


(2000). Yet such features are common through
gravel–sand transitions (GST) and in many loca-
tions downstream of dams where sand-sized
sediment is impounded. In aeolian environ-
ments, bedforms developed under low rates of
sand supply, including barchan and crescentric
dunes, are well-documented (Bagnold, 1941;
Lancaster, 1995). Bedforms with limited sand
supply have also been identified in tidal marine
environments (Allen, 1968; Carling et al., 2005;
Ernstsen et al., 2005; Williams et al., 2006) and
on the sea floor (Kenyon & Stride, 1967; Lons-
dale & Malfait, 1974; Lonsdale & Spiess, 1977;
Wynn et al., 2002; Franzetti et al., 2013), sug-
gesting that a distinctive suite of bedforms
develops under sediment supply-limited condi-
tions in many flow environments at Earth’s
surface.
The term ‘sediment supply limited’ is applied

uncritically in the sediment transport literature.
It is typically thought of as a situation where the
supply of sediment to a river reach is less than
the capacity to transport it. If the transport
capacity exceeds the sediment supply to the
channel for long periods of time, the channel
will become non-alluvial, with periodically
exposed bedrock. If a river is to remain alluvial
in the long-term, river morphology, bed surface
grain size and gradient must adjust to pass the
water and sediment load. So, for an alluvial
river, the conditions where sediment supply is
less than capacity conditions must be either
temporary, occurring between sediment supply
events, or an interim condition occurring while
a river evolves to a new equilibrium condition.
Supply limitation may also refer to a condition
where the capacity to transport a particular grain
size exists, but the size is not available in the
supply, leaving the bed material depleted in a
particular size. Within this context, the term
‘supply limited’ has been applied to bimodal
sand and gravel in which the sand supply, from
upstream and/or from below a surficial gravel
armour, is insufficient to render the bed entirely
sand. In this sense, the supply limitation refers
to a condition where the supply of sand is insuf-
ficient to cover the bed entirely with sand. The
supply limitation to the bed might be the
consequence of limited amounts of sand trans-
ported into a reach with an otherwise coarser
bed, or a generous supply, most of which is
immediately advected onward and not lying on
the bed. Use of the term ‘supply limited’ herein
is consistent with this condition, where the sup-
ply of sand is not sufficient to completely cover

an otherwise coarser bed, regardless of how the
limitation occurs.
Experimental work has shown that, in the

circumstance just described, a well-defined
sequence of sand bedforms develops over other-
wise immobile gravel beds as the supply rate of
sand is increased (cf. Hersen et al., 2002; Klein-
hans et al., 2002; Tuijnder et al., 2009; Tuijnder
& Ribberink, 2012; Grams & Wilcock, 2014;
Venditti et al., 2017). Figure 1 is a conceptual
model developed by Kleinhans et al. (2002)
which shows that, as sediment supply increases,
the following bedforms emerge sequentially: (i)
sand ribbons; (ii) individual barchan-shaped
dunes; and (iii) channel spanning dunes. Gravel
may become locally mobile in the largest dune
troughs as intense turbulence winnows sand
from below the mobile armour layer. In laborato-
ries, the sequence is controlled by transport
stage, given by the Shields number:

s� ¼ s
ðqs � qÞgD ð1Þ

where s is the grain-related shear stress, qs and
q are the sediment and water densities, g is grav-
itational acceleration and D is a characteristic
grain-size. At low transport stages (0�01
<s*<0�05), just above the threshold for motion of
the sand, sand ribbons grade to low-amplitude,
elongated barchans with superimposed bedforms
developing with increasing sand supply to the
bed. At moderate transport stages (0�05<s*<0�5),
the bed grades from sand-ribbons to small barch-
ans to dunes while at higher transport stages
(0�5<s*<1�0), barchans grade to dunes with
increasing sediment supply (Kleinhans et al.,
2002). The overlapping ranges are mediated by
sediment supply, with the sequence sand rib-
bons to dunes advancing at lower values of s*
with the increase of sand supply.
Most previous work on this sequence of sup-

ply-limited sand bedforms has been done in
flume channels where flow conditions are steady
and uniform, a rare condition in natural channels.
There is a paucity of high resolution observations
and thus supporting information from river chan-
nels is lacking. The lack of field observations of
this sequence of bedforms is linked to the
dynamic behaviour of sediment transport in natu-
ral channels. Sediment supply gradients typically
occur over long distances in rivers (cf. Nittrouer
et al., 2011; Nittrouer, 2013). Sediment supply
can also vary temporally during flood flow events,
producing a sediment supply-limited sequence
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through time at a particular location in a river.
Obtaining measurements to illustrate and analyze
the effects of a limited sediment supply is, then,
logistically difficult because they need to be taken
over long distances and/or timed with a hydro-
graph. However, the sediment supply changes
that occur through a gravel–sand transition (GST)
provide an opportunity to study this bedform
sequence in natural channels. Here, observations
are presented of bedforms through the ‘diffuse
extension’ of the GST in the Fraser River (Venditti
& Church, 2014; Venditti et al., 2015) during
flood flow conditions. The diffuse extension is
the reach beyond the arrested gravel front (sensu
Parker & Cui, 1998) in which some fine gravel
continues to be transported and deposited in the
thalweg and on bar heads, in places forming a
light armour over which sand, now the dominant
portion of the bedload, passes. In the Fraser
River, the diffuse extension continues for many
kilometres beyond the gravel front.
The sand bed develops by deposition of a

large portion of the suspended sand load within
the first kilometre beyond the main gravel front
due to the break in water surface gradient and
consequent decline in shear stress, immediately
upstream. Sand accumulates here during low
and intermediate freshets and is redistributed
downstream at high flows to form the sand bed

in the distal reach of the river. Late in high flow
events, when little additional sand is being sup-
plied from upstream, the sand store immediately
below the GST may approach exhaustion and
the bedform suite associated with limited sand
supply then develops in the succeeding 15 km.
The morphology and scaling of bedforms
through this reach are examined. The specific
questions adressed in this study are: (i) do bed-
form patterns conform with increasing sediment
supply to the bed; (ii) do dunes conform to con-
ventional depth-scaling through the GST; and
(iii) what controls the height and length of sup-
ply-limited dunes?

METHODS

Field Site

The Fraser River drains 228 000 km2 of the cen-
tral interior of British Columbia. The river flows
through a 390 km long sequence of bedrock can-
yons and emerges from the mountain front at
Hope, British Columbia (Canada) as an alluvial
channel. Figure 2 summarizes the downstream
changes in topography, hydraulics and sediment
characteristics that occur through the alluvial
reach of the river as it approaches the ocean.

Fig. 1. Conceptual model for sandy bedform development over an immobile gravel bed. Flow is from left to right.
Modified from Kleinhans et al. (2002).
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The alluvial portion of the river takes the form
of a wedge of gravel and cobble material
between RK 160 to RK 90, with a break in bed
slope at RK 90 (Fig. 2A). There is a break in the
water surface gradient at RK 102, upstream of
the break in bed slope, that gives rise to a grain-
size transition from gravel to sand (Fig. 2B).
The river is gravel-bedded from Hope, BC (RK

160) to RK 100�5 (Fig. 2B) (Venditti & Church,

2014) (RK is river kilometres measured upstream
from the river mouth at the Strait of Georgia).
The bed material is framework supported 80 to
90% gravel and 10 to 20% sand (McLean et al.,
1999) and the subsurface median grain size fines
from ca 30 to ca 10 mm downstream (McLean
et al., 1999; Ham, 2005; Venditti & Church
2014) (Fig. 2C). The threshold for general move-
ment of the gravel bed is ca 5000 m3 sec�1

Fig. 2. Downstream change in: (A) water surface and bed elevation; (B) median grain size (D50); (C) percent sand
and gravel in the Fraser River as it approaches the ocean at Sand Heads.

Fig. 3. (A) Bed material grain size through the diffuse extension of the gravel–sand transition reach in the Fraser
River. Bathymetric data collected during a 2008 freshet survey by Public Works and Government Services, Canada
(details of survey in Venditti & Church, 2014). Each tricolour (dark blue, light blue and white) bar represents one
bed material sample. The proportion of a colour on the bar indicates the percent of the sample composed of a par-
ticular size class. For example, the tricolour bar in the legend is 33�3% gravel, 33�3% sand and 33�3% silt/clay.
Capital letters ‘A’ to ‘H’ correspond to grain-size distributions in panels (B) to (E). Interpretations from MBES data
indicate that the bed is: flat at ‘A’, composed of dunes with gaps in the troughs at ‘B’, ‘C’ and ‘D’, and an along-
stream dune field at ‘E’. ‘F’ and ‘G’ are from Hatzic Bar and Channel, respectively. ‘H’ is from a large dune field
developed on a bar downstream of Hatzic Bend and ‘I’ is from a superimposed dune field. Panel (A) is modified
from Venditti & Church (2014).
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(McLean et al., 1999), which is exceeded annu-
ally. Sand is carried as washload through the
gravel-bedded portion of the river at flows that
move the gravel bed [following Church (2005),
washload moves in continuous suspension and
commonly constitutes <10% of the bed]. Hence
sand is generally absent on the surface in the
main channel upstream from the GST at RK
100�5. During low freshets and on waning flows,
sand is deposited in the gravel reach in side
channels, and on bar surfaces. During high fre-
shets, the stored sand is flushed out of the
gravel-bedded reach of the river to the sand-
bedded reach (McLean et al., 1999). What
exactly constitutes ‘low’ and ‘high’ freshets with
respect to this process is not currently known
but sand accumulation has been observed dur-
ing freshets much below the mean annual flood
flow (8766 m3 sec�1) and bed elevations in back-
water channels decline notably during excep-
tional flood flows (>10 000 m3 sec�1) (McLean,
1990; Ham, 2005).
The GST takes the form of an arrested gravel

front that terminates abruptly at RK 100�5 and
is coincident with a break in flood water surface
gradient (Venditti & Church, 2014). Downstream
of RK 100�5, the bed material is sand (Fig. 2B),
although some significant bimodal, matrix-sup-
ported, sand–gravel deposits occur in some of
the pools, along portions of the thalweg and on
the proximal bar surfaces. This pattern is high-
lighted in Fig. 3, which shows the composition
of individual samples collected through the
15 km reach immediately downstream of the
abrupt transition in 2007 and 2008 (see Venditti
& Church, 2014). This reach is the proximal por-
tion of the diffuse extension of the GST and
grain-size distributions close to the gravel front
are a mix of sand, bimodal sand–gravel and
gravel (Fig. 3A and E), but the vast majority of
samples are sand (Fig. 3A). Venditti et al. (2015)
showed that gravel movement does not generally
occur in the reach, although small amounts are
transported over the sand due to particle expo-
sure on the bed, resulting in the patterns shown
in Fig. 3A. Moving downstream, that gravel
mode disappears until the bed is almost entirely
sand bedded by RK 85 (Fig. 3A).
In the sand-bed reach, sand is carried as sus-

pended bed material load and as bedload in the
form of migrating dunes. The bed material –
washload size division is ca 0�180 mm (McLean
et al., 1999; Attard et al., 2014). Sand on the
bed throughout the sand-bedded reach of the
river and the main delta distributary channel

has a D50 = 0�383 mm (Venditti & Church,
2014). Sand makes up 35% of the average
annual suspended load at RK 85 (the balance
being silt and clay), of which half – about 3 mil-
lion tonnes – is bed material.

Observations

Bed topography was measured in the reach
immediately downstream of main channel span-
ning the GST from the 7 m long R/V Lake Itasca
from 19 to 21 June 2007 at a discharge of
8800 m3 sec�1 just after the peak flow (Fig. 4) of
11 800 m3 sec�1 (return period of 12 years).
Bathymetry was measured using a Reson 7101
Seabat� Multibeam Echosounder (MBES; Tele-
dyne Reson PDS, Slangerup, Denmark). Position-
ing was accomplished using a GPS differentially
corrected by the signal of a Canadian Coast
Guard beacon about 85 km to the west of the
study reach. The differential GPS provides posi-
tioning with an accuracy of 0�25 m horizontally
and 0�50 m vertically. The manufacturer reported
depth resolution of the MBES is 1�25 cm (Reson
Inc., 2009). The head generates 101 equidistant
beams in a swath perpendicular to the vessel
track. Navigation, orientation and attitude data
(heave, pitch and roll) were recorded using an
Applanix POS MV V3 gyroscope inertial guid-
ance system (Applanix, Richmond Hill, Ontario,
Canada) mounted inside the vessel. Raw MBES
data were imported into CARIS HIPS� software
for post-processing where lines and soundings
were merged to produce bathymetric grids. This
software allows for the removal of ‘bad pings’
and corrections for changes in heave, pitch, roll
and tidal stage. The data were then imported into
ArcGIS� and gridded at 1 m for further analysis
of the bed surface and measurements of bedform
characteristics. The areal coverage of the MBES
data is shown in Fig. 5.
In order to examine the characteristics of the

bedforms, lines of bed topography oriented along
the main flow path and slope of the bed were
extracted from the MBES data. The lines were
not randomly chosen, but rather were selected to
provide spatial coverage through the bedform
field so that individual bedforms were measured
only once. Where the bedforms were not spa-
tially continuous, straight lines crossed the
crests perpendicularly where the bedform train
was highest. The heights and lengths of 2642
bedforms were then measured from the resulting
bed transects, and used to compute aspect ratio
(bedform length/height). Data are aggregated into
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four sections within the reach (Fig. 5) that had
bedforms with similar characteristics. The num-
ber of observations in each section is as follows:
(i) Upper Transition Reach (n = 1527 bedforms);
(ii) Hatzic Bar (n = 513); (iii) Hatzic Channel,
adjacent to Hatzic Bar (n = 186); and (iv) Lower
Transition Reach (n = 416). Hatzic Bar is a

concave-bank bench bar complex (sensu Hickin,
1979) that is subaerially exposed at low flows.
The number of bedforms measured in each sec-
tion reflects the area of the mapped channel bed
as well as the size of the bedforms (for example,
bigger and fewer bedforms versus smaller and
more numerous bedforms).
Two velocity profiles were measured in the

Upper Transition Reach and three in the Lower
Transition Reach (Fig. 5), in order to character-
ize local velocity and shear stresses. Measure-
ments were obtained with a 1200 kHz RDI Rio
Grande Workhorse ADCP (Teledyne Reson)
using bottom track as the velocity reference.
Mean velocity U is a weighted depth-average.
Shear velocity (u*) is calculated from the slope
(a) of a natural log-linear fit to the velocity
profile as u* = ka, where j is the von Karman
constant (0�41). Shear stress is calculated as
s ¼ qu2

� .

RESULTS

Flow and local shear stresses in the Upper Transi-
tion Reach (UTR) and Lower Transition Reach
(LTR) are summarized in Table 1. Depth aver-
aged-velocity varies considerably with location
and depth; however shear velocity is generally ca
0�1 m sec�1 and shear stresses are ca 10 Pa in
both the LTR and the UTR, except for the profile

Fig. 5. Multibeam bed topography of the diffuse gravel–sand transition reach of the Fraser River. The gravel reach
terminates abruptly at RK 100�5. Dashed white line separates Hatzic Channel from Hatzic bar. Red dotted lines are
river kilometres (RK) measured in 1 km increments along the centreline. Black crosses (x) indicate locations of
velocity profiles used to calculate summary flow data in Table 1. See Figs 6, 7, 9 and 10 for larger scale views of
the bed topography.

Fig. 4. Hydrographs for the Fraser River at Mission
(Water Survey of Canada Station 08MH024) and Hope
(WSC station 08MF005) for 2007 freshet. The WSC
uses a rating curve to calculate discharge at Mission
when the combined flow at Hope and the Harrison
River, a tributary between Hope and Mission, exceeds
5000 m3 sec�1 due to the tidal influence on water
levels at low flows, limiting the length of the record.
These calculations are complemented by discharge
measurements by the WSC.
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