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Abstract Where female salmon build nests (‘‘redds’’), streambed material is mixed, fine sediment is winn-
owed, and bed material is moved into a tailspill mound resembling the shape of a dune. Completed redd
surfaces are coarser and better sorted than unspawned beds, which is thought to increase redd stability
because larger grains are heavier and harder to move, and sorting increases friction angles for mobility.
However, spawning also loosens sediment and creates topography that accelerates flow, which can increase
particle mobility. We address these factors controlling the relative stability of redds and unspawned beds in
flume experiments where redds were constructed with a dynamic technique that mimics the nesting behav-
ior of female salmon. Although redds exhibited relatively coarse surfaces, measured entrainment forces indi-
cate particle loosening by spawning lowered grain resistance to motion by 12–37% on average compared
to unspawned beds. In addition, for the same discharges, boundary shear stress was 13–41% higher on a
redd due to flow convergence on the tailspill. Visual measurements of particle entrainment further indicated
redd instability, as bed-average shear stress was 22% lower at incipient motion and 29% lower at the dis-
charge that mobilized all grain sizes on a redd. Overall, results demonstrate that redds are unstable com-
pared to unspawned beds, which increases the risk of scour for buried eggs but may facilitate fine sediment
flushing and improve the quality of spawning gravels for future generations of spawners. Therefore, manag-
ing salmon returns to increase streambed disturbance may be an effective tool for reducing sedimentation
impacts on salmon reproduction.

1. Introduction

The decline of Pacific salmon (Oncorhynchus spp.) outside Alaska in the past century has been met with signifi-
cant efforts to bolster populations, but few have shown much success [Lackey, 2000]. Although a single solution
for reversing the salmon’s decline is unlikely, stream habitats utilized by salmon, specifically riffles, pools, and
the intergravel environment, are thought to be limiting factors due to their influence on survival of juvenile sal-
monids [Nehlsen et al., 1991; Greig et al., 2005]. Stream habitats are structured by interactions between sediment
transport (e.g., bed mobility, patterns of sediment entrainment and deposition, and bank erosion), channel
roughness (e.g., stream banks, large wood, and boulders), and the magnitude and size distribution of the sedi-
ment supply [Madej, 1999]. The act of salmon building nests (‘‘redds’’) modifies stream habitats [Gottesfeld et al.,
2004], streambed roughness [Montgomery et al., 1996], and sediment transport rates during spawning [Hassan
et al., 2008]. The role of salmon spawning on streambed stability and sediment transport after redds are con-
structed is less understood. This knowledge gap exists primarily due to difficulty in observing the onset of grain
motion and scour on redds relative to unspawned beds during elevated, often turbid stream flows.

Spawning salmon build redds to protect their eggs from predation and damage from agitation and bed
scour [Smirnova, 1955]. Redd construction proceeds by the female using rapid undulations of her tail fin to
hydraulically excavate a pit in the streambed. This action flushes a portion of the fine sediment into the
water column to be carried downstream and mobilizes coarser sediment a short distance into a dune-like
mound called a tailspill [Burner, 1951]. Grains too large to be moved accumulate in the pit where the female
deposits a portion of her eggs for fertilization once the pit is sufficiently deep (0.10–0.50 m depending on
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fish size; DeVries, 1997]. The female then covers the fertilized eggs with sediment excavated from the next
pit that is excavated a short distance upstream. Sequences of excavation and filling are repeated until sev-
eral egg pits are built [Burner, 1951] and the completed redd exhibits a tailspill mound and an upstream
depression called a pot (Figure 1). Redd morphology is similar between species in the genus Oncorhynchus
[Kondolf, 1988], yet redd structures vary in surface area (0.6–9.4 m2; Bjornn and Reiser, 1991] depending on
compaction of the bed, caliber of substrate, velocity and depth of flow, slope of the channel, and body size
of the female [Kondolf and Wolman, 1993]. However, the size of the spawning population is the primary
control of bed disturbance area, since mass spawning can disrupt the entire channel bed [Hassan et al.,
2008] compared to relatively small populations of salmon that tend to spawn in discrete patches of rela-
tively high-quality habitat [Isaak et al., 2007].

Spawning in both high and low densities modifies streambeds by mixing sediment [Gottesfeld et al., 2004],
purging fines [DeVries, 2012], coarsening and sorting surface grains [Kondolf and Wolman, 1993], and loos-
ening grain packing [Montgomery et al., 1996]. These alterations benefit salmon reproduction by promoting
hyporheic flow that oxygenates eggs and transports metabolic waste from egg pits [Chapman, 1988; Tonina
and Buffington, 2009]. However, it is unclear whether spawning activity increases or decreases the stability
of streambeds. Montgomery et al. [1996] predicted that critical conditions for sediment entrainment are
around 2 times higher on solitary redds than unspawned beds due to spawning activity that coarsens and
sorts grains. Coarsening promotes stability because larger grains are heavier and generally harder to move
than smaller grains, while sorting tends to stabilize grains by increasing friction angles for grain mobility
[Buffington et al., 1992]. Although Montgomery et al. [1996] recognized that bed loosening by spawning may
destabilize redds to some degree, they were not able to quantify that effect. Montgomery et al. [1996] also
calculated that form drag generated by redds in proximity to one another increased bed stability by an

Figure 1. Side and plan view of a salmon redd (adapted from Buxton et al. [2015]).

Water Resources Research 10.1002/2015WR016908

BUXTON ET AL. STABILITY OF SALMON REDDS 6075



additional 64%. However, calculations of redd stability have not been supported by field observations of
increased scour on solitary redds [Lisle, 1989; Bigelow, 2003] and redds in high densities [Rennie and Millar,
2000]. This suggests the destabilizing effects of spawning, including bed loosening and elevated boundary
shear stress on redd topography, are important considerations in evaluating redd stability.

Our goal is to resolve whether the stabilizing effects of spawning (grain coarsening and sorting) are offset
by destabilizing factors (bed loosening and flow convergence over redds) to cause redds to be less stable
than unspawned streambeds. Solving this problem is important for linking spawning disturbance to thresh-
olds of sediment mobility, which, in part, govern the structure, quality, and availability of stream habitats
that salmon use for reproduction [Gottesfeld et al., 2004]. To accomplish our goal, we conducted experi-
ments in a laboratory flume using simulated redds and water worked (‘‘unspawned’’) beds of mixed-grain
sizes scaled from field measurements. In experiment 1, we evaluated grain stability on redds and
unspawned beds using a hand-held load cell to measure the downstream force required for particle
entrainment. In experiment 2, we measured flow velocity profiles using particle image velocimetry (PIV) to
estimate boundary shear stresses with the log-profile method on a redd and adjacent unspawned bed. In
experiment 3, we made visual measurements of sediment entrainment and measured bulk transport rates
for spawned and unspawned surfaces.

2. Materials and Methods

2.1. Field Measurements
Chum salmon (O. keta) redd dimensions and grain-size distributions in the experiments were scaled from
field measurements of these parameters in Kennedy Creek near Olympia, Washington, USA. The flume
model was generic rather than specific because no other details of the creek were reproduced in the flume.
The study reach in Kennedy Creek is a third-order, gravel-bed channel that exhibits a pool-riffle-run mor-
phology, with pools forced by large wood and bedrock outcrops. The annual hydrograph is rainfall domi-
nated, with high flows occurring November–March, and chum salmon spawning occurring September–
December. Redd dimensions (length, width, and amplitude), streambed sediments, and the channel slope
(0.005) were surveyed in a run in mid-December between high flows on the creek.

The size distribution of sediment in Kennedy Creek was quantified with a bulk sample (68.6 kg) collected on an
unspawned portion of a dewatered lateral bar where chum salmon had spawned during a recent high flow
event. The depth of the sample (0.20 m) was based on the average depth of 33 egg pockets (0.21 m) measured
for chum redds in Kennedy Creek by Peterson and Quinn [1996]. The mass of the largest grain diameter in the
sample (90.5 mm) was about 1.5% of the total sample weight, which is close to the 1% criterion suggested by
Church et al. [1987] for requisite sample size. The size distribution by weight was determined by sieving sedi-
ment in half-phi intervals from 21 to 26.5 (2–90.5 mm) and weighing each size class to the nearest 0.1 kg.

The length, width, and amplitude of 12 recently completed redds were measured in locations surrounded
by unspawned substrate and located away from obstructions (large wood, stream banks, and boulders) that
can distort the common teardrop shape of redds [Burner, 1951]. Evidence for recent completion of meas-
ured redds included the presence of a spawned-out female guarding the nest or no indication of redd ero-
sion by flow or fish migration. Redd lengths were measured to within 60.05 m with a survey rod from the
upstream edge of the pot to the downstream edge of the tailspill (Figure 1). Redd widths were measured
with the same accuracy at the widest portion of the structure. Redd amplitudes were measured to within
60.02 m with a carpenters level and survey rod from the peak height of the redd to the adjacent
unspawned bed (Figure 1).

2.2. Experimental Scaling
Scaling physical dimensions and flow parameters requires similitude of Froude (Fr) and Reynolds numbers
(Re) between the flume and Kennedy Creek. Reynolds numbers are given by

Re5
q�uh
l

(1)

where q and l are the density (kg m23) and dynamic viscosity of water (kg m s21), respectively, �u is average
flow velocity (m s21), and h is flow depth (m). Froude numbers are defined as
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Fr5
�u

ðghÞ0:5
(2)

where g is gravitational acceleration (9.81 m s22). Because it is not possible to simultaneously scale both Fr
and Re, we used Fr scaling to model redd dimensions and flow velocity and depth during redd construction
that occurred in fully turbulent discharges (Re� 4.2 3 104). With Fr scaling, the model is related to the pro-
totype with a length factor (LL)

Lp

Lm
5

Wp

Wm
5

Dp

Dm
5

Dp

Dm
5

hp

hm
5LL (3)

where L, W, and D are the redd length, width, and amplitude, respectively, D is grain diameter and the p
and m subscripts indicate the prototype and model, respectively. Using equation (3), redds constructed in
the flume were scaled from the average length (2.7 m; standard deviation (s) 5 0.9 m), width (1.6 m;
s 5 0.5 m), and amplitude (0.10 m; s 5 0.04 m) of redds measured in Kennedy Creek with an LL 5 3 (Table 1).
The grain-size distribution in Kennedy Creek was also scaled with LL 5 3, which enabled us to create sedi-
ment mixtures for the experiments that approximated the scaled grain-size distribution (mix 1–4; Figure 2).

Table 1. Scaled Redd Dimensions and Median Grain Sizes (D50) and Sorting Parameters (r) for Surface Particles on Redds and
Unspawned Beds (US) in Flume Experiments 1–3

Experiment
1

Experiment
2

Experiment
3

Sediment Mix 1 2 3 1 4

Bed Surface US LTa Redd RTa Redd US LTa Redd RTa Redd US LTa Redd RTa Redd US Redd US Redd

Length (m) 0.93 0.97 0.86 0.92 0.85 0.86 0.95 0.90
Width (m) 0.50 0.50 0.50 0.54 0.52 0.51 0.62 0.61
Height (m) 0.04 0.04 0.03 0.03 0.05 0.05 0.07 0.06
TS angleb 11 15 13 13 12 11 16 18
D50 (mm) 5.0 9.6 7.7 5.1 7.6 7.3 7.4 12.4 11.3 8.4 8.6 5.8 6.2
rc 1.24 0.98 0.98 1.25 1.01 0.94 1.35 0.88 0.85 1.27 1.13 1.25 0.86

aLeft (LT) and right (RT) indicates redds located to either side of the unspawned bed.
bAngles of the tailspill slope (TS) measured in degrees from horizontal with an electronic level.
cFor comparison to values in Montgomery et al. [1996], sorting parameters calculated as the inclusive graphic standard deviation with

/952/16ð Þ=41 /952/5ð Þ=6:6 [Folk, 1974], where / is in log base 2 units and subscripts indicate percentiles of the grain-size
distribution. Lower values of r indicate better sorting.

Figure 2. Cumulative grain-size distributions for bulk sediment mixtures 1–4 used in the flume experiments relative to scaled grain sizes
measured in Kennedy Creek (solid grey line).

Water Resources Research 10.1002/2015WR016908

BUXTON ET AL. STABILITY OF SALMON REDDS 6077



To avoid disturbing spawning salmon in Kennedy Creek, field measurements of flow depth and velocity at
redds under construction were not obtained. Instead, flow depths for redd construction in the flume were
scaled with equation (3) from values reported by Smith [1973] for spawning chum salmon in Oregon
streams (average hp 5 0.30 m, s 5 0.41 m, n 5 214). Data from Smith [1973] were also used to scale the flow
velocity for redd construction (�up 5 0.73 m s21, s 5 0.65 m s21, n 5 214) using

�up

�um
5

ffiffiffiffi
LL

p
(4)

The average flow depth (0.14 m, s 5 0.07 m, n 5 8) and velocity (0.45 m s21, s 5 0.04 m s21) for constructing
redds in the flume (section 2.4) were within a standard deviation of scaled flow depths (hm 5 0.10 m,
sm 5 0.24 m) and velocities (�um 5 0.42 m s21, sm 5 0.38 m s21) determined from values reported by Smith
[1973]. In addition, the average Frm (0.39) during redd construction was within 10% of the Frp (0.43) for
chum spawning according to data in Smith [1973]. In all experiments, the flume slope was set to that of Ken-
nedy Creek (0.005).

2.3. Experimental Layouts
Experiments were conducted in a 20 m long by 2 m wide glass-walled flume at the Center for Ecohydraulics
Research at the University of Idaho in Boise. In all experiments, fixed beds were installed in the upper 12 m
of the flume to generate uniform flow using sand to gravel-sized grains glued to plywood. A lumber crib
supported the fixed beds 0.14 m above the flume bottom to allow sediment to be placed to this depth in
the test area that extended variable distances downstream of the fixed beds. The test area for experiment 1
(grain stability) extended 1 m downstream of the fixed beds and was 2 m wide to accommodate beds con-
structed in three wooden boxes (1.0 m long, 0.64 m wide) installed across the flume. The middle box held
an unspawned bed, and redds were constructed in boxes on both sides of the unspawned bed (Figure 3a,
Table 1).

The test area for experiment 2 (boundary shear stress) extended 1.4 m downstream and was 1 m wide so
that a wooden box with these dimensions was large enough to contain a redd surrounded by an
unspawned bed (Figure 3b, Table 1). Fixed beds were installed on both sides of the test bed to maintain
uniform flow in experiment 2. Redds and unspawned beds were constructed in boxes in experiments 1 and
2 for lifting them from the flume after completion of experiments. In both experiments, a fixed bed also
was installed for 2 m downstream of the test area to generate roughness that, along with adjustments of
the flume tailgate, prevented flow from accelerating from the test areas.

For experiment 3 (grain mobility), the test area was enlarged to 2 m in the downstream direction by 2 m
wide for capturing bed load from a redd and unspawned bed in three traps equally spaced across the flume
at a location 1 m downstream of the test area (Figure 3c, Table 1). A plywood bed was installed for 2 m
downstream of the test area to provide a platform for fastening bed load traps and to facilitate transport of
mobile sediment into the traps after particles moved from the test area.

2.4. Bed Construction
Redds and unspawned beds were constructed by placing a grain mixture in the test area, screeding it flat
with a shovel, and slowly wetting the sediment to expel air and settle the bed. Flow was then increased to
water work the beds for a 2 h duration that began when five or more grains moved a distance of at least
their diameter downstream. Water working then proceeded by increasing flow in increments to maintain a
low sediment transport intensity that winnowed fine sediment, oriented grains to flow, and formed and
destroyed pebble clusters [Hassan and Church, 2000]. Sediment was not fed into the flume during the
experiments. After water working, flow was adjusted to generate scaled flow depths and velocities for con-
structing redds (section 2.2). To verify flow settings, spawning depths were measured to within 60.8 cm
with a wading rod at the center of locations where redds were to be constructed. Flow velocities were
measured to within 62% (manufacturer’s specification) at six-tenths flow depth for 60 s with a pygmy flow
meter at these same locations. Redds were constructed in the scaled flows with a metal spatula that was a
scaled model of chum caudal fins (Appendix A). The metal spatula was operated to mimic the spawning
activity of female salmonids, whereby successive episodes of pit excavation and filling were accomplished
by rapid undulations of the spatula, which flushed fine grains from larger sediment, loosened grain packing,
and moved sediment into the redd tailspill structure. Completed redds exhibited teardrop shapes that were
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oriented with their long axis parallel to flow (Figure 3). As in nature, the longitudinal profile of redds exhib-
ited a pot depression and tailspill mound with an upstream sloping surface and a flat area (Figure 1).

2.5. Evaluation of Simulated Spawning
The accuracy of modeled redds was assessed by comparing their dimensions to those for chum salmon
redds in three, low-gradient gravel-bed rivers: Kennedy Creek, Herman Creek near Haines, Alaska, and Lilli-
waup Creek near Lilliwaup, Washington. Herman and Lilliwaup Creeks were added to increase sample size
for the comparisons. Redd dimensions were measured as described in section 2.1, except to a higher degree
of precision in the flume (60.02 m) than in the field (60.05 m). Comparisons demonstrate that dimensions
and aspect ratios (D/L) of simulated redds were in the range of those measured for chum salmon redds in
the field (scaled with LL 5 3, Figure 4).

Changes in median grain size (D50) and sorting (r) [Folk, 1974] from simulated spawning were also com-
pared to field values measured by Montgomery et al. [1996] in Kennedy Creek. In experiments 1 and 2,
grain-size distributions were measured with Wolman [1954] samples of 150 grains on redds and 220 grains
on unspawned beds by lowering a small pointed stick while looking away and then measuring the apparent
intermediate grain diameter to 0.1 mm with digital calipers. Diameters were apparent because particles
were often partially buried and the bed surfaces were glued in place for removal from the flume, which pre-
cluded extraction of particles for measurement. In experiment 3, Wolman [1954] samples of 100 grains were
photographically measured with Sedimetrics software [Graham et al., 2005a, 2005b] to avoid disturbing the
beds prior to the mobility test. We used Sedimetrics because it accurately duplicates manual methods for
measuring grain-size distributions, including Wolman [1954] pebble counts and sieving [Graham et al.,
2005a]. We confirmed the accuracy in 18 tests with sediment mixtures used in the flume experiments,

Figure 3. Redds and unspawned beds used for (a) total resistance measurements (sediment mix 1 shown), (b) flow velocity measurements with particle image velocimetry (PIV), and (c)
visual measurements of grain mobility and bed load capture. Bed load traps are shown in the background of Figure 3c. The bed in Figure 3b is shown after removal from the flume, with
the outline of the redd and location of PIV transects in yellow (transect on the right is for the unspawned bed). The unspawned bed in Figure 3a is shown before it was painted to distin-
guish surface grains from subsurface particles. Dimensions of redds in each figure are reported in Table 1.
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where photographic measurements of grain area-by-number were converted to volume-by-weight
[Kellerhals and Bray, 1971] and compared to sieve analysis of the photographed sample. Pair-wise compari-
sons of grain-size distributions in each test were statistically insignificant according to Kolmogorov-Smirnof
(KS) tests (a 5 0.05). Findings indicate that simulated redds had median grain sizes (D50 5 8.8 mm) that
were 28% coarser on average than unspawned beds (6.3 mm; Table 1), which is close to the average per-
cent increase reported by Montgomery et al. [1996] for Kennedy Creek (36%). Moreover, the average
increase in grain sorting (136%) on simulated redds (r 5 0.94) compared to unspawned beds (r 5 1.28;
Table 1) was nearly identical to that measured by Montgomery et al. [1996] (135%).

2.6. Experiment 1: Grain Stability
Grain stability on redds and unspawned beds was quantified with hand measurements of the total down-
stream force required for particle entrainment (Ftotal) in the flat and upstream sloping area of the pot, the

Figure 4. Redd dimensions and aspect ratios in experiments 1–3 in the flume compared to scaled values for chum salmon redds in Ken-
nedy, Herman, and Lilliwaup Creeks. Aspect ratios are redd amplitude divided by redd length.
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tailspill slope, and the tailspill flat (Figure 1). Before starting the measurements, bed surfaces were misted
with spray paint to delineate undisturbed surface grains from disturbed surface grains and subsurface par-
ticles. Values of Ftotal were then measured with a FUTEK LSB210 load cell connected to a laptop computer
with a FUTEK USB210 that detected the peak applied force at 10 Hz with a nominal accuracy of 0.001%
(manufacturer’s specification). A 3 mm diameter by 1 cm long post was inserted in the load cell for applying
a push force in a downstream and bed-parallel direction on each measured grain. We pushed at the mid-
point of the exposed frontal area of all grains that protruded at least partially above the local bed surface
and were surrounded by undisturbed sediment [Johnston et al., 1998]. With the slope of the flume set to
zero, an applied force was used to push each grain a distance approximately equal to its diameter, which
defined grain movement in our study. Distances of grain movement were approximate because diameters
could not be measured a priori without disturbing the grain. Measurements of Ftotal were limited to the
right or left half (randomly chosen by coin flip) of each bed to preserve the undisturbed half for gluing and
removal from the flume for measuring grain-size distributions (section 2.5).

Resistance measurements proceeded by mobilizing a grain with the load cell, recording the type of move-
ment (sliding, pivoting/rolling, or tilling), extracting the grain for weighing to the nearest 0.1 g, and meas-
uring its three major axes with digital calipers to the nearest 0.1 mm. We excluded tilling motions
(movement that plows neighboring grains) because grains in natural channels commonly move in a sliding
or pivot/rolling motion, or a combination of the two [Francis, 1973]. The availability of different-sized par-
ticles limited measurements to grain-size classes from 22 to 25 phi (4–32 mm). Measurements were made
for sediment mixtures 1–3, with values pooled for the two redds in a given mixture. Pooled values of Ftotal

for redds and unspawned beds (in parenthesis) composed of sediment mix 1–3 were 426 (268), 416 (268),
and 412 (271).

Paired measurements of Ftotal and particle weight were used to compute dimensionless friction coefficients
(l) for grains on the redds and unspawned beds. Values of l were computed by dividing measurements of
Ftotal by the weight of each measured grain (Fn), which for level, dewatered surfaces is the grain mass (m)
times gravitational acceleration (g). For grains on the upstream sloping portion of the redd pot and tailspill
(Figure 1), adjustments to Ftotal and Fn were necessary since a component of the grain’s weight (mg sin /ts,
where /ts is the slope of the tailspill from horizontal (Table 1)) acts downslope against Ftotal and only a por-
tion of the grain’s weight (mg cos /ts) acts perpendicular to the sloping bed surface. As such, friction coeffi-
cients for grains on sloping portions of the redd were computed as

l5
Ftotal2mg sin/ts

mg cos/ts
(5)

2.7. Experiment 2: Boundary Shear Stress
Point estimates of boundary shear stress (sb) were made in streamwise transects on a solitary redd and the
unspawned bed adjacent to the redd (Figure 3b) using flow velocity fields measured with two-dimensional
(2-D, streamwise and vertical directions) PIV. Measurements were conducted at discharges of 0.32 and
0.64 m3 s21 that were gauged to 60.5% with an electromagnetic flow meter in the water supply to the
flume. The discharge of 0.64 m3 s21 was used because it was the maximum flow rate at which we could
safely enter the flume and position the beds for measuring flow velocities. The discharge of 0.32 m3 s21

was used because it was half of 0.64 m3 s21 and close to the discharge (0.25 m3 s21) at which grain incipi-
ent grain motion was visually measured on the redd (experiment 3). At discharges of 0.32 and 0.64 m3 s21,
average flow depths were 11.0 and 20.1 cm on the redd and 17.5 and 26.6 cm on the unspawned bed,
respectively. The length (L) and amplitude of the redd (D) were 90 and 6.5 cm, respectively, which made the
redd’s D/L 5 0.07. The relative submergence (h/D) of the redd was 1.7 at 0.32 m3 s21 and 3.1 at 0.64 m3 s21.
Bed surfaces were glued to prevent grain movement during velocity measurements. Glue fixed grains with-
out pooling and modifying surface roughness on the beds.

Streamwise transects for velocity measurements were 35.3 cm and 21.1 cm long on the redd and
unspawned bed, respectively (Figure 3b). The transect was longer on the redd to enable velocity measure-
ments on the flat and sloping portions of the tailspill. Velocities were not measured in the pot because the
PIV laser sheet was blocked from the depression by projection of the tailspill. We believe this omission did
not influence study results because recirculating flow in the pot depression [Burner, 1951] is unlikely to
notably affect stability of the tailspill. Velocity measurements were located on the unspawned bed adjacent
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to the redd and may have been influenced by flow accelerating around the redd, which could increase
shear stress relative to what would occur in the absence of the redd.

Particle image velocimetry involved illuminating neutrally buoyant particles in the flow column with a dual
pulse 1064 nm laser sheet oriented along the transects (Figure 3b). A high-speed camera captured images
of the particles (through the glass sidewall of the flume) at 9 Hz for 120 s at vertical positions from the bed
to a height of 12.3 cm. Vertical profiles were composed of 73 interrogation regions, each with an area of
0.22 cm2. Instantaneous downstream velocities were calculated in each interrogation region using a cross-
correlation analysis of the distance that particles traveled between successive images [e.g., Adrian, 2005].
Instantaneous velocities were averaged to give mean velocity for each interrogation region. To reduce com-
putations, only every other vertical profile was used to estimate sb, which increased the streamwise distance
between profiles to 0.43 cm. The number of sb estimates on the redd and unspawned bed was 83 and 53,
respectively.

Flow velocities in the near-bed region exhibited logarithmic relations with height above the bed (R2� 0.81
and �0.77 on the redd and unspawned bed, respectively; Figure 6). This enabled sb to be estimated with
the law of the wall [Keulegan, 1938]

u5
u�
j

ln
z

zo

� �
(6)

where u is flow velocity, u� is shear velocity (5
ffiffiffiffiffiffiffiffiffiffi
sb=q

p
), j is von K�arm�an’s [1930] constant (0.407), z is height

above the bed, and z0 is the roughness length scale where flow velocity is zero. We used the five lowest
velocities in the logarithmic profiles (4.3–13 mm above the bed, Figure 6) to determine the slope (m) of a
least squares regression between (u, ln(z)) for each profile. From the derivative @(ln(z))/›u of equation (6),
m5j=u�, which after rearrangement enabled bed shear stress to be calculated as [Middleton and Southard,
1984]

sb5 q
j
m

� �2
(7)

2.8. Experiment 3: Grain Mobility
Grain mobility was visually measured on a solitary redd and a nearby, unspawned bed to determine the rel-
ative stability of each surface, while mobile particles were captured in bed load traps to determine mass
transport rates of surface grains. For these measurements, the redd and unspawned bed surfaces were
spray-painted orange and black, respectively, to aide observations of mobility and determine the origin of
surface grains captured in the traps (Figure 3c). Bed load traps had 0.3 m wide by 0.2 m tall openings and
were equipped with 5 m long nets with 3.125 mm mesh openings that retained the coarsest 89% of the
sediment mixtures. Visual measurements of entrainment were made and bed load traps were operated at
14 successive discharges (0.12–1.05 m3 s21), each lasting 20 min. The lowest discharge (0.12 m3 s21) was
based on observations of incipient motion on redds in a preliminary experiment with a test bed composed
of similar grain sizes. The peak discharge (1.05 m3 s21) was that which completed erosion of the redd to a
level flush with the unspawned bed. The duration of measurements was set by the time required to adjust
the flume tailgate to maintain uniform flow, when necessary, and to make and record visual measurements
of grain mobility. Sediment was not supplied to the upstream end of the flume during the experiments.
Bed load traps were emptied between discharges and captured sediment was dried and separated by color.
Painted grains were weighed to the nearest gram to determine mass transport rates of surface grains per
unit area of the redd (0.42 m2) and unspawned bed (3.58 m2) for each discharge. Analysis did not include
subsurface grains because they were unpainted, which precluded determining their location of origin as
either from the redd or unspawned portion of the bed.

Visual measurements of entrainment were made for grain diameters in size bins defined as >24 mm, 16 to
<24 mm, 8 to <16 mm, 4 to <8 mm, and <4 mm. Size bins differed from half-phi gradations because it
was difficult to visually measure grain diameters in such increments. We did not quantify uncertainty in our
grain-size estimates, which are a source of bias in visual measurements of entrainment [Buffington and
Montgomery, 1997]. Entrainment was defined in the visual measurements as when five or more grains in a
bin moved a distance equal to their diameter in 30 s. An exception applied to grains <4 mm, which were
required to evacuate their resting pocket to be classified as mobile, since movement of a lesser distance
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was difficult to detect. Observations of mobility and mass transport rates were plotted against bed-
averaged shear stress (sbavg ) that was partitioned to remove wall effects (Appendix B).

3. Results

3.1. Grain Stability (Experiment 1)
Cumulative distributions of measured resistance forces (Ftotal) for grains on redd and unspawned surfaces
are shown in Figure 5 for sediment mixes 1–3. Considering that redds were coarser (larger D50)
than unspawned beds (Table 1) and exhibited an upstream sloping tailspill surface (Figure 1), distributions
of Ftotal on redds should be higher than on unspawned beds since larger grains are harder to move, espe-
cially up a sloping surface. Instead, distributions of Ftotal for the redds and unspawned bed were not signifi-
cantly different for sediment mix 1 (KS test, a 5 0.05), while values of Ftotal were significantly lower on redds
for mixes 2 and 3 (KS tests, a 5 0.05; Figure 5). Similar results were obtained for cumulative distributions of
friction coefficients (l, Figure 5), where average values were 12–37% lower for redds than unspawned beds.
These results are consistent with Montgomery et al.’s [1996] observation that spawning activity loosens the
bed and lowers intergranular friction, making redds less stable despite having coarser and better sorted
surfaces (Table 1).

3.2. Boundary Shear Stress (Experiment 2)
Large spatial variability in boundary shear stress was captured by the high resolution of velocity measure-
ments on the hydraulically rough surfaces of the redd and unspawned bed (Figure 6). However, variability
in sb was higher on the redd (standard deviation (s) 5 64 and 59 Pa) than the unspawned bed (s 5 21 and
41 Pa) at discharges of 0.32 and 0.64 m3 s21, respectively, because of the coarser surface and dune-like
topography of the redd. Point estimates of sb were statistically higher on the redd (KS test, a 5 0.05) for the
lower discharge (0.32 m3 s21) and correspondingly lower relative submergence of the redd (h/D 5 1.7). Sim-
ilarly, the transect-averaged sb was 68% higher on the redd (96 Pa; Figure 6a) than on the unspawned bed
(57 Pa; Figure 6c) at 0.32 m3 s21. At the higher discharge (0.64 m3 s21), differences in transect-averaged val-
ues of sb between the redd (89 Pa; Figure 6b) and unspawned bed (79 Pa; Figure 6d) decreased to 13% due
to larger relative submergence of the redd (h/D 5 3.1). As a result, a KS test (a 5 0.05) indicated that differ-
ences in point estimates of sb on the two surfaces were insignificant at this flow. The observed decrease in
average sb for higher submergence of the redd is consistent with changes in sb on dunes [Stoesser et al.,
2006] and results from the redd topography being ‘‘drowned out,’’ which causes the structure to extract less
momentum from flow.

Higher shear stress on the redd at both discharges resulted from flow convergence and acceleration that
progressively increased sb on the stoss side of the tailspill, similar to that observed on fluvial bed forms
[e.g., Venditti, 2007; Motamedi et al., 2014]. Downstream of this area, at the break in slope between the tail-
spill slope and flat (near 215 cm; Figures 6a and 6c), flow separation lowered sb below the average at both
flow rates before gradually increasing to peak values near the downstream end of the transect. We note
that differences in sb between the redd and unspawned bed are conservative because flow acceleration
around the redd likely increased boundary shear stresses on the unspawned bed compared to what would
occur in the absence of redd topography. The occurrence of a higher average boundary shear stress on the
redd is consistent with results from Venditti [2007], who reported sb was 22–155% higher on dunes than pla-
nar beds. This comparison is particularly relevant given the similarity in aspect ratio between our redd (D/
L 5 0.07; Figure 4) and Venditti’s [2007] dunes (0.06).

3.3. Grain Mobility (Experiment 3)
Particle mobility results are presented for the redd and unspawned surfaces in terms of competence (largest
mobile grain-size bin) and bed load transport rates, both as functions of reach-average boundary shear
stress (sbavg ; Figures 7 and 8). Incipient motion was observed on the redd at a sbavg (10.4 Pa) that was 22%
lower than on the unspawned bed (13.4 Pa; Figure 7). These values of sbavg correspond to critical dimension-
less Shields stresses (5sbavg=ðqs2q)gD, where qs is the density of sediment and D is the median diameter in
the mobile grain-size class) of 0.045 for the redd and 0.109 for the unspawned bed. Mobilization of all grain
sizes on the redd occurred within a narrower range of sbavg (10.4–15.3 Pa for the <4 mm to >24 mm size
class) than on the unspawned bed (13.4–21.5 Pa; Figure 7). Finally, the sbavg that entrained all grain-size
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classes was 29% lower on the redd (15.3 Pa) than on the unspawned bed (21.5 Pa). As with local estimates
of sb (section 3.2), observed differences in sbavg are conservative because flow acceleration around the redd
may have caused a lower entrainment threshold than would occur on unspawned areas located outside the
influence of the redd.

Sediment transport on the redd caused downstream translation of the tailspill until it dispersed and scoured
flush with the unspawned bed. Translation began in flows with sbavg � 12.0 Pa, when entrainment was lim-
ited to the crest and flanks of the tailspill slope. The mobile bed area expanded at 13.4 Pa to include

Figure 5. Cumulative distributions of (left column) the total force resisting grain movement (Ftotal) and (right column) friction coefficients
(l) for grain-size classes from 22 to 25 phi (4–32 mm) on redds and unspawned beds composed of sediment mix 1–3.
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unspawned grains adjacent to the redd and grains on the tailspill flat. At this flow, mobile grains on the
unspawned bed were transported downstream while mobile grains on the redd were mainly captured in
the lee of the tailspill, promoting translation of the structure. Sustained mobility on the redd filled the lee
area at around 14.9 Pa. Without a lee area to capture mobile sediment, the tailspill began to disburse as
mobile grains transported downstream. As mobility continued, the tailspill lowered in elevation, which
eroded grains from the lee area and accelerated dispersion of the tailspill. At 17.9 Pa, unspawned grains
that were mobilized upstream of the redd deposited in and partially filled the pot. From 19.4 Pa through
20.4 Pa, entrainment on the unspawned bed expanded to include grains that were 16 to <24 mm in diame-
ter while the redd tailspill rapidly eroded between 18.9 and 20.4 Pa. At 21.5 Pa, entrainment of grains
>24 mm concluded mobility of unspawned size classes and completed filling the pot, which remained sta-
ble throughout the experiment. At a sbavg of 23.0 Pa, the tailspill was eroded flush with the unspawned bed.

Mass transport rates of surface grains per unit area of spawned and unspawned portions of the bed support
observations of redd translation followed by dispersal, and our conclusion that redds are unstable com-
pared to unspawned beds (Figure 8). Although mass transport rates give the impression that the
unspawned bed was initially more mobile, this is an artifact of the transient storage of grains mobilized on
the redd. For instance, sediment entrained on the redd at 10.4 Pa was captured in the lee of the redd, which
delayed transport of particles to the bed load traps until 14.9 Pa, when the lee filled and grains moved
downstream into the traps (Figures 7 and 8). In contrast, the unspawned bed mobilized later than the redd
(13.4 Pa, Figure 7), but these grains rapidly traversed the flume and were captured sooner by the bed load
traps (14.0 Pa, Figure 8). We do not have an explanation for surface transport rates decreasing on both beds
at 16.8 Pa, but they once again increased and nearly equalized between surfaces at 17.5 Pa (Figure 8). At
18.4 Pa, erosion of the tailspill promoted redd dispersion that sustained sediment transport rates in excess
of those for the unspawned bed for the remainder of the experiment. This result and average mass trans-
port rates being 4.5 times higher on the redd (0.38 g s21 m22) than on the unspawned bed (0.08 g s21

m22) confirm that redds were relatively unstable in our experiments.

Figure 6. Boundary shear stress (sb; solid lines) estimated on (a, b) a redd and (c, d) unspawned bed surrounding the redd. Estimates of sb were made with the law of the wall using flow
velocity profiles measured with particle image velocimetry at discharges of (top) 0.32 and (bottom) 0.64 m3 s21 in the flume. Inset figures are examples of the flow velocity profiles, with
black points indicating the inner layer of the profiles that was used to estimate sb (section 2.7). Dotted lines indicate average values on both surfaces and dashed lines indicate average
values on the tailspill slope and flat portions of the redd (Figure 1).
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4. Discussion

Our experiments demonstrate that redds are less stable than unspawned beds. This finding is supported by
field observations of redd instability by Lisle [1989], Rennie and Millar [2000], and Bigelow [2003], but coun-
ters Montgomery et al.’s [1996] theoretical calculations that predicted redds are stable compared to
unspawned beds. Our findings differed from those of Montgomery et al. [1996] because our study permitted
observation of the destabilizing effects of spawning, which include bed loosening that decreases grain
resistance to movement, and flow convergence over the redd that elevates boundary shear stress relative
to that on planar unspawned beds. The combined outcome of these effects is that higher sediment trans-
port rates occur where redds are constructed.

Our findings most directly apply to isolated redds that are unsheltered by flow obstructions and nearby redds,
but Montgomery et al. [1996] also considered the effect of redd form drag on stability by treating redds as
channel-spanning bed forms. Except perhaps in low-order channels, redds only occupy a portion of a channel’s
width. Therefore, in mid-order to high-order channels, it remains unclear whether form drag from redds extracts
enough momentum to decrease boundary shear stress and protect downstream redds from erosion. Some
insight into this question is provided by research involving dunes [Engel, 1981; Nelson and Smith, 1989], which
suggests redds separated by streamwise distances greater than 4–6 times the amplitude of the upstream redd
are unsheltered and may experience the relatively high boundary shear stress that we observed. However, redds
built in spacings below this range might still experience elevated boundary shear stress from local variations in
flow, including flow acceleration over and around redds and high turbulence generated by tailspill wakes. Tur-
bulence effects may be suppressed when redds are irregularly spaced, as suggested by Venditti’s [2007] research
that indicated form drag was 20% less on randomly spaced dunes than regular-spaced dunes. However, excava-
tion of bar margins and smoothing of pool-riffle topography by high-density spawning [Schuett-Hames, 1996]
can reduce channel roughness, potentially offsetting momentum losses from redd topography and leaving
redds vulnerable to erosion. Overall, form drag from redds depends on the size and spacing of redd topography,
with maximum form drag likely occurring at intermediate densities [e.g., Yager et al., 2007].

The size, shape, and orientation of redds also affect the stability of spawned beds. In general, the boundary
shear stress on a redd varies with redd size relative to the flow width and depth. Larger redds experience

Figure 7. Visual measurements of grain mobility on a redd and surrounding unspawned bed plotted against the reach-average shear
stress corrected for sidewall effects (sbavg ; Appendix B).
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greater flow convergence and boundary shear stress than planar beds, especially for shallower flows in
smaller channels. Redds in teardrop shapes (used in this study and typical in nature) are streamlined and
more stable than redds constructed in less streamlined shapes or with their long axis angled to flow. Varia-
tions from a streamlined form and flow-parallel alignment can therefore result in even lower redd stability
than observed in our experiments. The teardrop shape and parallel alignment of redds results from flow dis-
persing grains during spawning and possibly also from probing behavior by the female salmon during con-
struction of the redd [Jones and Ball, 1954]. Since probing behavior relies on a female’s sense of flow, injury
and environmental conditions may result in redds that are oddly shaped or angled to flow. We have
observed injured (bear-bitten) female chum salmon building redds with the long axis obliquely angled to
the primary flow direction. Turbidity can also lead to unusual redd shapes by disorienting the female and
causing her to wander laterally while constructing the redd [Lorenz and Eiler, 1989]. In both these cases, con-
structed redds would likely exhibit lower stability than redds in the current study.

The inherent instability of redds suggests that embryos in the nest may be vulnerable to scour. However,
field studies show that this may not be the case. Rennie and Millar [2000] found that scour of redd tailspills
was greatest, while scour of egg pockets was no different from the adjacent unspawned bed. Greater scour
of the tailspill is expected given the topographically forced increase in shear stress over the tailspill (section
3.2) and because elevated streamflow tends to smooth exogenous topography, such as redds [Montgomery
et al., 1996]. Redd stratigraphy may have also influenced Rennie and Millar’s [2000] results. For example, our
field excavations of redds and those made by others [Hawke, 1978; Peterson and Quinn, 1996] reveal a
coarse surface layer, below which is a surface seal of fines, then a cover layer of unsorted sand and small
gravel, followed by a bridge of medium gravel that overlies the egg pockets, which are composed of the
largest grains in the area of redd construction (Figure 9). With this stratigraphy, tailspill scour should rapidly
proceed after initial mobility since further erosion is only prevented by relatively small grains in the immedi-
ate subsurface. Once the tailspill erodes flush with the streambed, boundary shear stress will largely equal-
ize between the redd and unspawned bed and reduce potential for differences in scour. At this point,
coarse grains in egg pockets may offset loose packing in the redd and reduce or eliminate differences in
scour between the redd and unspawned bed, as observed by Rennie and Millar [2000].

Redd mobility may increase the risk of fine sediment infiltration, which reduces survival of embryos in the nest.
For example, strong negative relationships have been established between concentrations of fine sediment
(typically <2 mm) in the streambed and embryo survival in laboratory and field studies [Everest et al., 1987;

Figure 8. Mass transport rates of surface grains per unit area of the redd and surrounding unspawned bed in experiment 3 as a function
of reach-average boundary shear stress corrected for sidewall effects (sbavg ; Appendix B). Labels indicate specific sbavg values.
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Chapman, 1988]. Fines impact egg development and survival by reducing water flow to eggs [Cordone and
Kelly, 1961], limiting alevin movement in gravel interstices [Phillips et al., 1975], suffocating embryos by
obstructing micropores in egg membranes [Greig et al., 2005], or entombing embryos in the nest [Koski, 1966;
Vaux, 1968; May et al., 2009]. However, infiltration of fine sediment is often blocked by sand seals that form in
the shallow subsurface of redds (Figure 9). Although bed mobility disrupts sand seals, they often reform after
erosional events to help protect eggs from siltation [Lisle, 1989; Meyer et al., 2005]. A potentially greater impact
to embryo development than intrusion of fines may be tailspill erosion that reduces hyporheic flow through
the redd, which is necessary for oxygenating eggs and flushing metabolic wastes [e.g., Johnson, 1980; Tonina
and Buffington, 2009]. Gradients in hydraulic conductivity between the redd and unspawned bed may con-
tinue to generate hyporheic flow, but water flow to eggs in the nest will moreso depend on ambient pressure
gradients (e.g., pool-riffle topography) following erosion of redd topography.

Our findings are based on a series of flume measurements that were conducted under limited experimental
conditions. Results may have differed, for instance, if silt and clay-sized material had been included in the
sediment mixtures. This would have generated relatively higher measurements of grain resistance (section
3.1) on unspawned beds due to sediment cohesion and mortaring [Barzilai et al., 2013] that would have
been disrupted by simulated spawning. Redds may have also exhibited somewhat higher stability in the
mobility experiment (section 3.3) if they had been modeled after species of salmon that construct smaller
structures (e.g., pink (O. gorbuscha) and sockeye (O. nerka) salmon), with correspondingly smaller redd
topography for forcing flow convergence and increasing boundary shear stress [DeVries, 2012]. The opposite
may have occurred, however, if redds had been modeled after Chinook salmon (O. tshawytschta) that con-
struct larger redds than other species of Pacific salmon.

Figure 9. Stratigraphy of sediment in a dewatered chum salmon redd in Kennedy Creek. Eggs that rolled from the pit during excavation
are circled.
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Our sediment transport results may also have differed if we had fed sediment to the flume during the
experiment. With a sediment feed, the open structure of redd particles would be prone to fine sediment
infiltration that could more tightly pack grains and reduce their mobility. However, a high sediment supply
or a supply containing a large percentage of fines can cause textural fining that reduces bed-surface rough-
ness and, in turn, increases near-bed velocities and bed load transport rates [Dietrich et al., 1989; Wilcock,
1998; Wilcock and Crowe, 2003]. Such effects would likely be moderated by spatial divergence of flow and
bed load transport forced by the redd, perhaps focusing textural fining and higher transport rates where
flow converges on the flanks of the redd. Granular transport can also extract momentum, altering boundary
shear stress, channel competence, and bed load transport rates. Overall, the effects of sediment feed would
depend on the volume and caliber of the supply, as well as the magnitude of the spatial divergence of flow
and transport imposed by the redd, which is a function of redd size relative to flow depth and velocity. Our
results control for such complexities, which limits them to cases of low sediment supply.

Another factor left unexamined in our experiments was the three-dimensional (3-D) interaction of flow with
redds, as our velocity measurements were limited to a 2-D transect on the centerline of a redd. As a result,
velocity measurements on the redd (section 3.2) did not account for lateral divergence of flow across the
convex top of the redd or flow acceleration on the flanks of the redd that are expected to occur. Nor did we
account for the pot depression, which is expected to shelter grains [Hobbs, 1937], recirculate flow [Burner,
1951], and lower boundary shear stress on this area of the redd, as in the trough of a dune. These expecta-
tions were supported by our visual observations, which showed that grain mobility first occurred on the
flanks and crest of the tailspill, while grains in the pot remained in place for eventual burial by unspawned
grains that were mobilized upstream of the redd (section 3.3). Even so, further investigation is warranted to
characterize the 3-D flow structure on redds, adjacent unspawned beds, and unspawned beds at variable
distances from redds. This information will lead to a better understanding of flow conditions that mobilize
spawned surfaces and unspawned beds that are hydraulically influenced by redds.

Our finding that redds are structurally unstable leads to the suggestion that chronic reductions in spawning
activity may decrease the amount of fine sediment that is entrained from the subsurface during mobility of
loose, spawned beds. Diminution of this process and the flushing of fine sediment that occurs during redd
building can lead to siltation of the intergravel environment and reduced incubation success [Chapman,
1988]. Such changes can negatively impact salmon populations and lead to decreased marine nutrients
that spawners contribute to aquatic food webs [Cedarholm et al., 1999; Wipfli and Baxter, 2010] and riparian
ecosystems [Bilby et al., 2003; Drake and Naiman, 2007], which, in turn, influence the growth and survival of
juvenile salmon during their freshwater residency [Scheuerell et al., 2005].

5. Conclusions

Using a series of complementary experiments, our analyses show that redds are more mobile than
unspawned bed surfaces. Evidence for this conclusion includes (1) distributions of entrainment forces were
statistically similar or significantly lower for grains on redds than unspawned beds; (2) boundary shear stresses
were up to 41% higher on a redd tailspill than the adjacent unspawned bed; (3) bed-average shear stress at
observations of grain incipient motion was 22% lower on a redd than unspawned bed and 29% lower at the
discharge that mobilized all grain-size classes on a redd; and (4) mass transport rates of surface grains were
nearly 5 times higher on a redd than the surrounding unspawned bed. Greater mobility of redds may expose
embryos in the nest to risk of scour, fine sediment infiltration, and reduced hyporheic flow. However, compen-
sating effects may counter or reduce such risk (section 4). Our findings, combined with prior research indicat-
ing that mass spawning can mobilize about half the annual bed load yield [Hassan et al., 2008], suggest that
chronically low salmon populations may lead to siltation of stream habitats and further declines in fish popu-
lations. Further quantifying this linkage may provide a defensible basis for managing salmon returns to pro-
mote streambed disturbances that may be required to sustain or restore salmon populations.

Appendix A: Scaling the Metal Spatula for Simulated Spawning

Redds were constructed in the flume with a metal spatula that was a scaled model of chum salmon caudal
fins measured in Herman Creek near Haines, Alaska. Scaling the metal spatula was an important considera-
tion because the size of redds and the caliber of sediment moved by spawners scales with fish size [van den
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Berghe and Gross, 1984]. We preferred to scale the metal spatula from chum caudal fins in Kennedy Creek,
but spawner carcasses were too degraded for these measurements. Instead, we used linear regression to
relate paired measurements of the caudal fin width (Wf, mm) and fork length of female chum (FL, mm; mid-
eye to caudal fork) in Herman Creek: Wf 5 0.28(FL) 2 0.22; R2 5 0.59, n 5 13. The regression equation was
then used with the average fork length of female chum salmon measured in Kennedy Creek (FL 5 602 mm,
s 5 39 mm, n 5 27) to estimate an average caudal fin width of 169 mm for Kennedy Creek chum. This value
was scaled smaller by a factor of 3 (section 2.2) to set the width of the metal spatula (56 mm) for building
redds in the flume.

Appendix B: Sidewall Correction

We determined the reach-average boundary shear stress on the bed ðsbavgÞ by partitioning roughness
between the flume walls and the granular bed using a modified version of the Vanoni and Brooks [1957]
sidewall correction. In this analysis, the Darcy-Weisbach friction factor (f ) and the Reynolds number (Re) are
used with Cheng’s [2011] modification of the Colebrook-White equation to estimate friction from the hydro-
dynamically smooth walls of the flume (fw )

f 5
8gRS
�u2 (B1)

Re5
4R�u
t

(B2)

1ffiffiffiffiffi
fw
p 5 22Log 2:51

�
Re
f f 1:5

w

� �
(B3)

where f is the total frictional resistance of the channel, g is gravitational acceleration, R is the hydraulic
radius (wh/(w 1 2h), where w and h are the flume width and depth, respectively), S is the flume slope, �u is
the reach-average flow velocity, m is kinematic viscosity, and fw is solved iteratively. Values of f and fw are
used to isolate friction on the bed (fb) following the Vanoni and Brooks [1957] method

fb5 f 1
2h
w

f 2fwð Þ (B4)

The partitioned bed-average shear stress on the granular bed is given by

sbavg 5 qg
fb

f
RS (B5)

where q is the density of water.
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