eroded by abrasion and

plucking, with abrasion dominating in regions with compe-
tent massive bedrock (Lamb et al., 2015). Plucking is im-
portant where rock is highly jointed, but abrasion still plays
a key role in increasing the mobility of large plucked rocks
by reducing their size through battering (Chatanantavet and
Parker, 2008). Sediment plays a critical role in incision be-
cause sediment cover can shield the bed from erosion, yet
also acts as tools that cause abrasion and batter rock where it
is exposed (Sklar and Dietrich, 2004). In general, low sed-
iment cover results in the dominance of vertical incision,
whereas high cover shields the bed and causes deflection of
particles into the banks which widens the channel (Finnegan
et al., 2007; Fuller et al., 2016; Li et al., 2020, 2021, 2022,
2023).

Early models for predicting sediment cover in bedrock
rivers were based on the assumption that the fraction of
bedrock bed covered by transient deposits of alluvium should
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vary with the rate of coarse sediment supply relative to the
bedload sediment transport capacity (Gasparini et al., 2007;
Sklar and Dietrich, 1998, 2004; Turowski et al., 2007). This
assumption is supported by results of laboratory experiments
that used planar bedrock surfaces and uniform sediment grain
sizes (Chatanantavet and Parker, 2008; Larimer et al., 2021;
Scheingross et al., 2014, 2017; Scheingross and Lamb, 2016;
Sklar and Dietrich, 2001). However, numerous field studies
have shown that spatial patterns of sediment storage within
bedrock channels are strongly influenced by the local to-
pography of underlying bedrock (Beer et al., 2017; Goode
and Wohl, 2010; Turowski et al., 2008). As a result, more
recent cover models include bedrock roughness as a con-
trolling variable, and treat cover as a function of the thick-
ness of sediment storage relative to a characteristic roughness
height (Inoue et al., 2014; Johnson, 2014; Shobe et al., 2017;
Zhang et al., 2015). In this framework, sediment cover and
storage are linked, and depend on the temporal sequence of
sediment supply events and the local feedbacks among sedi-
ment storage, bed topography, flow hydraulics, and sediment
transport (Buechel et al., 2022; Hodge et al., 2011; Hodge
and Buechel, 2022; Hodge and Hoey, 2016). Sediment sup-
ply, in turn, depends on the lithologic, climatic, and geo-
morphic factors that control sediment production in upstream
catchments (Sklar, 2024), and by episodic events that deliver
coarse sediment to the channel (e.g. debris flows, landslides,
rock falls). The timing of hillslope input events relative to
peak flow influences whether an erosive or depositional sig-
nal will propagate (DeLisle and Yanites, 2023; Lague, 2010;
Turowski et al., 2013), while channel morphology and the
sediment storage legacy of previous events will influence
how those signals translate or disperse downstream.

In active orogens, bedrock-bound reaches are often char-
acteristically narrow, deeply incised, and relatively straight
channels (e.g. Baker et al., 1988; Bretz, 1924; Ouimet et
al., 2008; Rennie et al., 2018) that follow structural weak-
ness in the rock (e.g. Curran et al., 2023). These channels
typically alternate with comparatively wide and shallow un-
constrained non-bedrock reaches (Dolan et al., 1978; Rennie
et al., 2018; Venditti et al., 2020a, b; Whipple et al., 2013;
Wohl, 2015; Wright et al., 2024). Both experimental and field
studies of narrow bedrock canyons have shown that sediment
cover and morphology are interrelated (e.g. Cao et al., 2022;
Cook et al., 2013; Hurson et al., 2022; Finnegan et al., 2007;
Johnson and Whipple, 2010; Kusack et al., 2024). While
bedrock channels can have planform morphologies similar to
alluvial channels (e.g. meandering, anabranching, straight)
(e.g. Wohl, 1998; Wohl and Merritt, 2001), there are also
morphologies unique to bedrock-bound channels where the
banks are bedrock and the bed is only intermittently covered
by sediment (Venditti, 2026). These include (1) constriction-
pool-widenings (CPWs), (2) rapids, and (3) overfalls (Fig. 1).

Constriction-pool-widenings (CPWs) are places where a
local constriction in channel width causes a deep pool to
form within and downstream of the constriction, followed

by a channel widening (Venditti et al., 2014, 2020a; Wright
et al., 2024). This morphological sequence develops where
channel constrictions force plunging flows that cause a ve-
locity inversion (high velocity at the bed, and low velocity at
the surface) (Hunt et al., 2018; Hurson et al., 2022; Hurson
et al., 2025; Li et al., 2022; Venditti et al., 2014). Plunging
flows form due to a backwater developing upstream of the
narrowing, which causes flow to spill through the constric-
tion, and plunge towards the bed in the centre of the channel
(Cao et al., 2022; Hunt et al., 2018; Hurson et al., 2022, 2025;
Venditti et al., 2014). These plunging flows scour the bed and
carve a deep pool downstream of the constriction (Cao et al.,
2022; Kusack et al., 2024; Hurson et al., 2022; 2025). Plung-
ing flows are maintained through the pool by a secondary
circulation that brings slow moving fluid from the bed to the
water surface along the channel margins (Hurson et al., 2022;
Venditti et al., 2014). The secondary circulation as well as
particle deflections off sediment deposits drive sediment into
the canyon walls downstream of the constriction, resulting in
lateral erosion and widening (Kusack et al., 2024; Li et al.,
2020, 2021, 2022, 2023; Venditti et al., 2014). Previous work
on CPWs has shown variation in sediment cover where it can
be entrained at high flows and subsequently redeposited at
low flows (Hurson et al., 2022). There is also evidence of co-
herent variation in sediment cover with patches forming in
the bottom of pools and on the pool exit slopes at low flows
(Hurson et al., 2022, 2025; Kusack et al., 2024).

Rapids are typically steep reaches where relatively shallow
flow travels over bedrock steps and/or boulders with visible
whitewater at the surface (Leopold, 1969). They can occur in
channels where tributaries and other lateral sediment inputs
deliver particles too large to be easily moved by annual flows
(Dolan et al., 1978; Graf, 1979; Hammack and Wohl, 1996;
Kieffer, 1985; Larsen et al., 2004; Webb et al., 1988). These
inputs may develop debris fans, which create a fan-eddy
complex (Schmidt, 1990) consisting of a backwater upstream
of the constriction, accelerated flow past the fan deposit, a
horizontal recirculation eddy in the downstream widening,
and a gravel or sand bar where sediment supply is abundant
(Alvarez et al., 2017; Alvarez and Grams, 2021; Grams et al.,
2007; Mueller et al., 2018; Schmidt, 1990; Schmidt and Ru-
bin, 1995). Rapids also may occur without lateral sediment
inputs where bedrock or boulders force a lateral constriction
or a cross-channel sill (Venditti et al., 2020a; Wright et al.,
2024). Breaking surface waves that produce highly aerated
white water occur at rapids (Kieffer, 1985, 1988a–j, 1989).
Boulder and bedrock enforced rapids may span all or only
part of the channel width (Wright et al., 2024) and need not
be coupled with a channel widening or lateral recirculation
eddy (Venditti, 2026).

Overfalls are like rapids in that they occur at locations
with bedrock or boulder steps, however, these steps typically
span the entire width of the channel (Wright et al., 2024).
The flow structure is similar to a waterfall but without flow
detachment from the boundary and freefall through the air
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Figure 1. Morphology and flow structure in bedrock-bound channels (Wright et al., 2024; Venditti, 2026). Photos of each morphology are
from the Fraser River, British Columbia, Canada.

(Venditti, 2026). Overfalls may also occur where the chan-
nel is severely constricted. Overfalls have significant water
surface elevation change (several meters) that results in an
impinging jet and a plunge pool (Hurson, 2024). This verti-
cal drop produces transcritical or supercritical flow over the
bedrock steps, and large standing and breaking waves as the
flow transitions back to subcritical flow downstream of the
steps (Kieffer, 1985; Magirl et al., 2009). Notable examples
of overfalls are the one created by the 2018 Big Bar Land-
slide as well as at Bridge River Rapid in the Fraser River
(Venditti, 2026).

Differentiating the impacts of different bedrock-bound
channel morphologies and flow structures on sediment stor-
age and cover is challenging because the location and mag-
nitude of sediment erosion and deposition can vary with both
morphology and supply events. Here we explore the varia-
tion in sediment storage in large bedrock canyons follow-
ing a major sediment supply event. We aim to understand
how channel morphology and sediment supply influence sed-
iment dynamics in CPWs, rapids, and overfalls. We use high-
resolution, repeat bathymetric surveys to explore the varia-
tion in bed topography caused by changes in sediment stor-

age in a large bedrock canyon system. We measure changes
in sediment volume between repeat surveys and identify re-
gional patterns in relation to channel morphology and follow-
ing a major sediment supply event that delivered sediment
to the channel where hillslope-channel connectivity is high.
Our research questions are: (1) How do sediment storage and
cover vary spatially and temporally in a large bedrock river;
(2) Do patterns of sediment storage and routing vary with
channel morphology; and (3) How does sediment storage
vary with changes in discharge following a high sediment
input event?

2 Methodology

2.1 Study Area

The Fraser River drains ∼ 232 000 km2 of British Columbia,
Canada, flowing ∼ 1375 km from Mount Robson to the Pa-
cific Ocean (Fig. 2). Between Soda Creek and Yale is a
375 km bedrock influenced reach, colloquially referred to as
the Fraser Canyon, which is comprised of a series of bedrock
canyons that are conspicuously narrow and deeply incised,
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interspersed with wider reaches without obvious bedrock ex-
posure (Venditti et al., 2020a). The banks within the Fraser
Canyon are ∼ 26 % bedrock-bound (both sides bedrock),
∼ 29 % bedrock-constrained (one side bedrock), and ∼ 45 %
non-bedrock (Rennie et al., 2018). The non-bedrock reaches
are a mix of alluvial material, glaciofluvial terraces, collu-
vial deposits composed of boulders kinetically sieved and
washed from the glaciofluvial terraces, colluvial bases of
talus slopes, and debris flow deposits washed of finer ma-
terials (Curran et al., 2023; Rennie et al., 2018; Venditti et
al., 2014; Wright et al., 2022). The Fraser River is a freshet
dominated system that experiences the highest flow from late
spring to early summer (May to June) during snowmelt, with
flow then receding into late summer, followed by low flows
in the fall and winter when the snowpack rebuilds (Septem-
ber to April) (Fig. 3). A gauging station near the exit of the
Fraser Canyon in Hope, British Columbia (Water Survey of
Canada Gauge 08MF005), has a mean annual peak flow of
8420 m3 s−1, a mean annual flow of 2700 m3 s−1, and a base-
flow of ∼ 1000 m3 s−1 (Hurson et al., 2022).

British Columbia experiences atmospheric river precipi-
tation events resulting from extratropical cyclones that con-
tain high amounts of moisture from the Pacific Ocean. Such
events cause high rainfall from October to December as at-
mospheric rivers are orographically lifted when encountering
the topography of the region. In November 2021, Southwest-
ern British Columbia experienced an extreme atmospheric
river event resulting in flooding and landslides throughout the
Fraser Valley and Canyon. The rainfall magnitude was not
unusual for Southwestern British Columbia, but the angle of
the storm directed it up the Fraser Valley and Canyon affect-
ing infrastructure and transportation corridors (Gillett et al.,
2022). Saturated soil from previous storms and rain-on-snow
led to an unusual runoff event that caused a series of land-
slides and debris flows that contributed substantial sediment
to the river during an otherwise low flow period (Baird, 2024;
Sepúlveda et al., 2023). Our surveys bracket the 15 Novem-
ber 2021, atmospheric river and resulting sediment supply
event.

2.2 Surveys

Our dataset encompasses nine bedrock canyons with repeat
surveys in the Lower Fraser Canyon between Lytton and
Yale, British Columbia (Fig. 2b). These canyons are rep-
resentative of the range of width, depth, and velocity ob-
served throughout the Fraser Canyon. Repeat surveys were
conducted by boat using a Norbit iWBMS echosounder, op-
erated at 400 kHz, with an integrated Applanix WaveMas-
ter II inertial motion sensor, an AML Minos X sound veloc-
ity probe, and inline Trimble GNSS receivers. Range reso-
lution of the Norbit echosounder is < 10 mm. Each survey
consists of multiple overlapping passes through major mor-
phological features in which initial centreline passes used a
swath angle of 150–170° and channel walls were mapped by

steering the beams to either side. Data were post-processed
in POSPac MMS software using PP-RTX corrections or an
RTK base station to improve positioning accuracy. RTX cor-
rections give horizontal and vertical accuracy of < 20 and
< 50 mm respectively while RTK corrections give horizon-
tal and vertical accuracy of ∼ 8 and ∼ 15 mm, respectively.
Bathymetric data were manually filtered to remove acous-
tic noise in QPS Qimera software and point clouds were ex-
ported using the NAD83 UTM 10N (Epoch 2002) coordinate
system with a CGVD2013 vertical datum. Digital elevation
models (DEMs) of bathymetry were generated at a horizontal
resolution of 0.5 m. Coverage varies somewhat due to river
conditions, but DEMs typically extend bank to bank with
coverage to ∼ 1 m below water surface near the banks and
lower coverage in places where the river has high velocity,
aeration and turbulence levels.

Surveys characterize bed and bank topography of nine in-
dividual canyons along the Lower Fraser Canyon (Fig. 2b)
between 2021 and 2023 (Table 1). All surveys are collected
at low to moderate discharges (1500–3000 m3 s−1 at Hope).
The first survey was conducted 10–12 November 2021 (dis-
charge at Hope: 1900–2050 m3 s−1) at Yale Rapids and Lady
Franklin Rock in advance of the 15 November 2021 atmo-
spheric river and sediment supply event. The second sur-
vey took place April 2022 (1560–1800 m3 s−1) in all nine
of the canyons before the rising limb of the 2022 freshet.
The third survey occurred the same year during the later
part of the falling limb in August/September 2022 (1880–
3330 m3 s−1) in all nine canyons. The fourth and final survey
was conducted August 2023 (1950–2110 m3 s−1) in eight of
the canyons (all except Siska Canyon), during the falling
limb of the freshet. The elapsed time between surveys is
split into three Eras: Era 0 the 2021–2022 low-flow sea-
son (November 2021 to April 2022); Era 1 the 2022 freshet
(April 2022 to August/September 2022); and Era 2 the 2022–
2023 annual cycle (August/September 2022 to August 2023).
Era 0 encompasses the 2021–2022 low-flow season show-
ing change in elevation after the atmospheric river precipita-
tion event during winter baseflow, whereas Era 1 character-
izes intra-annual change during the following 2022 summer
freshet. Era 2 depicts the 2022–2023 annual change cycle,
showing changes post-freshet from year to year (Fig. 3).

2.3 Morphological categorization

Surveyed canyons were categorized according to the
dominant channel morphology as: (1) constriction-pool-
widenings (CPWs), (2) rapids, or (3) overfalls, although
many of the surveyed canyons have characteristics of mul-
tiple bedrock-bound morphologies. CPWs were identified by
the presence of a constriction in channel width coinciding
with a deep pool, followed by a downstream widening of
the channel. Pools can be located within, upstream, or down-
stream of the constriction (Wright et al., 2022). Due to plung-
ing flows and resulting velocity inversions, the surface veloc-

Earth Surf. Dynam., 14, 553–573, 2026 https://doi.org/10.5194/esurf-14-553-2026



C. B. A. Ross et al.: Sediment storage and routing in bedrock canyons 557

Figure 2. Fraser River, British Columbia: (a) Fraser River Basin with locations of major towns as well as the Hope Gauging Station (Water
Survey of Canada Guage 08MF005); (b) outline of Canada (Statistics Canada, 2016) highlighting the location of the Fraser River Basin; (c)
locations of canyons with repeat surveys as well as Anderson Creek and Zulu Creek tributary confluences.

Figure 3. Hydrograph for the Fraser River at Hope, British Columbia, over a three-year period (December 2020–December 2023). Data is
from the Water Survey of Canada Guage 08MF005. Black circles indicate survey dates. Eras (time elapsed between surveys) are delineated
along the x-axis. Era 0 represents the 2021–2022 low-flow season, Era 1 is the 2022 freshet, and Era 2 encompasses the 2022–2023 annual
cycle.

ity is low in these CPWs, meaning there is often no white wa-
ter visible at the surface in the widenings. Rapids were identi-
fied by white water and high velocities at the surface relative
to the low surface velocities observed at CPWs, as well as
shallower depths relative to CPWs. Overfalls are identified
by the presence of a significant drop in water surface eleva-
tion without flow detaching from the bed, a hydraulic jump,
and visible white water (Venditti, 2026). Our categorization

benefits from detailed observations of velocity through the
canyons reported by Hurson (2024).

2.4 Change detection and analysis

We created a DEM of elevation differences for each Era by
subtracting the older of the two surveys from the more re-
cent. Positive changes were then interpreted as sediment de-
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Table 1. Surveys, associated dates, canyons surveyed, and mean daily discharge.

Survey Dates Canyons Surveyed Discharge at
Hope (m3 s−1)

November 2021 Survey 10 November 2021 Yale Rapids, Lady Franklin Rock 1990

11 November 2021 Yale Rapids, Lady Franklin Rock 1900

12 November 2021 Yale Rapids, Lady Franklin Rock 2050

April 2022 Survey 25 April 2022 Siska Canyon 1560

26 April 2022 Scuzzy Rapid, Hells Gate Canyon, Little Hells
Gate Canyon, Black Canyon

1660

27 April 2022 Tikwalus Rapid, Alexandra Canyon, Yale Rapids,
Lady Franklin Rock

1800

August/September 25 August 2022 Siska Canyon 3290

2022 Survey 26 August 2022 Scuzzy Rapid 3210

30 August 2022 Yale Rapid, Lady Franklin Rock 2960

31 August 2022 Yale Rapid, Lady Franklin Rock 2940

1 September 2022 Yale Rapid, Lady Franklin Rock 2890

13 September 2022 Tikwalus Rapid, Alexandra Canyon 2020

14 September 2022 Tikwalus Rapid, Alexandra Canyon, Hells Gate
Canyon, Little Hells Gate Canyon, Black Canyon

1960

15 September 2022 Hells Gate Canyon, Little Hells Gate Canyon,
Black Canyon

1880

August 2023 Survey 2 August 2023 Yale Rapids, Lady Franklin Rock 2110

3 August 2023 Yale Rapids, Lady Franklin Rock 2060

4 August 2023 Yale Rapids, Lady Franklin Rock 2020

7 August 2023 Scuzzy Rapid, Hells Gate Canyon 1950

8 August 2023 Little Hells Gate Canyon, Black Canyon 1970

9 August 2023 Black Canyon, Tikwalus Rapid 2020

10 August 2023 Tikwalus Rapid, Alexandra Canyon 2050

Note: April 2022 surveys were corrected using PP-RTX, whereas all other surveys had an RTK base station.

position, and negative changes as sediment erosion. Given
the horizontal and vertical accuracies of our GNSS and
echosounder, we elected to ignore changes in topography
≤ 0.1 m. Difference maps could only be resolved where data
was present in both surveys. We use surveys of Tikwalus
Rapid to illustrate the workflow in Fig. 4, which shows
DEMs for the April 2022 survey (DEM A; Fig. 4a) and Au-
gust 2022 survey (DEM B; Fig. 4b) which have been pro-
cessed at the same resolution and are spatially coincident.
The differenced DEM shows where the elevation increased
due to sediment deposition and decreased due to sediment
erosion over the approximately four months of Era 1 which
encompasses the 2022 freshet (Fig. 4c).

The final step in processing DEMs of elevation difference
was to delineate distinct patches where we could calculate
the change in sediment storage by integrating the elevation
difference over each patch area (e.g. Fig. 4d). We defined a
patch as a spatially contiguous area of deposition or erosion
with a zone of near zero change surrounding it. We attempted
to automate patch identification, but results failed to show
coherent patterns due to many small patches that were dif-
ficult to distinguish from survey uncertainty. Therefore, we
mapped patches manually, only mapping those patches for
which we had high confidence based on factors such as the
presence of bedforms, proximity to the banks, consistency of
data coverage, knowledge of data collection conditions in the
field, and the size of the patch. As a result, mapped patches
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Figure 4. Visualization of the change detection workflow using repeat surveys at Tikwalus Rapid over Era 1 as an example: (a) bathymetry
at Tikwalus Rapids in April 2022; (b) bathymetry at Tikwalus Rapid in August 2022; (c) elevation differences between the two surveys
representing change in Era 1 through the 2022 freshet; (d) manually mapped patches of change from Era 1 at Tikwalus Rapid.

tended to be larger and closer to the centre of the channel
where there is high data density resulting from multiple in-
dependent passes of the echosounder. We excluded from the
analysis smaller potential patches located in regions with low
data coverage, typically close to the banks, due to low con-
fidence in the accuracy of patch boundaries. The volume of
change in each patch was measured as the sum of the change
in each pixel multiplied by pixel area (0.25 m2). Additionally,
the patch area and location along the Fraser River centreline
were extracted. The smallest patch size considered was 2 m2.

We calculated the dynamic sediment storage volume
through surveyed reaches as the difference between survey
bathymetry and the minimum elevation at each DEM pixel
observed throughout all the surveys. This method was devel-
oped to establish the contribution of alluvial sediment cover
in each bathymetric survey, as well as to reveal spatial and
temporal changes in cover. We created a minimum eleva-
tion DEM in which each pixel represents the lowest observed
bed elevation in that area over all the surveys. We then cre-
ated DEMs of difference by subtracting the minimum ele-
vation DEM from each survey bathymetry DEM. This ele-
vation change was then multiplied by pixel area (0.25 m2)
to yield the volume of alluvial bed storage. The calculation
of dynamic storage was restricted to regions within mapped
patches of detectable change as these excluded areas with
low survey confidence that may introduce error. Alluvial
storage identified within these areas is used as a metric for
volume of dynamic sediment storage at each location for

each survey. The dynamic storage volume was calculated
at the same 0.5 m resolution as the DEMs, and values were
grouped by the closest river meter location along the Fraser
River centreline. The grouped points were then summed to
reveal total dynamic storage volume along each 20 m section
of the channel.

3 Results

3.1 Morphology of canyons

We classify four canyons as having CPW morphology:
Siska Canyon, Black Canyon, Alexandra Canyon, and Lady
Franklin Rock (Fig. 5a, b, c, d). Each of these reaches has
a deep pool either upstream, within, or downstream of the
constriction. This deep pool extends downstream into the be-
ginning of the widening before ultimately shallowing within
this wide section. The deep slot-like features observed in
constrictions of Siska Canyon, Alexandra Canyon, and Lady
Franklin Rock resemble those found in flume experiments of
CPW bed topography (Kusack et al., 2024). Lady Franklin
Rock has a mixed morphology with characteristics of both
CPWs and rapids due to the slot through the constriction
forming lateral ledges resulting in shallow flow and white
water at the surface.

We identified four canyons dominated by rapids, charac-
terized by shallow flow and white water, including: Scuzzy
Rapid, Little Hells Gate Canyon, Tikwalus Rapid, and the
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Figure 5. Canyon bathymetry as depth below water surface at sites with repeat surveys. Reaches are categorized based on morphodynamic
type. Approximate depth values are labelled at select locations with notable features. Prominent morphologic features are labelled as well.
Streamwise positions are mapped. See Ross et al. (2026) for bathymetric maps of all surveys.

multiple rapids within Yale Rapids (Fig. 5e, f, g, h). The
rapids have variation in both the width and bed morphol-
ogy, with narrow slot pools and ledges along the banks.
Little Hells Gate Canyon and Tikwalus Rapid are typical
rapids while Yale Rapids and Scuzzy Rapid have a some-
what more diverse morphology. Little Hells Gate Canyon
has shallow flow and whitewater at the surface along its
whole length and less distinct pools (Fig. 5f). Tikwalus Rapid
is formed by a debris fan (Venditti, 2026) delivered by a
debris flow during the November 2021 atmospheric river
(Baird, 2024). The channel is partially constricted by the

debris fan resulting in a standing wave train and white wa-
ter at the surface (Fig. 5g). Prior to the 2021 debris flow,
the canyon where Tikwalus Rapid formed had CPW mor-
phology. Scuzzy Rapid has bedrock-step rapid morphology
(Venditti, 2026) but also has characteristics of CPWs. There
are constrictions with deep pools, but also sections of shal-
low flow that produce white water conditions (Fig. 5e). Yale
Rapids is a series of bedrock-step rapids that have charac-
teristics of CPWs (Venditti, 2026). The reach referred to as
Yale Rapids includes a rapid at Saddle Rock where the chan-
nel splits around a bedrock island, the eponymous Yale Rapid
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that has a narrow slot pool cut down the channel centreline
and shallow flow over ledges on either side of the channel,
a widening called Deadmans Eddy, and another rapid called
Devils Tooth Rapid that also has a narrow slot and shelves
(Fig. 5h).

Hells Gate Canyon has a constricted overfall morphology
(Venditti, 2026). Upstream of the overfall the flow is shal-
low, then accelerates through a constriction, followed by a
∼ 2.5 m vertical drop in water surface elevation that produces
a hydraulic jump, and a 30 m deep scour pool downstream
(Fig. 5i). Hells Gate Canyon had a CPW morphology un-
til 1912 when blasting associated with railway construction
resulted in debris deposition into the constriction creating a
boulder-step overfall, which was later exacerbated by a rock-
fall in 1914 (Evenden, 2004). Subsequent blasting has deep-
ened the channel creating a constricted overfall morphol-
ogy. Our bathymetry is not well resolved through Hells Gate
Canyon at the overfall because the flow is too aerated for
multibeam observations, but we have observations upstream
and downstream of the overfall that reveal sedimentation pat-
terns.

3.2 Spatial changes in sediment storage

Sediment storage varies through the canyons and Eras as ev-
idenced by mapped patches of erosion and deposition (Ta-
ble 2, Fig. 6). All canyons, excluding Hells Gate Canyon
(the overfall), have patches that aggrade and patches that
erode within each Era. Elevation changes as high as 15 m are
observed. Yet, the absolute mean elevation change for each
patch has a median of just ∼ 0.7 m for all patches. The me-
dian patch area is ∼ 990 m2, and patch area is log-normally
distributed. We considered all patches greater than 2 m2

when mapping, however the smallest patch we were able to
discern from survey error with confidence was 12 m2. The
largest patch mapped was ∼ 85 900 m2. We observe patch
volumes, which are also log-normally distributed, ranging
from ∼ 4 to ∼ 325 700 m3. The median patch volume for all
canyons over all Eras, independent of direction of change, is
∼ 640 m3. When we test for differences between the morpho-
dynamic type assigned to the canyon they are found in, or the
Era they are observed in, we do not find any statistically sig-
nificant differences in absolute mean elevation change, area,
or absolute volume of patches. However, the overfall has by
far the lowest percentage patch area to survey area compared
to the other morphologies.

CPWs tend to have channel-spanning patches, while
rapids have more spatial variation in patches throughout the
reach, and the overfall had no obvious erosion or deposition
in the pool downstream of the vertical elevation drop (Fig. 7).
Throughout all the Eras, CPWs tended to have large contin-
uous patches, extending downstream at length scales longer
than the channel width, located throughout the pool and con-
striction. These channel-spanning patches also tend to fol-
low the morphology of the inner slots through constrictions

Figure 6. Distribution of mapped patches from all Eras, morpho-
dynamic types, and directions of change based on patch (a) mean
absolute elevation change, (b) area, and (c) absolute volume. See
Table 2 for measured statistics.

(Fig. 7a, b, c, d). Discerning a pattern of change within the
rapid morphology is challenging due to higher variation in
relative patch locations and magnitudes. However, there ap-
pears to be a more prominent alternation between erosion and
depositional changes in storage in subsequent downstream
patches, as well as across the channel width (Fig. 7e, f, g, h).
Our surveyed overfall, Hells Gate Canyon (Fig. 7i), has neg-
ligible elevation change downstream of the overfall (< 1 m
vertical change).

While the volume of dynamic storage changes between
different morphologies and Eras, the locations of storage are
consistent over time (Fig. 8). Peaks in dynamic storage occur
at locations where there are large channel-spanning patches
associated with CPWs as well as throughout rapid reaches.
However, the volume of dynamic storage varies at these lo-
cations. For instance, at Yale Rapids and Lady Franklin Rock
there is significant fluctuation in the magnitude of dynamic
storage peaks, with increases and decreases in storage vary-
ing from peak to peak and survey to survey. In Novem-
ber 2021 the three dominant locations with peaks in stor-
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Table 2. Median and inter-quartile range (IQR) for absolute mean vertical change, patch area, and absolute volume of patches. Statistics are
calculated for all patches as well as subgroupings based on direction of change, morphodynamic type, and Era. Results are rounded to the
nearest unit for area and absolute volume, and to the nearest hundredth of a meter for absolute mean elevation change.

Group N Abs of Mean Area Abs Volume
Vertical Change (m) (m2) (m3)

Median IQR Median IQR Median IQR

All Patches 390 0.69 0.97 993 3172 642 3387
Erosion 190 0.79 1.01 1103 4034 735 4725
Deposition 200 0.65 0.87 827 2461 519 2697
CPWs 129 0.66 1.01 856 2772 515 2426
Overfall 5 0.99 1.13 2970 3032 1739 1251
Rapids 256 0.70 0.94 1034 3128 669 3723
Era 0 27 0.43 0.65 913 1974 613 610
Era 1 197 0.68 1.05 879 2440 575 2392
Era 2 166 0.77 0.84 1164 4458 765 4936

age (located between river kilometres 189 and 193) have
volumes between ∼ 6000 and ∼ 12 000 m3. In April 2022
these same locations have storage in the range of ∼ 12,000
to ∼ 20 000 m3. In August 2022, the two upstream loca-
tions have decreased to a dynamic storage around∼ 6000 m3

while the most downstream location increases dramatically
to∼ 44 000 m3. Finally, in August 2023 the peaks range from
∼ 6000 to ∼ 22 000 m3. Despite substantial changes in the
magnitude of dynamic storage in each of the surveys, the lo-
cation of the peaks in storage remains consistent. The most
upstream location has the greatest dynamic storage in April
2022 and August 2023, while the middle location is the great-
est in November 2021, and the most downstream location has
the highest dynamic storage observed in all the surveys and
canyons in August 2022.

Patch dynamics within Black Canyon, Tikwalus Rapid,
and Alexandra Canyon include cases where patches merged,
split, or changed direction over different Eras; these adjust-
ments varied over the same flow period even within the same
canyon morphology (Fig. 9). At Black Canyon, the most up-
stream patch shifted from deposition in Era 1 during the 2022
freshet (B1; Fig. 9a) to erosion in Era 2 through the 2022–
2023 annual cycle (B′1; Fig. 9b). We observe that patches
merged at Black Canyon, with one depositional (B2; Fig. 9a)
and two erosional patches (B3 and B4, Fig. 9a) in Era 1 be-
coming a single erosional patch (B′234, Fig. 9b) in Era 2. At
Tikwalus Rapid, the upstream erosional patch in Era 1 (T1;
Fig. 9c) split into multiple patches of both erosion and de-
position in Era 2 (T′1; Fig. 8d), while the two downstream
patches, one depositional (T2; Fig. 9c) and the other ero-
sional (T3; Fig. 9c) in Era 1, combined into a single deposi-
tional patch in Era 2 (T′23; Fig. 9d). At Alexandra Canyon, the
large dominant patch (A1; Fig. 9e, A′1; Fig. 9f) that extends
through the constriction and into the widening, remained in
the same location between Eras, yet switched from erosional
in Era 1 to depositional in Era 2. Importantly, even as these

patches merged, split, and changed direction, the planform
area (i.e. footprint) of sediment storage change overall re-
mains almost entirely consistent over time.

3.3 Sediment staging through the canyons

We refer to the short-term process of localized sediment
collection, storage, and release as sediment “staging”. The
complex patch behaviour observed (e.g. merging, splitting,
changing between erosion and deposition) is evidence of sed-
iment staging through the canyons following the major sed-
iment supply event in 2021. Black Canyon, Tikwalus Rapid,
and Alexandra Canyon, occur in a downstream sequence
with short intervening sections that are not bedrock-bound.
Upstream of Black Canyon is the Zulu Creek debris fan and
the Anderson Creek confluence delta which grew substan-
tially following the 2021 atmospheric river. A debris fan is
also located between Black Canyon and Alexandra Canyon
that formed Tikwalus Rapid after the November 2021 supply
event. Topographic differencing indicates that the upstream
end of Black Canyon and the downstream end of Tikwalus
rapid aggraded in Era 1 through the 2022 freshet suggesting
that a large pulse of sediment was added to the channel fol-
lowing the 2021 supply event (Fig. 9). In Era 2 through the
2022–2023 annual cycle, the Black Canyon deposit eroded
and the sediment deposit downstream of Tikwalus Rapid
passed further downstream. Alexandra Canyon eroded in Era
1, then aggraded in Era 2, having received sediment from
Black Canyon and Tikwalus Rapid. This suggests sediment
is passed from canyon to canyon and that the direction of
change in sediment storage reflects sediment supply events.

There is also evidence that sediment staging occurred at
Yale Rapids and Lady Franklin Rock Canyons in response
to a high sediment input event (Fig. 10). Change in sediment
storage primarily occurred along this reach in three wide sec-
tions of the channel: downstream of Yale Rapid in Deadmans
Eddy (W1; Fig. 10), just downstream of Devils Tooth Rapid
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Figure 7. Change in elevation during Era 1 at all sites, with regions of deposition represented by positive change, and erosion by negative
change. Approximate elevation change values are labelled at select locations with notable features. Prominent morphologic features labelled
in Fig. 5 are also visible. Streamwise positions are mapped. See Ross et al. (2026) for maps of change in bathymetry over all the Eras.

(W2; Fig. 10), and downstream of Lady Franklin Rock (W3;
Fig. 10). Surveys of these reaches at low flow, before and fol-
lowing the November 2021 supply event (Era 0), reveal depo-
sition in all three wide sections of the channel (Y1, Y2, and
L1; Fig. 10a). During the subsequent high flow period (Era
1) Deadmans Eddy (Y′1; Fig. 10b) as well as at the wide sec-
tion downstream of Devils Tooth Rapid (Y′2; Fig. 10b) show
a shift to erosion, however, the widening at Lady Franklin
Rock continues to aggrade, having received the sediment
from the upstream widenings (L′1; Fig. 10b). Over the fol-
lowing low and high flow season (Era 2), Deadmans Eddy

(Y′′1; Fig. 10c) began to aggrade again, yet the wide section
downstream of Devils Tooth Rapid (Y′′2; Fig. 10c) continued
to erode, while substantial sediment erosion occurred down-
stream of Lady Franklin Rock (L′′1; Fig. 10c). The Novem-
ber 2021 atmospheric river delivered a large volume of sed-
iment to the Fraser Canyon, but that sediment was primarily
delivered to specific points along the channel through trib-
utaries or mass movement events. As temporal proximity to
the event increases, sediment appears to have been staged
through the Yale Rapids to Lady Franklin Rock Canyons
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Figure 8. Dynamic sediment storage volume, calculated as difference from minimum elevation observed over all surveys for each canyon
and Era surveyed. Canyon survey locations are plotted along river kilometers. Volume is summed over 20 m longitudinal increments. In
brackets after canyon names their morphology is noted (“CPW” for constriction-pool-widenings, “R” for rapids, and “O” for the overfall).

Figure 9. Elevation changes at Black Canyon, Tikwalus Rapid, and Alexandra Canyon for Era 1 and Era 2. Prominent morphological features
are labeled. Patches discussed in text are labeled with the first letter of the canyon name, and a numbered subscript for identification, while
prime notation is used to distinguish between Eras.
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Figure 10. Elevation changes at Yale Rapids and Lady Franklin Rock for Era 0, Era 1 and Era 2. Prominent morphological features are
labeled. Patches discussed in text are labeled with the first letter of the canyon name, and a numbered subscript for identification, while prime
notation is used to distinguish between Eras.

reach as topographic changes occurred in a propagating ero-
sive pattern downstream.

The calculated flux divergence of volume change through-
out the canyons shows that there is a reversal in domi-
nant sediment storage signals between Era 0 the 2021–2022
low-flow season (depositional), Era 1 the 2022 freshet (ero-
sive), and Era 2 the 2022–2023 annual cycle (depositional)
(Fig. 11). Flux divergence is calculated as cumulative change
in patch volume summed from upstream to downstream
through all surveyed canyons. Era 0 has the lowest data cov-
erage (only spanning Yale Rapids to Lady Franklin Rock)
but even so we measured a net accumulation of∼ 509 000 m3

over the approximately five-month period between surveys.
Era 1 has the highest coverage (all nine canyons) and a net
erosion of approximately – 764 000 m3 over the four-month
period between surveys. Era 2 has coverage in all canyons ex-
cept Siska Canyon and a net depositional flux divergence of
∼ 148 000 m3 over the year between surveys. The locations
of the greatest changes in flux divergence occur in the same
reaches between the Eras, such as river kilometre ∼ 193 in
Yale Rapids or ∼ 190 in Lady Franklin Rock. Notably, sed-
iment storage change is dramatic at pools within CPW mor-
phologies (e.g. Black and Alexandra Canyons in Fig. 9), as
well as widenings downstream of canyons and rapids (e.g.
Tikwalus Rapid in Fig. 9; Fig. 10).

3.4 Comparing the roles of morphology and staging in
sediment storage

To compare the influence of morphology versus sediment
staging on sediment movement through the canyons, we ex-

plored changes in patch area and volume. We found that to-
tal patch footprint was relatively consistent while net volume
change was much more dynamic between surveys, indicating
that changes in storage need not correspond with changes in
patch area (Fig. 12). Total mapped patch area between Era
1 the 2022 freshet and Era 2 the 2022–2023 annual cycle
was similar for each canyon, indicating a relatively consis-
tent patch footprint over both timesteps (Fig. 12a). The only
exception is Yale Rapids which had a greater patch area in
Era 2 due to a substantial increase in surveyed area. The di-
rection of change in volume can be assessed by plotting Era
1 and 2 volume changes across four quadrants (Fig. 12b). If
there was no pattern in volume change between the Eras, then
we would expect to see points in every quadrant. Quadrants
II and IV indicate the same direction of net change between
Eras and Quadrants I and III indicate opposite change. Indi-
vidual patch volume within each canyon had wide variation,
but net volume changes are inversely related between Era 1
and 2 (Fig. 12b). In general, the canyons that had net erosion
in one Era had net deposition in the next Era, or vice versa.
This was true for all sites, although Hells Gate Canyon and
Little Hells Gate Canyon had very low net values in both
Eras. Both rapids and CPWs had large net volumes changes
(> 10 000 m3) in at least one of the Eras, though the mag-
nitude depends on the individual canyon. The range of net
volume change in Era 1 during the 2022 freshet was greater
than Era 2 through the 2022–2023 annual cycle, meaning
the net volume change was not completely recovered be-
tween surveys. Our results indicate patch footprint does not
change substantially, but net volume changes occur because
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Figure 11. Flux divergence through the surveyed canyons for each Era, calculated as cumulative change in patch volume summed from
upstream to downstream. Analysis shows that Era 0 and Era 2 were dominated by deposition while erosion dominated during Era 1. The
upstream-most point with data is labeled for each Era. Regions without survey data are shaded grey, so flux divergence is assumed to be
constant throughout these reaches. In brackets after canyon names their morphology is noted (“CPW” for constriction-pool-widenings, “R”
for rapids, and “O” for the overfall).

the thickness of alluvial deposits change. Additionally, the
percentage of the total survey area in which patches oc-
cur is independent of the magnitude of net volume change
(Fig. 12c). There was substantial variation in the fraction of
survey area where storage change occurs, ranging from 9 %
to 68 %, yet these changes do not appear to depend on the
resulting net volume change throughout the canyon reach.
We therefore observe substantial changes in sediment stor-
age without substantial changes in patch footprint.

4 Discussion

4.1 Morphological controls on sediment storage

Spatial patterns in elevation change appear to align with un-
derstanding of end member morphodynamic types outlined
by Venditti (2026). CPWs have channel-spanning continu-
ous patches of either erosion or deposition, extending from
upstream of the constriction with a slot-like shape, through
the pool and into the widening (Fig. 13a, d). Therefore, it
appears that the deep pools associated with CPWs are loca-
tions of sediment storage. Rapids exhibit alternation between
patches of erosion and deposition throughout the reach length
and channel width (Fig. 13b, e). Flow in rapids is chaotic
and relatively shallow, leading to the most complex patch
behaviour being observed in these reaches. The overfall has
negligible storage change throughout its reach (Fig. 13c, f).
This is likely because upstream of the overfall, flow is fast
and shallow, while downstream the impinging jet prevents
deposition. Additionally, throughout all sites, areas without
patches are more common along the margins of the channel
suggesting sediment transport also tends to favor the center
of the river; however, data analysis also favoured the centre
of the channel due to survey coverage and uncertainty. While
the location of storage appears in a pattern related to mor-

phology, whether sediment is deposited or eroded in these
locations does not.

There is a wide range of potential storage volumes asso-
ciated with a given alluvial bed cover fraction. We observe
elevation changes between surveys to be predominantly from
alluvial-to-alluvial cover, and do not see evidence of signif-
icant changes in bedrock exposure (i.e. alluvial cover en-
croachment). An example of this can be seen at Tikwalus
Rapid (Fig. 4a, b), where the bed texture indicates consistent
alluvial cover between surveys (through visual distinctions
between roughness and the presence of bedforms) except for
some very small areas where bedrock exposure may change
near the banks as the thickness of deposits fluctuate. This
has implications for our understanding of how sediment stor-
age in bedrock channels is scaled with the degree of alluvial
bed cover, as our findings indicate that substantial storage
changes can occur without a change in the bedrock exposure.
In bedrock channels we expect that overall changes in stor-
age will average to zero, however, our results indicate that a
dynamic equilibrium exists with fluctuations around a mean
sediment cover due to the localized storage capacity of com-
plex bedrock channel morphologies.

It is important to recognize that our surveys are all from
low flow conditions. Observation from Hurson et al. (2022)
suggest that at moderate flows, the sediment cover is eroded
to bedrock. Our annual surveys suggest that there are fluc-
tuations about a mean sediment cover at low flows, and that
the bed is not fully exposed. The mean cover is dependent
on hillslope-derived sediment supply from upstream and the
staging of sediment through canyons. At moderate to high
flows, the bed can be exposed, which limits the period when
vertical erosion can occur in a canyon.
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Figure 12. (a) Comparison of total patch area mapped within each canyon over Era 1 and 2. All canyons with surveys bracketing both Eras
were plotted (Siska Canyon therefore excluded). The dashed line indicates 1 : 1. (b) Comparison of net volume change within each canyon
over Era 1 and 2 (again, Siska Canyon therefore excluded). Quadrants I and III indicate a shift between deposition and erosion for canyons
depending on the Era. Quadrants II and IV indicate a consistent direction of change over both Eras. (c) Plot of the percentage of patch area
of the total survey area against the net volume change observed for each canyon in each Era.

4.2 Storage response to sediment supply events

Reaches with the same morphologies often behave similarly,
but observed differences suggest that transient sediment-
supply generates an overlapping signal that modifies the un-
derlying influence of channel morphology on sediment dy-
namics. It is therefore unlikely morphology is the sole in-
fluence on sediment storage. Decoupling the impact of mor-
phology and sediment supply on sediment storage is diffi-
cult because channels are locally responding to both pulses
of sediment moving downstream as well as local flow condi-
tions and morphology. This has been observed in other land-
scapes where patterns of temporary sediment storage are de-
pendent on channel morphology and staging, influencing the
rate at which a pulse of sediment propagates through a sys-
tem as well as its residence time in different channel loca-
tions (e.g. Cook et al., 2020; Gran and Czuba, 2017; Kuo and
Brierley, 2014). In a purely morphologically controlled sys-
tem with a consistent hydrograph pattern and constant sedi-
ment supply, we would expect sediment to deposit and erode
in patterns dependant on canyon morphology, with high and
low flows exacting predictable and repetitive changes locally.
This aligns with findings by Hurson et al. (2022) that there

is intra-annual variation in the sediment storage in Alexan-
dra Canyon with thick alluvial deposits forming at low flow
and being eroded at high flow. In contrast, with a purely sedi-
ment supply controlled system, we would expect sediment to
move through as a pulse originating from its input location
and propagating downstream during high flows, resulting in
varied responses between high and low flows locally. Our ob-
served sediment storage patterns reveal overlapping effects
of morphology and sediment supply variation.

The capacity for reaches to serve as sediment staging
zones is due to their proximity to upstream inputs, the timing
of inputs in relation to flow magnitude, and their morpholog-
ical features. The signals observed at Yale Rapids and Lady
Franklin Rock show the potential for some reaches to control
the rate of downstream sediment movement, and the influ-
ence of their bed cover change on subsequent change dynam-
ics downstream. For instance, wide sections such as Dead-
mans Eddy at Yale Rapids appear to act as storage zones for
incoming sediment. Subsequent clearing of stored sediment
in these potential storage zones appears to have impacted
storage downstream of these locations. An explanation for
the variation in the dominance of erosion versus deposition in
these wide sections is to view their signals in relation to their
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Figure 13. Cartoon of general patterns of elevation change ob-
served at each morphology. Planform view of patch patterns for (a)
CPWs, (b) rapids, and (c) overfalls is simplified based on obser-
vations for comparison of general patterns. Additionally, simplified
cross sectional views of patch dynamics are shown in panel (d) for
typical CPW morphology (although change may be erosional or de-
positional), (e) for potential rapid morphology, and (f) for likely
overfall morphology based on observations.

relative streamwise positions. In Era 0 after the atmospheric
river, all three wide sections (Deadmans Eddy, just down-
stream of Devils Tooth Rapid, and at Lady Franklin Rock)
experience deposition, likely due to the influx of sediment
into the channel sourced from the hillslopes. In Era 1, the fol-
lowing freshet causes the two upstream sections (Deadmans
Eddy and just downstream of Devils Tooth Rapid) to shift
to erosion, while the downstream section at Lady Franklin
Rock continues to be a location of deposition. The sediment
eroded from the upstream wide sections provides continued
sediment input and deposition to the downstream section.
Across the entire next year in Era 2, the upstream sections
begin to aggrade again, ceasing the downstream movement
of this sediment to the final widening, which may relate to
the observed erosion in this section during the time period.
Therefore, significant bed cover change can result from a
combination of both local hydraulics and channel morphol-
ogy as well as sediment supply variation.

It is possible to imagine the changes we observe in allu-
vial storage emerging due to different timescales and paths
of sediment pulses traveling through the canyons. Sediment
pulses can propagate through a reach by downstream transla-
tion or dispersing in place, with the possibility of both mech-
anisms occurring simultaneously (Sklar et al., 2009; Venditti

et al., 2010b). Pulses at high transport stages are more likely
to be translated, while at low stages are mostly dispersed
(Humphries et al., 2012). In sand and gravel bedded rivers,
sediment waves are commonly expressed as migrating dunes
or bars, and transport rates can be inferred from their down-
stream movement (e.g. Gilbert, 1914; Gomez and Church,
1989; Lisle et al., 2001; Madej and Ozaki, 1996). In contrast,
in these canyon reaches sediment appears to move as large,
discrete pulses that transfer relatively abruptly from one stor-
age location to the next, suggesting a fundamentally differ-
ent mode of sediment routing. Our results suggest that pulses
disperse before becoming concentrated in wide and deep sec-
tions of the channel. This can explain how sediment is staged
through the morphologies, with signals dispersed in reaches
with fast and shallow flow (i.e. rapids) before reconcentrating
in wide and deep reaches (e.g. pools at CPWs). This is ob-
served at Tikwalus Rapid where the sediment pulse appears
to disperse in Era 1 during the 2022 freshet before reconcen-
trating in the downstream wide section in Era 2 during the
2022–2023 annual cycle. We also see this at Yale Rapids and
Lady Franklin Rock where pulses become concentrated in
the widenings. This indicates that channel morphology may
amplify sediment waves as pulses propagate downstream.

Due to the compounding complexity of sediment input and
morphology influences on bed cover variation, it remains dif-
ficult to find discernible evidence of a single pulse propagat-
ing downstream through the canyon system. Changes in sed-
iment supply are known to influence patch dynamics on the
local scale with variations between individual patches (Nel-
son et al., 2009), and we observe this playing out at the reach
scale through the Fraser Canyon. The grain size distribution
of pulses and of the bed material have also been shown to
influence the mobilization of sediment (Nelson et al., 2010;
Venditti et al., 2010a, b). The exact role of grain size is yet
to be explored in the Fraser Canyon and would contribute to
understanding this dynamic. While the morphodynamics of
a reach can provide clues to where sediment storage change
is likely to occur, it remains challenging to predict whether
storage will increase or decrease in specific locations due to
staging and variations in the spacing and timing of sediment
inputs.

4.3 Implications for modelling cover in bedrock rivers

Our observations of sediment dynamics in the Fraser Canyon
have important implications for modelling sediment trans-
port and longitudinal profile evolution in bedrock rivers. In
bedrock incision models that account for the effects of sedi-
ment cover, cover is commonly treated as a monotonic func-
tion of either sediment supply from upstream (Sklar and Di-
etrich, 2004; Turowski et al., 2007; Lamb et al., 2008) or sed-
iment storage in a reach where sediment mass is conserved
(Shobe et al., 2017; Guryan et al., 2024; Zhang et al., 2018).
In contrast, here we observe large variations in net sediment
transport and storage without meaningful changes in the areal
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footprint of transient sediment deposits. In most cases, nearly
all changes in storage volume are accommodated by verti-
cal changes in sediment thickness. Moreover, the magnitude
of vertical changes we observe are generally much greater
than likely heights of roughness elements in the underlying
bedrock. Such roughness heights are used to scale cover with
sediment storage in current mass conserving cover models.
In the bedrock canyons of the Fraser River, lateral rough-
ness, in the form of width variation, appears to be more im-
portant than vertical roughness in controlling the extent and
persistence of sediment storage and alluvial cover. Morpho-
logic variability also appears to drive spatial and temporal
variability in sediment storage and release and thus sediment
supply to downstream reaches.

Future model development could potentially reproduce
some of these behaviours by explicitly incorporating vari-
ability in both local morphology and transport dynamics. For
example, measured trends in bedrock channel width with
drainage area commonly show that width varies locally by
a factor of two or more (e.g. Wright et al., 2022; Venditti,
2026). Models that include stochastic variability in local
width of this magnitude, or the systematic variation of width
and depth characteristic of CPW morphologies, may be ca-
pable of reproducing the observed tendency for greater sed-
iment storage in wider reaches. At the relatively short sea-
sonal to interannual time scale of our observations, dynamic
variation in sediment storage and release could be modelled
with stochastic variation in the values of parameters that con-
trol the magnitude of sediment flux, entrainment or depo-
sition (e.g. Turowski and Hodge, 2017), or by incorporat-
ing linkages between transport capacity and sediment stor-
age as have been observed in gravel-bedded rivers (Lisle and
Church, 2002; Reid et al., 2019). At the longer time scale
of longitudinal profile evolution, width should coevolve with
patterns of partial cover, due to the role of bed sediment in
driving lateral erosion of bedrock banks by deflecting bed-
load (Fuller et al., 2016; Turowski, 2018; Li et al., 2020,
2023). Models that explicitly account for sediment in mod-
ulating both vertical and lateral rock erosion may ultimately
be needed to reproduce the channel morphology and sedi-
ment dynamics of bedrock canyons like those in the Fraser
River.

5 Conclusion

High resolution repeat multibeam surveys were undertaken
in the Lower Fraser Canyon to investigate the topographic
variation in canyons where channels are constrained by
bedrock on both sides for extended distances. Surveys en-
compassed CPWs, rapids, and overfalls, which are recur-
rent morphologies that create distinct flow structures in these
reaches. Our observations show that bed elevation change
during high flows can reach 15 m in large channels, and that
areas of erosion and deposition are interspersed throughout

canyons within the same flow period. We interpret the pat-
terns of sediment storage to be driven by two signals: (1)
local channel morphodynamics which control where stor-
age occurs and (2) sediment staging of a high supply event
that controls how storage changes. Additionally, we observe
substantial changes in sediment storage without substantial
changes in the storage footprint, indicating that bedrock ex-
posure need not change with storage. CPWs tend to have
a large continuous channel-spanning patch, rapids alternate
between patches of erosion and deposition throughout their
reach, and overfalls show almost no change. Sediment sup-
plied from point sources (e.g. tributaries and mass move-
ments) is passed through canyons causing variation in the
magnitude and direction of storage change. As a result, stor-
age change does not follow an annual cycle due to the influ-
ence of varied sediment input into each canyon through hill-
slope contributions or upstream erosion of bed cover. It re-
mains difficult to predict how sediment storage will change
in bedrock rivers due to the combined influence of channel
morphology and complex sediment staging dynamics.

Data availability. Bathymetric surveys of the Fraser Canyon uti-
lized in this work, as well as data products associated with patch
analysis, are available at https://doi.org/10.20383/103.01722 (Ross
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