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ABSTRACT

A distinct suite of sand bedforms has been observed to occur in laboratory

flows with limited sand supply. As sand supply to the bed progressively

increases one observes sand ribbons, discrete barchans and, eventually,

channel spanning dunes; but there are relatively few observations of this

sequence from natural river channels. Furthermore, there are few observa-

tions of transitions from limited sand supply to abundant supply in the field.

Bedforms developed under limited, but increasing, sand supply downstream

of the abrupt gravel–sand transition in the Fraser River, British Columbia,

are examined using multi-beam swath-bathymetry obtained at high flow.

This is an ideal location to study supply-limited bedforms because, due to a

break in river slope, sand transitions from washload upstream of the gravel–
sand transition to bed material load downstream. Immediately downstream,

barchanoid and isolated dunes are observed. Most of the bedform field has

gaps in the troughs, consistent with sand moving over a flat immobile or

weakly mobile gravel bed. Linear, alongstream bedform fields (trains of trans-

verse dunes formed on locally thick, linear deposits of sand) exhibit charac-

teristics of sand ribbons with superimposed bedforms. Further downstream,

channel spanning dunes develop where the bed is composed entirely of

sand. Depth scaling of the dunes does not emerge in this data set. Only

where the channel has accumulated abundant sand on the bed do the dunes

exhibit scaling congruent with previous data compilations. The observations

suggest that sediment supply plays an important, but often overlooked, role

in bedform scaling in rivers.

Keywords Fluvial dunes, Fraser River, sand bedforms, supply-limited bed-
forms.

INTRODUCTION

Sand bedforms in river channels dominate sedi-
ment transport processes and flow resistance.
They also leave signatures in the subsurface that

are used to infer palaeohydraulics. There have
been relatively few observations in rivers of
sand bedforms developed under conditions of
limited sand supply, notable exceptions being
McCulloch & Janda (1964) and Carling et al.
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(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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taken in relatively shallow water along the north
bank in the LTR. These shear velocity and stress
values are consistent with the more detailed
study of velocity and shear stresses downstream
of this GST (see Venditti et al., 2015). At these
shear stresses, the gravel sizes present upstream
of the GST (>10 mm) are only marginally mobile
and the median sand size (0�383 mm) should be
carried as suspended bed material load (Venditti
et al., 2015). Lamb & Venditti (2016) showed that
rivers lose the ability to transport sand as wash-
load where shear velocity drops below ca
0�1 m sec�1. Hence the reason the diffuse exten-
sion of the GST emerges in this reach.

Bedform morphology

The UTR is mainly sand covered, but there are
notable gravel patches and locations with a mix-
ture of sand and gravel (Fig. 3A). Most of the
UTR is covered by dunes with gaps in the
troughs, indicating either that the dunes are
migrating over a coarser, immobile bed or that
substantial gravel deposits in the bedform

troughs. Four types of bedform morphologies are
observed in this area: (i) barchan and barcha-
noid dunes (Fig. 6A and B); (ii) individual trans-
verse or irregular (‘isolated’) dunes (Fig. 6B);
(iii) dune fields with gaps in the trough
(Fig. 7A); and (iv) trains of transverse dunes

Fig. 6. (A) Barchan dunes and (B) barchanoid and isolated dunes in the Upper Transitional Reach. Red arrows
highlight examples of barchan dunes. Blue arrow highlights example of a barchanoid dune field. Purple arrow
highlights example of isolated dunes. Lines labelled ‘b’ and ‘c’ correspond to bedform profiles shown in Fig. 8.
An unlabelled line at ‘a’ crosses both barchans, perpendicularly, but would obscure the features and is not shown.
Elevation scale for insets are the same as the base map, unless otherwise indicated. Flow is from right to left.

Table 1. Flow at select locations in the Upper Tran-
sition Reach (UTR) and Lower Transition Reach (LTR;
see Fig. 5).

Profile Location
U
(m sec�1)

h
(m)

u*
(m sec�1)

s
(Pa)

UTR1 North
bank

1�06 9�33 0�102 10�40

UTR2 South
bank

1�30 10�90 0�096 9�22

LTR1 Centre 1�78 16�40 0�101 10�20

LTR2 North
bank

0�775 7�40 0�195 38�00

LTR3 South
bank

1�37 11�80 0�109 11�90
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formed on a locally thick, linear deposits of
sand, which are referred to here as linear, along-
stream dune fields (Fig. 7B).
Barchan dunes are common with the lateral

terminations of the crest lines oriented in the
downstream direction (Fig. 6A). Barchanoid
dunes, resembling barchans, but imperfect in
form (for example, lacking a wing or joined to
another) are also common (Fig. 6B). Many of
these barchan and barchanoid features are also
isolated dunes, like those commonly observed
in aeolian desert environments when bedforms
are developed over an otherwise immobile
boundary (e.g. Bagnold, 1941; Lancaster, 1995).
Some barchanoid dunes are in a continuous
field (Fig. 6B). Transects through the isolated
barchans and barchanoid shaped dunes reveal a
flat continuous surface underlying the dunes
(Fig. 8A to C). Sediment samples from adjacent
flat areas indicate that this is a gravel bed

(Fig. 3A and E – Sample A). The occurrence of
isolated dunes is common downstream of the
deeply scoured gravel-bedded pools in the chan-
nel (compare Figs 3A and 6), confirming migra-
tion of sand dunes over a coarser immobile bed.
Dunes with gaps in the troughs (Fig. 7A) also

have a flat continuous surface underlying the
dune field (Fig. 8D and E), indicating migration
over a flat gravel bed. Sediment samples are a
mixture of sand (Fig. 3A and E – Sample C) and
sand with a secondary mode of gravel (Fig. 3A
and E – Samples B and D). Areas can be identi-
fied where linear, alongstream dune fields occur
(Fig. 8B) that are composed entirely of sand
(Fig. 3D – Sample E). This indicates an area of
locally continuous sand coverage that is
extended in the downstream direction. Sand
ribbons formed by streamlining of local
accumulations of sand and superimposed by
small-scale bedforms, have been observed in

Fig. 7. (A) Dunes with gaps in troughs and (B) a linear, alongstream dune field (red arrow) in the Upper Transitional
Reach of the Fraser River. The red arrow points to a linear, alongstream dune field. Lines labelled ‘d’ and ‘e’ corre-
spond to bedform profiles shown in Fig. 8. Grey areas in (A) are gaps in data coverage. Flow is from right to left.
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laboratory experiments (cf. Kleinhans et al.,
2002). In this respect, alongstream dune fields
are analogous to these sand ribbons, but at a lar-
ger scale.
Across the top of Hatzic Bar, the bedforms are

developed on continuous sand cover (Fig. 9A)

with trace amounts of gravel in some patches
(Fig. 3A and C – Sample F). There are no barch-
anoid shapes or linear, alongstream dune fields.
The coverage of multibeam data on the bar top
is limited in this study, because water depths
were too shallow (<2 m) for successful operation
of the MBES, but reconnaissance at low flow
when the bar top was subaerially exposed indi-
cates that the interpretation herein of laterally
continuous sand cover with dunes is correct. In
Hatzic Channel, which carries most of the flow
adjacent to the bar, the bed changes from having
small-scale bedforms typical of the UTR, to a flat
bed with gravel patches, to bedforms that
increase in size progressing downstream into
Hatzic Bend (Fig. 9B), indicating increasing
sand volume on the bed downstream. Figure 3A
shows that the bed is composed of sand
throughout the channel, except in the flat bed
section where the sediment is a gravel–sand
mixture (Fig. 3C – Sample G).
In contrast to the UTR, the LTR is entirely

sand covered (Fig. 3A and B – Samples H and I),
except along the north bank of the river where
there is a patch of gravel (Fig. 3A). The gravel
patch may not be natural because there has been
extensive riprapping along the north shore to
prevent bank erosion into a railway line. Flow
through the Hatzic Bend forces deposition on the
south side of the channel forming a large sub-
aqueous bar (Fig. 5). The dunes on this bar are
notably larger than anywhere else within the
reach (Fig. 10A). The largest dunes on the bar
have mean heights H = 3�0 m and mean lengths
L = 50 m. Moving downstream through the LTR,
the areal coverage of sand increases (Fig. 3A),
and bedforms with more continuous and linear
crestlines occur Fig. 10B. In the distal part of the
LTR, the dune field is comprised of 13 large low-
amplitude dunes, with many smaller scale dunes
superimposed (Fig. 11B). These large low-ampli-
tude dunes have H = 1�3 m and L = 131 m, are
nearly symmetrical and have no discernable slip-
faces (Fig. 11). The superimposed dunes are
nearly as high (H = 0�48 m) as the large low-
amplitude dunes, but are much shorter in length
(L = 7�8 m). Both scales of dunes are persistent
across a wide range of flows, having been recog-
nized during other single beam surveys at high
and low flow.

Bedform size and scaling

Figures 12 and 13 show distributions of dune
height (H) and length (L) for each section of the

Fig. 8. Transects through: (A) isolated barchan dunes
(line ‘a’ in Fig. 6A); (B) barchanoid features (line ‘b’
in Fig. 6B); (C) barchanoid features (line ‘c’ in
Fig. 6B); (D) dunes with gaps in their troughs (line ‘d’
in Fig. 7A); and (E) dunes with gaps in their troughs
(line ‘e’ in Fig. 7A).
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river; statistical properties are summarized in
Table 2. Dunes in the LTR are aggregated
together, but large low-amplitude dunes are sep-
arated from the distributions because they are
distinctive. The median bedform heights eH in
the UTR and LTR are nearly identical (0�41 m
and 0�45 m, respectively): eH is somewhat larger
on Hatzic Bar (0�58 m) and much larger in
Hatzic Channel (0�78 m), due to local absence of
the smaller bedforms that cover most other sec-
tions of the reach. Median lengths eL are between
7 m and 9 m, except in Hatzic Channel whereeL = 15 m. There are fundamental differences
between the distributions of the height and
length of the bedforms in each section of the
reach. For UTR and Hatzic Bar, the distributions
of H and L are comparatively narrow (small
standard deviation; Table 2), compared to the
LTR and Hatzic Channel because of the absence
of larger bedforms in the UTR and on Hatzic
Bar. Bedform heights in LTR have a continuous
distribution to 1�6 m (Fig. 13A) and long tails of
the distributions. In addition to the 13 large
low-amplitude dunes, there are 27 bedforms
with H > 1�6 m in the LTR and three have
heights between 4 m and 5 m. Lengths have a
similarly long tail to the distribution, which is

continuous to 40 m (Fig. 14A). There are 21
bedforms with longer L. The distributions of
bedforms in Hatzic Channel are similar
(Figs 12C and 13C) but the long tails of the dis-
tributions are absent.
Figure 14A shows the relation between H and

L. Flemming (1988) used a compilation of bed-
forms from fluvial and tidal environments to
show that H = 0�067L0�81 and that the maximum
height for a given length is constrained by the
relation Hmax = 0�16L0�84. A more recent compi-
lation from Bradley & Venditti (2017) of dunes
in rivers and unidirectional flow flumes, that
considered only reach-averaged values, indicates
that H = 0�051L0�77, meaning that H is smaller
for a given L when only river dunes are consid-
ered. A least-squares linear regression through
the data in Fig. 14A (not shown) revealed a sim-
ilar a slope (0�74 � 0�034), but a 43% larger
intercept (0�090) than Bradley & Venditti (2017),
indicating that, for a given length, these dunes
are higher than the mean relation from Bradley
& Venditti (2017). While there are a limited
number of dunes that exceed the Flemming
(1988) relation for Hmax, the vast majority of the
dunes have lower heights for a given length than
Flemming’s Hmax relation would predict.

Fig. 9. (A) Laterally continuous bedforms on Hatzic Bar and (B) bedforms developing from a plane bed in Hatzic
Channel. Elevation scale for insets are the same as the base map. Flow is from right to left.
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The scaling between H and L is not affected
by which section of the reach the dunes are in
(Fig. 14A). There does not appear to be any
alongstream pattern in the aspect ratio (L/H) of

the bedforms (Fig. 15A). Only the 13 large
low-amplitude dunes in the LTR exhibit a differ-
ent scaling. Excluding those dunes, mean aspect
ratio L=H = 22 and L/H ranges between 4 and

Fig. 10. (A) Depth-scaled dunes on a bar and (B) large, low-amplitude dunes with superimposed dunes in Lower
Transitional Reach. Large, low-amplitude dunes identifiable as ridges of higher elevation that cross the channel.
Elevation scale for insets are the same as the base map, unless otherwise indicated. The blue line indicates the
transect extracted for Fig. 11, which runs through the centre of panels (A) and (B). Flow is from right to left.

Fig. 11. Profile of large-scale, low-
amplitude dune features shown in
Fig. 10A and B: ‘C’ and ‘T’ are the
crests and troughs, respectively, of
individual bedforms that are
superimposed by smaller features.
Flow is from right to left.
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245, although 90% of the observations lie
between 5 and 40 and only one dune exceeds
150. The large low amplitude dunes in the LTR
have L=H = 112.
It is widely held that H and L scale with flow

depth (h) (cf. Allen, 1982; Bridge, 2003; Ven-
ditti, 2013). Excluding the large low-amplitude
dunes in the LTR, the dune height scaling in
this reach of the Fraser River ranges between ca
h/2�5 and h/100 (Fig. 14B). The mean height
scaling is h/20, with 90% of the variation below
h/60, although the distribution has a long tail
extending to h/227. Dune length scaling ranges
between ca 5.0 h and 0�2 h with a mean scaling
of L = 0�9 h (Fig. 14C) and 90% of the variation
below 1�5 h. The L/h distribution has a long tail,
which extends to 6�4 h.
The vast majority of the dunes in the reach

show no spatial variation in scaling, but there is
some spatial variation in the scaling of the lar-
gest dunes (Fig. 15B and C). In Hatzic Channel
and on the bar in the LTR, where there is abun-
dant sand on the bed, some of the dunes exhibit
height scaling between 2�5 h and 6.0 h
(Fig. 15B) and length scaling between 1 h and

5 h (Fig. 15C). The large low-amplitude dunes
in the LTR exhibit different length scaling with
depth, varying between 5 h and 16 h (Fig. 15B),
but their height scaling with depth is within the
variation observed for the rest of the dunes
(Fig. 15C).

DISCUSSION

Do bedform patterns conform with increasing
sediment supply to the bed?

Bedforms developed through the reach show
that there is an increase in sand volume on the
bed downstream, which constitutes an increase
in the supply of sand to the bed. Bedforms in
the Upper Transition Reach (UTR) are character-
istic of the features formed in sand supply-lim-
ited conditions (Hersen et al., 2002; Kleinhans
et al., 2002; Tuijnder & Ribberink, 2009; Grams
& Wilcock, 2014; Venditti et al., 2017). Barchan,
barchanoid, isolated dunes, dunes with gaps in
the troughs and linear, alongstream dune fields
are all observed in the UTR. These observations

Fig. 12. Bedform height (H) histograms. Inset shows the distribution of large, low-amplitude dunes.
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suggest that dunes in the UTR are developed on
an immobile gravel bed in sand that is deformed
into various bedforms depending on the local
sand availability on the bed. Experimental work
(e.g. Kleinhans et al., 2002) suggests that
in areas of very low sand availability on the bed
– possibly the consequence of limited supply –
isolated dunes form, and as sand supply pro-
gressively increases, the bed transitions from
barchan and barchanoid dunes to a condition of
nearly continuous dune coverage. In the UTR,
the laterally continuous dunes maintain gaps
with exposed gravel within the troughs through
much of the dune field.
Hatzic Bar is a large sand bar with a veneer of

gravel on the bar head (Venditti & Church, 2014).
There is no apparent supply limitation on Hatzic
bar, by definition an area of general sediment
deposition. However the sand supply limitation
from the UTR persists though Hatzic Channel
insofar as a plane bed is exposed, likely com-
posed of gravel-sized material, although a sample
was extracted from Hatzic bend of the marine clay
that underlies the Fraser River sediments. Nit-
trouer et al. (2011) have documented similar

exposures of semi-consolidated relict sediments
in the lowermost Mississippi River. The plane
bed through Hatzic Channel and Bend may be a
similar type of exposure. Nevertheless, the sand
coverage is discontinuous and where the thick-
ness of sand increases, the bedforms grow in size.
In the Lower Transition Reach (LTR), most of

the bed is covered by the same sized bedforms
as in the UTR, however, the discontinuous sand
bedforms associated with low sediment supply
morphologies are absent. Along the southern
bank, the bedforms grow to a substantial portion
of the flow depth and are laterally continuous to
the centre of the channel, where they terminate
with developing gaps in the troughs where
gravel is exposed. In the lower portion of the
LTR, the bedforms acquire the type of low
amplitude, long wavelength morphology with
superimposed dunes that are common in large
lowland river channels that are transport limited
(Bradley & Venditti, 2017).
It is not clear from the present data why sand

availability on the bed increases in the down-
stream direction. One possibility is that the bed-
load particle velocity decreases in the

Fig. 13. Bedform length (L) histograms. Inset shows the distribution of large, low-amplitude dunes.
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downstream direction, but that would require a
decline in the shear stress. Another possibility
for the downstream increase is sand coming out
of suspension progressively through the reach.
Venditti et al. (2015) explored suspended sedi-
ment dynamics through this reach of the river
looking for downstream gradients in shear stress
or suspended sediment flux that would support
either of these hypotheses and did not find any.
Venditti et al. (2015) used spatially-resolved

data to explore how far sediment could be car-
ried in the reach. Those authors calculated a
simple advection length scale that has the form:

A ¼ h

ws
�u ð2Þ

where ws is the settling velocity of a particular
grain size and �u is the depth-averaged velocity.
This advection length scale approximates the
maximum distance downstream that a particle
of given size can travel before interacting with
the bed. Values of A for a range of sand sizes
reveals that the median bed material can be
suspended in the reach, but larger sizes cannot.
Sizes <0�180 mm can be transported for kilome-
tres beyond the main channel spanning the
GST, which is why those sizes make up <10%
of the bed material in the reach and are wash-
load. The median size can be transported for a
distance less than one channel width and coar-
ser sizes for distances much less than the chan-
nel width.

Table 2. Properties of the bedform fields in each
section of the transitional reach of the river. LTR,
Lower Transition Reach; UTR, Upper Transition
Reach.

UTR
Hatzic
Channel

Hatzic
Bar LTR

H minimum (m) 0�051 0�094 0�095 0�065
H maximum (m) 2�0 3�9 2�1 4�8
H mean (m) 0�46 0�98 0�62 0�65
H SD (m) 0�26 0�72 0�31 0�69
H median (m) 0�41 0�78 0�58 0�45
H < 1 m (%) 96 66 88 85

L minimum (m) 1�9 4�2 2�4 2�8
L maximum (m) 39 89 28 226

L mean (m) 8�5 19�5 9�4 15�9
L SD (m) 4�4 13�7 4�0 25�5
L median (m) 7�1 15�0 8�9 8�0
L < 20 m (%) 98 64 99 84

Fig. 14. Relation between: (A) bedform height (H)
and length (L); (B) H and flow depth (h); and (C) L
and h. The grey bands in (B) and (C) are range of scal-
ing for river dunes from Bradley & Venditti (2017).
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These calculations indicate immediate deposi-
tion of sand at the GST, rather than progressive
suspension fallout of sand in the succeeding dif-
fuse transition reach. Venditti et al. (2015) showed
that up to 10 m of sand accumulates immediately
downstream of the abrupt transition during
low to moderate freshets and is periodically evacu-
ated downstream during higher flows
(>10 000 m3 sec�1). Sand evidently deposits dur-
ing low freshets and is redistributed during high
freshets. The bedforms developed through the
UTR are the result of sand diffusing downstream
from the low freshet depositional zone at the ter-
mination of the cobble and gravel wedge (Fig. 2A)
to the LTR. Evidently, the high freshet deposi-
tional zone is the LTR, which receives sand from
the UTR and upstream. The observations herein
followed a large flood flow when low freshet sand
deposits had largely diffused downstream, creat-
ing the changes in bedform morphology from the
supply-limited UTR to the transport-limited LTR.

Do dunes conform to conventional depth-
scaling through the gravel–sand transition?

Dune height and length are often thought to
scale with flow depth in rivers (see Bradley &

Venditti, 2017). Using dimensional analysis and
a compilation of data from field and laboratory
observations, Yalin (1964) argued that:

H

h
¼ 1

6
1� sc

s

� �
ð3Þ

where s is the boundary shear stress and sc is
the stress required to entrain bed sediment. In
most sand bedded rivers, the entrainment
threshold is greatly exceeded and the ratio of
shear stresses in the Yalin (1964) relation
approaches zero. As a result, the relation was
subsequently simplified to H = h/6 (cf. Allen,
1978). Yalin (1964) also used a data compilation
to show that L = 5 h. These relations are widely
used in palaeo-environmental reconstructions
and estimates of roughness in rivers.
Bradley & Venditti (2017) explored the depth

scaling of dunes using a compilation of all avail-
able reach-averaged dune dimensions and flow
depth for rivers and unidirectional flow flumes.
Those authors found that dune dimensions do
increase with flow depth, but the relation is not
well defined. There is an order of magnitude
variability in both dune H and L for any given
h. Height ranged between h/2�5 and h/20 while

Fig. 15. Downstream change in dune: (A) aspect ratio (L/H); (B) height–depth scaling (H/h); and (C) length–depth
scaling (L/h).
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lengths ranged between 1 h and 16 h. Other data
compilations that include data from rivers, estu-
aries and marine environments (cf. Allen, 1982)
have established similar limits on dune dimen-
sions, indicating that there are limits on how
high a dune can get in a flow, but the size that
emerges can be much less than that limit. Brad-
ley & Venditti (2017) identified a scaling break
in the height of dunes so that in shallow flows,
dunes are generally higher than h/6, and in dee-
per flows, dune heights are less than h/6. Never-
theless, the order of magnitude variability in H
and L for a given h persists.
The observations of this study do not conform to

the conventional scaling attributed to Yalin
(1964). In fact, no relation between dune dimen-
sions and flow depth is found. As in previous data
compilations, dunes do not grow larger in the flow
than h/2�5 (Fig. 14B), suggesting that this may be
the maximum dune height that can be achieved in
a river. Dunes are observed with lengths greater
than 16 h, but only marginally so (Fig. 14C). How-
ever, the conventional lower limits to the variabil-
ity observed in previous data compilations do not
apply to the present data set. Dunes with heights
less than h/20 comprise 54% of these observa-
tions; dunes with lengths less than 1 h comprise
65% of the observations. These patterns emerge
even if dunes superimposed on the large, low-
amplitude dunes in the LTR are excluded.

What controls the height and length of
supply-limited dunes?

The lack of a relation between flow depth and
dune dimensions as well as the absence of a
lower limit to dune size are curious results. It
could be argued that dunes through the reach did
not achieve equilibrium dimensions at the time of
the present observations. However, these observa-
tions were made after an extended period of high
flow and on the waning limb of the annual fre-
shet, so this seems unlikely. If the conventional
scaling is applied, then the dunes would be larger
than one-sixth of the flow depth as water levels
decline. Furthermore the appearance of large
dunes on the bar in the LTR and in Hatzic Chan-
nel, approaching Hatzic Bend suggests that high
flows persisted for long enough to develop larger
dunes. However they did not appear in the UTR
or the upstream end of Hatzic Channel where
sand availability on the bed was limited.
It could be argued that the bedforms in the

UTR and Hatzic Channel are limited by some
boundary layer thickness other than flow depth

(e.g. Jackson, 1975). Unfortunately, the physical
mechanism that would lead to such a limitation
has not been fully elucidated. The limit of a
boundary layer, and hence its thickness, is tradi-
tionally defined by the point in the flow where
turbulence shifts from anisotropic to isotropic,
as it does at the top of the atmospheric bound-
ary layer (Oke, 1978). Flows in alluvial rivers
are too shallow for a classical boundary layer to
fully develop; they are always depth-limited
(Nowell & Church, 1979) because macroturbu-
lence mixes fluid through the full water column,
particularly over dunes (Jackson, 1976; Kos-
taschuk & Church, 1993; Bradley et al., 2013).
Nevertheless, an internal boundary layer may
develop at the roughness transition at the GST,
but relations for growth of boundary layers
downstream of a roughness transition (e.g.
Wood, 1982) predict that a boundary layer
developed at a roughness transition occurring at
the GST would be equivalent to the flow depth
within one channel width in the Fraser River.
There does not appear to be any candidate
boundary layer scales that would limit the
height of dunes for more than 10 km in this
reach of the Fraser River.
A more likely candidate for limiting the size

of dunes in this reach of the Fraser River is the
scarcity of sand. The only place where the dunes
grow to consistently exist within the range
defined by previous compilations (Allen, 1982;
Bradley & Venditti, 2017) is where the bed is
entirely sand in the LTR. It is likely that the
diminutive dunes in the UTR and through
Hatzic Channel are small because the sand avail-
ability is not sufficient to support larger dunes.
Furthermore, the persistent gaps in the troughs
of the diminutive dunes may limit the interaction
of individual bedforms that leads to their coales-
cence and growth, and might also generate a local
turbulence structure that can influence the geome-
try of the succeeding bedform. This hypothesis
needs to be tested experimentally where accurate
measurements of flow at scales below the bedform
size are possible.
There is some previous work that shows that

barchan dunes in the Rhine River can grow to a
substantial proportion of the flow depth (cf. Car-
ling et al., 2000). This would suggest that sup-
ply limitation on the bed is not the sole control
on dune dimensions. In the Fraser River, there
is increasing sand availability on the bed mov-
ing downstream from the GST, which permits
increasing dune height and length. Over some
long lengths, which appear to exist in the Rhine
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River, perhaps all of the small bedforms would
coalesce into just a few large dunes. That does
not happen in the Fraser River where there is a
short length before the supply limitation on the
bed disappears.
Ultimately, what controls the height and length

of dunes in rivers is not fully understood (Brad-
ley & Venditti, 2017). There are many theories,
but none have been tested critically. Recent
experimental work supports the idea that trans-
port stage exerts a fundamental control on dune
height and length (Bradley & Venditti, 2019). The
experimental work of Kleinhans et al. (2002),
summarized in Fig. 1, appears to support this
idea for supply limited conditions. The observa-
tions of this study confirm that sediment supply
to the bed plays a significant role in setting pat-
terns and dimensions of bedforms in rivers.

CONCLUSIONS

The patterns, dimensions and depth-scaling of
sandy bedforms through the diffuse gravel–sand
transition (GST) of the Fraser River were exam-
ined. Bed topography was mapped with a multi-
beam echo sounder immediately following an
annual freshet flow peak that had a return per-
iod of 12 years. This flood provided an excep-
tional opportunity to examine the patterns of
bedforms that develop when local sand avail-
ability on the bed is less than the volume
required to cover the bed, and the change in
bedforms from such supply-limited to transport-
limited conditions in the downstream direction.
The results show that:
1 The pattern of bedforms conforms with con-

ceptual models of supply-limited bedforms,
derived largely from laboratory experiments (e.g.
Kleinhans et al., 2002).
2 Near the channel spanning gravel–sand tran-

sition, trains of transverse dunes formed on
locally thick, linear deposits of sand, analogous
to sand ribbons with superimposed small-scale
bedforms, barchan and barchanoid dunes, and
dunes with gaps in the trough are observed. Fur-
ther downstream, dunes approaching a substan-
tial fraction of the flow depth, laterally-
continuous dunes and large, low-amplitude,
nearly-symmetrical dunes with smaller superim-
posed features are observed, that are characteris-
tic of transport-limited conditions.
3 The conventional scaling of dune dimensions

with flow depth does not emerge in the present
data set in the supply-limited sections of the

reach. A substantial proportion of the dunes are
below the depth-scaling ranges derived from
compilations of dune observations in rivers.

The results suggest that sediment supply plays
an important role in setting the height and length
of dunes where local sand supply on the bed is
less than the transport capacity. What ultimately
controls the height of dunes is not presently
clear; however, local sediment availability on the
bed appears to be an important consideration.
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