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[1] Incubating eggs of autumn-spawning Chinook salmon (Oncorhynchus tshawytscha)
could be at risk of midwinter high flows and substrate scour in a changing climate. A
high-spatial-resolution multidimensional hydrodynamics model was used to assess the
degree of scour risk in low-gradient unconfined gravel bed channels that are the favored
environment for autumn-spawning salmon in mountain watersheds such as the Middle Fork
Salmon River (MFSR), Idaho. In one of the most important MFSR spawning tributaries,
near-bed shear stresses were relatively low at all discharges from base flows to 300% of
bankfull. The highest stresses were found only in small areas of the central flow core and not
at spawning sites. Median shear stresses did not increase in overbank flow conditions
because poor channel confinement released the excess water into adjacent floodplains.
Channel and floodplain topography, rather than discharge, control the maximum near-bed
shear stresses. Over the modeled range of discharges, ~2% of the total surface area of the
main stem channel bed was predicted to be mobile. Even in known spawning areas, where
shear stresses are higher, ≤20% of the spawning surface area was mobile during overbank
flows with a 2 year recurrence interval. Field measurements of little gravel transport during
flows that were 93% of bankfull support the numerical model predictions. Regardless of
some uncertainty in future climates in these watersheds, there appears to be relatively
limited risk of extensive scour at salmon spawning sites in any likely hydrologic regimes.
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1. Introduction

[2] Motion of sediment in a gravel bed channel is normally
considered to begin at a critical flow condition in which the
near-bed shear stress just exceeds the threshold value for
particle entrainment. However, mobility of the streambed
surface varies both spatially and temporally. At lower flows,
only a small portion of the bed or only the smaller grains may
be mobile [e.g., Jackson and Beschta, 1982; Wilcock and
McArdell, 1993;Haschenburger and Wilcock, 2003]. As flows
increase, more of the bed and larger particles begin to move
until full mobility of all particles is achieved everywhere
[Carling, 1988]. Resistance to particle motion is normally
described by some form of an empirical nondimensional
threshold shear stress, such as the critical Shields stress:

τ�c;i ¼
τc;i

ρs � ρwð Þgdi (1)

[3] Here τc,i is the critical shear stress for some particular
grain size (di), ρs and ρw are the bulk densities of the sediment
and water, respectively, and g is the gravitational acceleration.
There has been much discussion of the Shields stress and what
values it might take in different fluvial situations (see reviews
by, among others, Richards [1990] and Buffington and
Montgomery [1997]). In 24 gravel bed streams in the Rocky
Mountains, Andrews [1984] reported that the threshold of
particle motion was reached when τ*c,i ≈ 0.046. Lisle et al.
[2000], in a study of six natural gravel bed channels, used
categories of (a) a stable bed when τ*c,i < 0.03, (b) partial bed
mobility when 0.03< τ*c,i < 0.06, and (c) full mobility if τ*c,i
> 0.06 or about twice the stress at initial motion. Many inves-
tigators have also observed that sediment mobility and bed
load transport increase greatly, often to a state of full bed
and grain mobility, at flows near bankfull discharge [e.g., Li
et al., 1976; Parker, 1979; Jackson and Beschta, 1982;
Andrews, 1983, 1984; Andrews and Erman, 1986; Carling,
1988; Richards, 1990; Ryan and Troendle, 1996; Ryan and
Emmett, 2002; Haschenburger and Wilcock, 2003; King
et al., 2004; Torizzo and Pitlick, 2004; Mueller et al., 2005].
[4] In many mountain rivers in western North America, the

annual hydrograph is dominated by the spring-early summer
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snowmelt, which reliably produces the majority of the annual
flow volume and often also the largest peak daily flows
[Jarrett, 1990; Hauer et al., 1997; Hamlet et al., 2005; Bales
et al., 2006]. Whereas single storms, such as rain-on-snow
events or summer thunderstorms, infrequently cause high
short-term stream runoff, the annual snowmelt can produce as
large, or larger, discharges and often endures for several weeks.
Thus, annually, the highest shear stresses and the majority of
sediment transport and bed motion tend to occur during
snowmelt runoff. In western North America, this characteristic
is accentuated in streams in inland mountains with a
nonmaritime climate and in watersheds that lie at higher eleva-
tions where a greater portion of the total precipitation occurs as
snow and winter discharges are relatively low [e.g., Jarrett,
1990; Hauer et al., 1997; Beebee and Manga, 2004; Stewart
et al., 2004; Torizzo and Pitlick, 2004; Mote et al., 2005].
[5] Large flow events can dramatically alter the physical

habitat of stream ecosystems and strongly affect in-stream
biodiversity [e.g., Kondolf et al., 1991; Naiman et al.,
2008]. However, when spatial or temporal patterns in the
flow regime are somewhat predictable, such as the annual
spring snowmelt discharge peak in mountain streams, aquatic
species have the opportunity to adapt and evolve successful
responsive life histories and strategies to avoid, cope with,
or even exploit these extreme events [Hauer et al., 1997;
Gasith and Resh, 1999; Naiman et al., 2008]. For example,
reproduction is often timed to minimize exposure of young
to predictable high flows and then allow juveniles to take ad-
vantage of improving recessional limb conditions with lower
velocities, higher productivity, and greater food availability
[Yarnell et al., 2010]. Some natural variability in timing,
magnitude, and duration of extreme events can be tolerated
and may even lead to higher biodiversity [Naiman et al.,
2008; Rieman and Isaak, 2010], but events outside the range
of adaption can lead to poor species success [Kondolf et al.,
1991; Yarnell et al., 2010].
[6] The iconic anadromous Chinook salmon has adapted its

reproductive life stage to accommodate a relatively predictable
annual hydrograph in many snowmelt-dominated western
North American mountain streams [e.g., Quinn 2005; Waples
et al., 2008]. These fish famously use the channel bed substrate
as an egg-incubatingmedium and construct a nest, or “redd,” in
streambed gravels whose matrix structural integrity is essential
for successful development of embryos and alevins [Burner,
1951]. In mountain streams, salmon reproduction is timed
and designed to accommodate the snowmelt peak flow period
and minimize the possibility of gravel movement during incu-
bation. For example, autumn-spawning Chinook have evolved
to incubate their eggs during winter low flows and the juveniles
emerge from the gravels before the spring snowmelt period
[Quinn, 2005]. Another successful strategy is to bury the eggs
deeper than the normal scour depth [e.g., DeVries, 1997;
Montgomery et al., 1996].
[7] Several previous studies have raised concerns about the

possibility of high flows scouring fish nest sites during an in-
cubation period, with obvious harmful effects on population
dynamics [e.g., Seegrist and Gard, 1972; Meehan, 1974;
Holtby and Healy, 1986; Lisle, 1989; Lapointe et al., 2000;
Schuett-Hames et al., 2000; Clark et al., 2001; Tonina
et al., 2008; May et al., 2009]. Recently, some have also
suggested that new flow regimes in future climates may force
more frequent bed scour during incubation [Hauer et al.,

1997; Battin et al., 2007] as a result of earlier snowmelt or in-
creased winter rain-on-snow runoff events [e.g., Lettenmaier
and Gan, 1990; Pupacko, 1993; Dettinger and Cayan, 1995;
Stewart et al., 2004, 2005; Regonda et al., 2005; Maurer
et al., 2007; Stewart, 2009]. However, there appear to have
been few mechanistic studies of this potentially serious
ecological issue in western North American rivers. A notable
exception is the investigation of May et al. [2009] who
explored the risk of sediment scour and deposition at salmon
redds in a large regulated river in Northern California. Using
a combination of numerical flow modeling and field observa-
tions, they found that redds were preferentially located in
coarse substrate near the banks and unlikely to be scoured
in high-flow reservoir releases, during which greater bed
shear stresses and mobility were concentrated in a flow core
closer to the middle of the channel.
[8] In this study, we tested the potential for midwinter scour

of Chinook salmon nesting sites during natural high flows in
unregulated, low-gradient, unconfined gravel bed streams in
high-elevation snowmelt-dominated watersheds. We investi-
gated the tributaries of the Middle Fork Salmon River
(MFSR), Idaho, because of their importance to the spawning
of this threatened fish species. It is difficult to accurately
predict future changes in the amount and timing of snowmelt
runoff or the magnitude, frequency, and timing of rain or
rain-on-snow discharge events [Beniston et al., 2003; Mote
et al., 2003; Battin et al., 2007; Harpold et al., 2012].
Therefore, we explored the sensitivities of shear stress and
bed mobility to a range of discharges from base flows to
near-bankfull and overbank flows representing some of the
largest discharges that could likely result from future severe
winter climate conditions in the study streams. We used a
calibrated multidimensional fluid dynamics model to predict
local near-bed shear stresses. We then compared the predicted
near-bed stresses to critical values for initial motion of stream-
bed material defined from field-measured substrate size ranges.

2. Study Area

[9] The MFSR is the largest and most important anadro-
mous fish-bearing stream in the Salmon River drainage,
which, in turn, is one of the most important rivers in the
Columbia River drainage for Chinook salmon production
[Andrews and Everson, 1988]. The main stem MFSR flows
north-northeastward for about 200 km through the Frank
Church–River of No Return Wilderness Area in central
Idaho (Figure 1). This main stem river is used primarily as
a travel corridor by anadromous fish moving between the
ocean and spawning/rearing habitat in meandering gravel
bed tributary channels [Thurow, 2000; Isaak and Thurow,
2006]. For example, during a 3 year period of intensive mon-
itoring of MFSR Chinook salmon spawning, Thurow [2000]
found 99% of redds constructed in tributaries, with the
largest concentrations in the Bear Valley, Elk, and Marsh
Creeks drainages. Over much of its course, the main MFSR
is confined in deep canyons with steep sidewalls, but the
upper reaches of many of its tributaries flow through broad
gentle valleys that often were formed by glaciers or by
outwash debris from up-valley glacial sources [Fisher
et al., 1992; Meyer and Leidecker, 1999]. Thus, in the
MFSR watershed, salmon spawning is concentrated in a
specific subset of channel morphologies.
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[10] A 1.6 km reach of upper Bear Valley Creek was se-
lected to represent spawning habitat in headwater unconfined
low-gradient streams (Figure 1). Upper Bear Valley Creek is
a meandering pool-riffle channel that flows across a wide,
gently sloping valley formed in glacial outwash sediments
[Schmidt and Mackin, 1970;McKean et al., 2008]. The study
reach is a gravel bed channel, 12–15m wide and <2.5m
deep (Figure 2). The surface substrate median grain size for
spawning sites within the model reach is 35mm, whereas
the median grain size for the whole of upper Bear Valley
Creek, which includes some coarser plane bed reaches, is
52mm (Figure 3). The stream is armored with a ratio of sur-
face d50 to subsurface d50 of approximately 2.5. The average
gradient over the model domain is 0.3% with local gradients
as high as 0.6% over 100m distances. A rating curve was
established from a temporary staff gauge at the study reach
with flow observations made over a range from 1.1 to
6.2m3 s�1. These measurements and topographic observa-
tions indicate that bankfull flow is 6.7m3 s�1.
[11] Upper Bear Valley Creek is a high-altitude stream

with an average elevation of about 2000m. The watershed
mean precipitation is about 78 cm yr�1, most of which
occurs as snow with some minor contributions from
occasional midsummer thunderstorms. The annual runoff
hydrograph is dominated by the spring snowmelt from
mid-April to mid-June (Figure 4). Historically, spring
overbank flooding of the low-gradient meadows is
sustained for approximately 6–8weeks, or 10–15% of each
year (Figure 4), depending on the size of the winter snow
accumulation and the intensity and duration of warmer air
temperatures that cause snowmelt. Rain or rain-on-snow
events have a much smaller duration, causing floods of 1

to a few days. During overbank flooding in these streams,
the width of flow increases significantly, while the depth
and shear stress increase much less. These general hydro-
logic characteristics of Bear Valley Creek are similar to
those of many other headwater tributary streams in the
MFSR [King et al., 2004] and the main Salmon River drain-
ages [Emmett, 1975].
[12] The direct sediment supply from hillslopes appears

low in Bear Valley Creek due to its isolation from the valley
sides by the wide low-gradient meadow surfaces. The
majority of sediment supplied to the channel is likely from
localized bank erosion that delivers sand and gravel. By
direct observation, the subreach-scale morphology of the
channel is essentially constant over annual and even
multiyear periods. For example, local topographic changes
between 2004 and 2007 were evaluated in a 10 km reach of
upper Bear Valley Creek by computing the difference
between high-resolution digital elevation models (DEMs)
constructed from bathymetric lidar surveys in those years.
Ground surveys of three ~150m long reaches were also
repeated in 2004, 2006, and 2007. The overall channel
morphology did not change during this interval and local
bed elevations varied <10 cm. The positions of spawning
areas were very persistent, and frequently, prior year redds
were observed that had not changed shape during the
intervening snowmelt peak flows.
[13] Local Chinook salmon have evolved their spawning

and rearing life stages around the annual runoff pattern
(Figure 4). Each year, returning adult fish arrive in July
and then spawn in August-September. Incubation takes
place over the winter months while flows are historically
very low and little sediment transport occurs. Eggs hatch
and fry emerge from the streambed in February-March, just
prior to the yearly high flows. Any change in the normal
annual hydrograph that involved high flows and bed mobil-
ity during the winter incubation, whether caused by earlier
snowmelt, rain-on-snow, or rainstorms, could be detrimen-
tal to spawning success. As snowmelt progresses during
May-June, discharges increase beyond bankfull and many
of the fry escape the high-velocity flows by dispersing
into flooded off-channel areas in adjacent low-gradient
meadows. The young fish occupy these channel and off-
channel habitats for 1–2 years and then out-migrate down
the Middle Fork Salmon drainage to spend about 5 years
in the ocean prior to returning as spawning adults.

Figure 1. Middle Fork Salmon River (MFSR) and primary
tributaries, central Idaho, USA. Distribution of Chinook salmon
nesting sites (redds) in 2009 shown in black dots (584 total in
watershed; 101 (17%) in Elk Creek; 130 (22%) in upper Bear
Valley Creek; 49 (8%) in Marsh Cr.); 27 (5%) in Sulphur
Creek.; and 29 (5%) in Cape Horn Creek).

Figure 2. Field conditions. Measuring discharge in
upper Bear Valley Creek at an intermediate flow stage.
View is downstream.
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3. Numerical Model

[14] We used the Flow and Sediment Transport Morp-
hological Evolution of Channels (FaSTMECH) model
[Nelson et al., 2003; Nelson and Smith, 1989; Nelson and
McDonald, 1997] to predict water surface elevation, flow
depth and velocity, shear stress, and nondimensional
Shields stress near the channel bed. FaSTMECH is a steady
flow, hydrostatic model that considers turbulence by
employing an isotropic eddy viscosity to relate Reynolds
stress to shear [Nelson et al., 2003]. Flow resistance is
described by a drag coefficient that varies spatially as

Cd ¼ 1

h
∫
h

zo
f z; zoð Þdz

� ��2

(2)

[15] Here h is the flow depth, z is the height above the
streambed, and zo defines the depth at which velocity is equal
to zero (no-slip condition) in the logarithmic distribution of
the vertical velocity [Nelson et al., 2003]. The model is made
quasi-3-D by solving vertically averaged shallow water mo-
mentum equations coupled with a streamline-based vertical
structure and a parameterized secondary flow. FaSTMECH
is implemented within the Multi-Dimensional Surface
Water Modeling System interface [McDonald et al., 2005].
[16] From airborne bathymetric lidar data acquired with

the Experimental Advanced Airborne Research Lidar
[McKean et al., 2009], we defined a channel-centered
FaSTMECH flow mesh with 1m cells for the Bear Valley
Creek study reach. We initially assumed a constant zo = 0.004
m and eddy viscosity = 0.05m2 s�1 and predicted flow
characteristics during a low discharge of 0.93m3 s�1. Water
surface elevations were measured with a total station survey
and velocity distributions were collected with an acoustic
Doppler velocimeter at two cross sections. The lateral eddy
viscosity was kept constant after a sensitivity analysis
produced negligible changes in transverse flow structure
and water surface elevation when this parameter was varied
by ±50%, similar to the result of Miller and Cluer [1998].
The model was then calibrated by adjusting zo until the best
match was achieved between predicted and observed water
surface elevations at that flow [Pasternack et al., 2006;
Pasternack, 2011; Pasternack and Senter, 2011]. This best

fit had a standard error of 0.005m and a root-mean-square
error of 0.03m and was realized with zo= 0.006m, which is
15% of the substrate d50 for the overall study reach
(Figure 5a). This value is smaller than the 0.2 d50 reported
by Whiting and Dietrich [1991] for a gravel bed river, but
larger than that suggested by Clifford et al. [1992] for grain
resistance. The former was measured in the field with
resistance generated by streambed irregularities with length
scales larger than the grains. The latter was measured at the
grain scale in an experiment with a featureless streambed.
Our topographical survey and numerical mesh capture the
resistance generated by irregularities larger than 1m but not
those smaller than 1m. Thus, our value of 15% of the d50 is
within the expected range. When zo was lowered to 0.005
and 0.004m, the mean water surface elevation was lower
than observed and the root-mean-square error increased to
10% and 15%. Raising zo to 0.007 and 0.009m increased
the mean water surface error to 0.008 and 0.012m and the
root-mean-square error to 8% and 25%. Changes in zo away
from 0.006m also decreased the accuracy of the predicted
velocity distributions (see Figure 5b for the velocity and
depth predictions at two cross sections using zo = 0.006m
and eddy viscosity = 0.05m2 s�1). Following the calibration,
this value of zo was used in all subsequent simulations.
However, as described by (2), even when zowas constant, flow
resistance still varied spatially as a function of water depth.
[17] At discharges larger than bankfull, the inundated

floodplain roughness could be higher than that of the stream-
bed. The floodplain vegetation in the study area is tall grass
with a few short shrubs and no overhanging vegetation near
the top of the banks. These plants are also quite flexible and
tend to bend parallel to the flow, reducing their ability to
redirect or focus flow toward the main channel. The fine
discretization of the flow mesh, allowed by the detailed
topobathymetric survey, describes roughness at scales larger
than about 1m, leaving only smaller-scale effects to be repre-
sented by model parameters [Lane and Bates, 1998; Lane
and Richards, 2001; Lane and Ferguson, 2005; Morvan
et al., 2008]. To account for the resistance added by flood-
plain vegetation, we used a zo of 0.02m in those areas of
the flow mesh, which may generate quite high drag coeffi-

Figure 3. Grain size curves from field samples: pebble
count–overall bed average (open squares), pebble count–
spawning areas only (crosses), and bed load transport sample
(solid circles).

Figure 4. Upper Bear Valley Creek 1929–2010 mean
monthly hydrograph with approximate period of overbank
flow (shaded area) and local Chinook salmon life stages.
Hydrograph is scaled by watershed area from the record at
USGS gauge 13309000 in lower Bear Valley Creek.

MCKEAN AND TONINA: BED STABILITY IN UNCONFINED STREAMS

1230



cients due to the low depths in those areas. The calculated
Manning’s n over the floodplain is about 0.1 s1/3 m�1.
[18] The model was validated by comparing predicted and

measured water surface elevations at a discharge of
1.7m3 s�1 and depth-averaged water velocities along two
cross sections and over a range of discharges between 1
and 6m3 s�1 (Figures 6a and 6b). The calibrated and vali-
dated model was then used to predict flow conditions during
discharges ranging from 1 to 27m3 s�1. The upper limit of
model discharges was chosen because it has a recurrence in-
terval of ~10 years based on the discharge record scaled from
USGS gauges 13309000 in lower Bear Valley Creek and
13295000 in nearby Valley Creek. The scaling between
Valley Creek and Bear Valley Creek was done by comparing
the two station records between 1930 and 1960, which
allowed definition of monthly scaling factors. The scaling
factors have low variability with coefficients of variation less
than 0.2. The scaling between the gauge at lower Bear Valley
Creek and the study site was based on drainage area ratio. We
checked the performance of the scaled values by comparing
measured discharges at the study site and scaled values.
Errors were below 16% (Table 1), which is comparable to
those typical of transect-based discharge measurements.

The maximum model flow frequency is beyond the
5–7 year life cycle of Chinook salmon, and therefore, flows
of this magnitude may affect one generation of spawning
salmon, but are unlikely to influence successive genera-
tions, and thus the viability of the fish population [Tonina
et al., 2008].

4. Modeled Sediment Mobility

[19] We calculated the local bed mobility by comparing
the discharge-dependent near-bed shear stress, τ, predicted
by the numerical flow model, with the critical shear stress
(τc,i) for each sediment size (i) found in the study reaches
(Figure 3). The size heterogeneity in these alluvial chan-
nels reduces the mobility of smaller particles that can be
sheltered from the flow by larger grains. In turn, the larger
particles are more exposed to the flow as they protrude above
the smaller grains, and thus, their mobility is increased relative
to what it would be if they were surrounded by similar-sized
larger particles in sediment with a uniform grain size. To
account for this mixed grain size effect, we first estimated
the dimensionless critical shear stress (τ*c,i ) for each grain

Figure 5. Comparison between model predicted and observed: (a) water surface elevation and (b) depth-
averaged mean velocity at the calibration discharge of 0.93m3 s�1 within a 200m long calibration reach
located near the center of the study area. M, P, D, and V represent measured and predicted depth and ve-
locity, respectively. W* is the station distance normalized by channel width.

Figure 6. Comparison between model predicted and observed: (a) water surface elevation along the
1.6 km long study site at a discharge of 1.6m3 s�1 and (b) depth-averaged mean velocity for a range of dis-
charges between 1 and 6m3 s�1.
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diameter (di) using the method of Andrews and Parker [1987]
for surface material:

τ�c;i ¼ θc
di
d50

� �m

(3)

[20] Here d50 is the surface grain median diameter for
each study reach and θc is the critical dimensionless
Shields stress of the median grain size on the bed surface.
A range of critical shear stresses has been reported in the
literature: from small values of 0.03 for loosely packed
sediment to high values of 0.06 reported for imbricated
particles [Buffington and Montgomery, 1997]. We selected
θc = 0.0455 because: a) visual inspection of the streambed
shows imbricated particles, b) bed load measurements at
near-bankfull flow revealed low amounts of sand and small
gravel transport, suggesting high critical shear stresses, c)
the estimated sediment mobility is close to our preliminary
field observations presented later in Table 4 at near-bankfull
flow and d) this critical stress is in the middle of the range
found by Buffington and Montgomery [1997]. This value
was also suggested in the analysis by Andrews and Parker
[1987] of data from Oak Creek, Oregon, which is a small
gravel bed stream with physical characteristics similar to
those in our study area. Previous field and laboratory studies
have found the exponent m to commonly vary between
�0.65 and �1 and we used m =�0.9067, again following
the development of a hiding function for surface material
from the analysis of Oak Creek data by Andrews and
Parker [1987].
[21] The critical shear stress for each grain diameter is then

τc;i ¼ τ�c;i g ρs � ρwð Þdi (4)

where g = 9.8m s�2 and ρs and ρw are 2650 and 1000 kgm�3,
respectively (Figure 7).
[22] The computed mobility for each grain size was first

used to quantify the percent of streambed area, A(τ> τc,i)i,
where the ith grain size was expected to be mobile, assuming
that the surface particles were all the ith grain size. This
prediction was made for the range of study discharges (1 to
27m3 s�1). Then, to account for the mix of grain sizes
present, the mobility calculations by individual sizes were

convolved with the measured distribution of grain sizes to pre-
dict the percent area of the streambed that wasmobile (Ae) using

Ae ¼ A τ≥τc;pmax

� �
βpmax þ ∑

i¼pmax�1

i¼1
A τ≥τc;i
� �� A τ≥τc;iþ1

� �� �
βi

� �
100

AT

(5)

where β is the cumulative fractional distribution of grain sizes,
pmax is the largest grain size class, andAT is the total streambed
area. This mobility analysis was done for both the overall
channel bed in the study reach (using AT in (5)) and just the
salmon spawning areas that have a slightly finer grain size dis-
tribution than that of the overall bed (then AT=Asp= constant).
For the calculation of mobility in the overall channel bed, AT

varied with discharge up to bankfull conditions (6.7m3 s�1),
but then remained constant for higher flows, during which
some of the water spilled outside the main stem channel.

5. Field Measurements

[23] Bed load transport was measured in upper Bear Valley
Creek on 1 July 2008. This was just after the peak snowmelt
runoff and the local discharge was 6.2m3 s�1 (93% of
bankfull). The bed load measurements were made using a
Helley-Smith sampler with a 7.62 cm entrance nozzle. Ten
samples were taken on a single transect across the channel
and the collection time for each sample was 60 s. The 10 sam-
ples were then aggregated into one bulk sample, which
yielded a transport rate of 0.305 kg h�1.
[24] Results of 16 years of ground and aerial surveys of

annual Chinook salmon redd construction were used to
define spawning areas that were consistently occupied by
multiple generations of fish [Thurow, 2000]. These areas
were generally convexities in the channel bed, although not
always at the tail sections of pools as often described in pub-
lished literature [e.g., Bjornn and Reiser, 1991]. This is con-
sistent with a 2005 high-spatial-resolution survey of the
locations of 57 salmon redds in the study area. In that year,
29 redds were in the classic position of tail sections of pools
(or the upstream face of the next downstream bed convexity),
11 were on the crest of a bed convexity, 15 were on a down-
stream face of a convexity (or the flow entrance to the next
downstream pool), and 1 was on the side of a pool.

Table 1. Comparison Between Discharges Measured at Study Site
and Scaled From Gauging Stationsa

Date
Measured Discharge

(m3 s�1)
Scaled Discharge

(m3 s�1) Error (%)

7/25/2006 1.61 1.69 4.80
8/23/2007 0.93 0.78 �16.01
7/1/2008 6.18 6.36 2.91
7/9/2008 3.55 3.64 2.51
7/11/2008 3.32 3.23 �2.74
7/14/2008 2.92 2.65 �9.35
7/17/2008 2.53 2.37 �6.55
7/23/2008 2.95 2.47 �16.40
8/1/2008 1.92 1.67 �12.97
10/2/2008 1.15 0.98 �15.10
10/22/
2011

1.58 1.44 �8.37

aDates are formatted as month/day/year.

Figure 7. Critical shear stress predicted by (3) and (4) by
grain diameter. Particle size classes are indicated above the
grain diameter scale.
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6. Results

6.1. Model Shields Stresses

[25] We report the FaSTMECH simulations of stresses at
discharges between 6 and 27m3 s�1. Flows of 10m3 s�1

(~150% bankfull) are the most frequent overbank discharges
in this channel and occur during each snowmelt season,
while flows of 17 and 27m3 s�1 have recurrence intervals
of ~2 and ~10 years, respectively. We first compare stress
patterns during discharges of 6 and 10m3 s�1. Shear stresses
were generally low during both flow conditions (Table 2).

The median Shields stresses did not change as flows
increased from near bankfull to overbank. The portion of the
model domain in which near-bed shear stresses were larger
than critical, for either the d50 particle size or the smallest gravel
size (2mm), also increased very little during the higher flow.
[26] The spatial patterns of Shields stresses are shown in

Figure 8 and the highest stresses were in a central core of flow
in each stream with lower stresses on the margins of flow. As
discharge grew from 6 to10m3 s�1, these central flow cores
expanded in area, while the maximum stresses within those
zones only slightly increased (see histogram in Figure 8).

Figure 8. Shields stresses calculated for d50 = 52mm: (a) Q = 6m3 s�1, (b) Q= 10m3 s�1. The 2005
salmon redd numbers correspond to those in Figure 11. The area in black polygon in Figure 8b is shown
in detail in Figure 9.

Table 2. Shields Stresses and Shear Stresses Relative to Critical for d50 and Small Gravel

Q= 6m3 s�1 Q= 10m3 s�1

Median Shields
Stress

Area With Shear Stress>
τc;d50 (%)

Area With Shear
Stress> τc,2mm (%)

Median Shields
Stress

Area With Shear Stress>
τc;d50 (%)

Area With Shear
Stress> τc,2mm (%)

0.005 1.2 2.3 0.005 1.3 2.6
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The greatest effects of the higher discharge were flows spread-
ing out, widening of the marginal areas of low shear stress, and
in some locations flows moved into semiabandoned channels
adjacent to the modern main stem, where again the shear
stresses were very low (Figure 8).
[27] Figure 9 shows an enlarged view and the details of the

pattern of Shields stresses at a discharge of 10m3 s�1 in a
350m long reach of Bear Valley Creek (see Figure 8b for
the location of this reach). At this stage, the flow expanded
into the old meander bend on the right side of the channel
where small Shields stresses developed in the low-velocity
water. In the main channel, the marginal areas of low stress
were nearly continuous on both sides of the channel. The
central flow core with higher stresses tended to cross the de-
positional bars on the inside of meander bends and bypass the
deeper water and pools on the outside of the meanders (see
examples at Meanders A–D, Figure 9). The highest Shields

stresses in the reach occurred where the bed morphology
forced the depth of the central core of flow to decrease, while
the flow remained laterally confined (Site E). A lateral con-
striction in the channel at Site F also caused higher stresses.
[28] As suggested by their spatial distributions, Shields

stresses varied with flow depth and, at a discharge of
10m3 s�1, the largest stresses were in depths of 40–60 cm
(Figure 10). Stresses declined sharply in depths less than
about 10 cm and greater than about 70 cm.
[29] In 2005, nine redds were constructed by spawning

Chinook salmon in the Bear Valley study reach. These
spawning sites were identified in the field and the locations
of the egg deposits were surveyed with a spatial accuracy
of ±1m (see Figures 8 and 9 for locations). Modeled
Shields stresses at these redd sites during three overbank flow
conditions were averaged over a 2m2 area, typical of the size
of local salmon egg pockets. The Shields stresses at the redd
sites were below 0.035 at flows up to 17m3 s�1 and only one
site experienced stress >0.05 even during a simulated 10year

Figure 9. Enlarged view of Shields stresses and bed topogra-
phy during an overbank discharge of 10m3 s�1. Shields stresses
were calculated for spawning areas with d50 = 35mm. The 2005
salmon redd numbers (in red) correspond to those in Figures 8
and 11 and the symbol size approximately encompasses each
redd. See Figure 8 for reach location.

Figure 10. Modeled near-bed Shields stresses as a function
of water depth during a discharge of 10m3 s�1.

Figure 11. Modeled dimensionless Shields stress at sur-
veyed redd sites using d50 = 35mm. Dimensionless Shields
stresses of about 0.03 are commonly considered about the
lower limit for incipient motion of particles on a mixed-size
gravel bed, and values >0.06 or 0.07 correspond to full bed
mobility [e.g., Buffington and Montgomery, 1997; Lisle
et al., 2000]. The locations of numbered redds are shown in
Figures 8 and 9.
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event (Figure 11). Redds tended to be constructed off the center
of flow, thus avoiding the highest velocities and shear stresses
as noted by Quinn [2005] (see Figures 8 and 9 and in particular
Redd 5 on the margin of a high-stress area).

6.2. Substrate and Bed Mobility Patterns

[30] The predicted mobility of substrate materials by grain
size and discharge is shown in Figures 12a and 12b for the
entire channel bed and just the spawning areas, respectively.
These mobility curves were computed by comparing the
near-bed shear stress at a given discharge at each flow mesh
node with the size-dependent critical stress defined by (4).
They can be interpreted as the percent area in which each
single grain size (di) would be expected to be mobile. At all
discharges, the mobile area consistently increased with
smaller particle sizes, despite the shielding effects for mixed
grains (3). For all grain sizes, the mobility of the whole bed
increased steadily during flows from 1 to 7m3 s�1

(Figure 12a). Then as overbank flows grew from 7 to
17m3 s�1, grain mobility remained relatively constant except
for particles smaller than 3mm whose mobility slightly in-
creased. At the highest flow, grain mobility increased again

with the largest effect in grains smaller than 23mm. During
this extreme discharge, in some places, water was confined
by the impermeable lateral boundaries of the flow mesh
which were about 100m beyond the channel banks. This
may have enhanced the main channel grain mobility,
although we have not formally tested for this effect.
[31] For all grain sizes, the percent of spawning areas pre-

dicted to be mobile was greater at each discharge
(Figure 12b), relative to overall channel conditions. This is
a combined effect of consistently higher near-bed shear
stresses in the spawning areas and lower critical stresses
resulting from the smaller d50 in those sites. As flows in-
creased from 9 to 17m3 s�1 and went outside the channel
banks, the mobility of grains larger than 11mm remained
essentially constant, while smaller-sized sediment mobility
increased. At the highest flow, the mobility of all grain sizes
again increased. The range of substrate sizes preferred for
spawning by Chinook salmon includes gravel-sized sediment
with particle diameters ranging from 16 to 128mm [Bjornn
and Reiser, 1991; Kondolf and Wolman, 1993; Quinn,
2005]. At bankfull flows (6.7m3 s�1) in Bear Valley Creek,
about 0.5–1.5% of the overall streambed area and 10–17%
of the surface area of spawning sites had shear stresses large
enough to mobilize particles within this size range
(Figures 12a and 12b). These areas of potential gravel mobil-
ity are concentrated in the central core of the flow and partic-
ularly where the flow shoaled and converged. For flows to
entirely scour a salmon redd, even the largest particles in
the streambed would have to be mobile. At bankfull flows,
all sediment sizes are mobile in only 10% of the spawning
area, as illustrated by the curve for mobility of the largest par-
ticle with a diameter of 181mm in Figure 12b. During the
most extreme 10 year event, this percentage rises to 19% of
spawning areas. Using the same criterion, only about 0.5%
of the entire streambed area has complete grain mobility
during any of the modeled discharges (Figure 12a).
[32] Figure 13 shows the predicted mobility of the channel

beds after the convolutions of particle size-dependent mobility
with the actual grain size distributions. At bankfull flows, about
2% of the total area of the model reach was mobile and the per-
centage of mobility remained low during overbank flows. In the
bankfull flow condition, 17% of the surfaces of the spawning
areas were mobile. This result was consistent with the shear
stress predictions at actual redd sites, which were below the crit-
ical values for mobility of particles in the size range commonly

Figure 12. Percent of channel bed surface area predicted to
be mobile as a function of particle diameter and discharge. (a)
Whole model domain (d50 = 52mm). (b) Spawning areas
only (d50 = 35mm).

Figure 13. Percent of channel bed surface area predicted to
be mobile as a function of discharge.

Table 3. Measured Bed Load Transport by Particle Size at 93% of
Bankfull Flow

Weight (g (%)) Flux (kg/h)

Gravel (>2mm) 17.77 (35) 0.107
Sand (<2mm) 33.03 (65) 0.198
Total 50.80 0.305

Table 4. Predicted and Observed Maximum Mobile
Grain Diameters

Maximum Model
Shear Stress (Pa)

dmax Predicted
Mobilea (mm)

dmax Sampled
(mm)

22 6 4–6

aPredicted using the d50 = 35mm curve in Figure 7.
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used by spawning Chinook salmon (Figure 11). As flows grew
beyond bankfull, the mobility of the spawning areas increased
slightly to 21% at a discharge of 17m3 s�1 before rising to
30% in the most extreme flow condition.

6.3. Field Bed Load Transport Measurements

[33] The field bed load transport measurement made at
about 93% of bankfull flow was generally consistent with
the results of the numerical flow and bed mobility analyses.
The total transport rate was quite low (0.305 kg h�1) and
dominated by sand movement (Table 3 and Figure 3). We
used the bed load transport measurements to perform a sim-
ple validation test of the numerical flow model. The largest
grain size sampled at the cross section during a flow of
6.3m3 s�1 was compared with the model prediction of the
largest mobile grain diameter using (4) (Figure 7) and the
6m3 s�1 model discharge. The predicted maximum grain size
closely matched that of the observed (Table 4).

7. Discussion

[34] Our finding of low shear stresses and little bed mobil-
ity, even at flows much greater than bankfull, is inconsistent
with the traditional view of general bed mobility developing
at near-bankfull conditions. However, many field, laboratory,
and numerical studies have documented and predicted less
than full bed mobility during flows at or even above bankfull.
For example, Andrews and Erman [1986] studied patterns of
bed load transport during a snowmelt runoff period in
Sagehen Creek, a small high-elevation California mountain
stream with characteristics similar to those in the upper
MFSR tributaries. During the snowmelt period, Sagehen
Creek experienced flows that were approximately twice that
of bankfull, but in this unconfined channel, the reach-averaged
dimensionless shear stress never exceeded about 125% of the
critical value. Furthermore, the bed load transport rate was small
and an armor layer of coarser grains persisted through the snow-
melt event, despite the transport of particles with nearly all
available sizes, including those much larger than the median
size on the bed surface [Andrews and Erman, 1986]. This style
of intermittent exchange of a few particles in an otherwise intact
armor layer led Parker et al. [1982] to name this condition
“pavement” or “mobile armor.” Persistence of a mobile armor
layer during periods of bed load transport has also been docu-
mented in a variety of other flume and field settings [e.g.,
Parker and Klingeman, 1982; Andrews and Parker, 1987;
Carling, 1988; Wilcock and McArdell, 1997; Wilcock and
DeTemple, 2005; Clayton and Pitlick, 2007]. Hassan et al.
[2006] noted that flat hydrographs, of the style produced by
snowmelt in mountain streams like Bear Valley Creek, favor
the formation of armored bed surfaces. It is also commonly ob-
served in armored systems that the transported load is much
finer than the bed surface sediment, as we see in Figure 3.
[35] Lisle et al. [2000] also observed limited bed mobility

in cases of sediment-poor gravel bed channels and found that
during bankfull conditions, the majority of the bed load was
derived from small areas of high transport. As previously
noted, they used categories of τ*< 0.03, 0.03< τ*< 0.06,
and τ*> 0.06 to define immobile, partially mobile, and fully
mobile bed surfaces, respectively. In Jacoby Creek, Lisle
et al. [2000] reported that about 35% of the bed surface
was immobile, 46% partially mobile, and only 19% fully

mobile during bankfull flows. The bankfull discharge and
gradient in Jacoby Creek are about twice those of our study
stream, while the bankfull channel width is 80% of that in
Bear Valley, and the d50 is 36 mm; thus, the conditions in
Jacoby Creek are conducive to higher bed stresses and
greater mobility than those in our study area. Using these
same τ* mobility classes, during bankfull flows in Bear
Valley Creek, we predict that about 96% of the streambed
is immobile, 3.5% is partially mobile, and 0.5% is fully
mobile. In their numerical and field study of a regulated river,
May et al. [2009] used mobility classes calibrated by tracer
rock and scour chain observations and reported that during
a flood that was 111% of bankfull discharge, only 18% of
their study streambed was in a fully mobile condition, 31%
of the bed was immobile, and the remaining 51% was
partially mobile. Lisle et al. [2000] and May et al. [2009]
both observed that meandering channels force strong spatial
variations in near-bed shear stress with stress and mobility
concentrated in the central flow core. This is similar to our
model predictions of stress patterns in upper Bear Valley
(Figures 8 and 9).
[36] The histogram of the predicted Shields number during

flows of 6 and 10m3 s�1 shows that Shields stresses are
predominantly below 0.03 (Figure 8). This suggests that
uncertainty related to the selection of a critical Shields number
between 0.03 and 0.06 will be very small. It also increases our
confidence about predicted particle mobility as it is unlikely that
uncertainty in either predicted Shields stresses or critical stresses
would strongly affect our results and conclusions.
[37] Lorang and Hauer [2003] analyzed reach-averaged

conditions at initial motion for 33 sites in gravel bed rivers
and found that in 85% of the cases shear stresses had to be
as much as 2 times those at bankfull to cause general bed mo-
bility. From observations of an extensive array of tracer par-
ticles, Haschenburger and Wilcock [2003] found 20–50% of
a gravel bed in a condition of partial mobility during a flow
that was 85% of bankfull. Church and Hassan [2002] also
documented movement of only 30% of tracer particles during
a 2+ year flood in a gravel bed stream.
[38] Our predictions that near-bed stresses and substrate

mobility do not increase significantly when flows exceed
bankfull are explained by the geomorphic setting. The flood-
plains and surrounding low-lying meadows adjacent to Bear
Valley and many other MFSR tributaries contain numerous
abandoned channel meanders, sloughs, and other low-lying
areas whose elevations are near those of the local channel
bed. In such a fluvial environment, it is often observed that
during the initial phase of overbank flooding, the main stem
water level and velocity will not rise and the median depths
and velocities may even drop temporarily, until these low-
lying areas are filled [e.g., Nicholas and Mitchell, 2003;
Andrews and Erman, 1986]. Our results suggest that the
effects of the lack of confinement can persist beyond this
transient period and act as a “stress relief valve” during
steady state overbank flows in which maximum shear
stresses increase little beyond those developed at bankfull.
The biological imperative of Chinook salmon to spawn on
convexities in the beds of low-gradient gravel bed streams
and their dramatic natal fidelity when selecting spawning
locations leads populations to concentrate their reproduc-
tion in meandering pool-riffle streams. This, in turn, favors
unconfined valley settings with maximum shear stresses
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limited more by channel and floodplain topography than by
the hydrologic regime.
[39] Furthermore, irrespective of channel confinement,

peak flows in snowmelt-dominated systems typically have
low variability, relative to the mean annual flood. For
example, Pitlick [1994], in a study of flood frequency curves
from several regions in the western U.S., found that in an
alpine snowmelt-dominated system, the 100 year flood was
less than 2 times the mean annual flood, while the ratio in
coastal drainages was 3 to 6 times and in semiarid systems
up to 10 times the mean annual flood.
[40] Our analysis of the risk of scour at spawning sites is

also probably conservative. Chinook salmon bury their eggs
to depths of about 15–50 cm below the streambed surface,
although there can be considerable local variability related
to, for example, female body size and the details of substrate
characteristics [DeVries, 1997; Quinn, 2005]. Given the
limited mobility of the surface of the channel bed in Bear
Valley Creek, it is even more unlikely that scour will occur
to the depths of egg burial. This observation is consistent with
the results of Lapointe et al. [2000] who used reach-averaged
shear and critical shear stress calculations to predict a mobility
index for different reaches in the Sainte-Marguerite River,
Quebec, Canada. Observations of scour depths in that river,
relative to Atlantic salmon egg burial depths, showed that in
frequent smaller floods there was only a 5% probability of redd
scour and even in large floods with a return interval of several
centuries the likelihood only rose to about 20% [Lapointe
et al., 2000].
[41] Our field observations and model predictions indicate

that valley and stream morphology, rather than hydrology,
control the maximum shear stresses and bed mobility.
Consequently, in this context, the details of the hydrologic
regime in future climates are less significant and we predict
relatively limited channel bed mobility and scour regardless
of slightly higher or earlier peak snowmelt runoff, or rain-
on-snow or rain events. We also expect that our results will
be robust even if the sediment supply would vary due to climate
change. Various future climate scenarios forecast higher air
temperatures, smaller snowpacks, and earlier snowmelt in some
western U.S. mountain watersheds [e.g., Hayhoe et al., 2004;
Stewart et al., 2004, 2005; Stewart, 2009; Pederson et al.,
2011]. These conditions may increase wildfire frequency and
severity [Westerling et al., 2006; Morgan et al., 2008; Littell
et al., 2009] and in turn trigger greater hillslope erosion.
However, unconfined channels in this and similar watersheds
are largely disconnected from the surrounding slopes, and it is
difficult to deliver eroded sediment across the broad floodplains
and into the channels. If more sediment did reach the channels,
this increased supply would be unlikely to enhance the gravel
bed mobility because, while the developed shear stresses will
mobilize fine material (<2mm), they are insufficient to move
gravel-sized particles.
[42] Although we predict and observe little gravel transport

in Bear Valley Creek, it is, however, a gravel bed stream and
we interpret this substrate condition as primarily a glacial
legacy. Debris from the Bull Lake- and Pinedale-age glaciers
filled the valley with a mix of sediment from the granitic
source area [Schmidt and Mackin, 1970]. Glacial activity
declined markedly about 15,000 years before present, and
since that time, the stream has moved lightly across the
glaciofluvial deposits, only slightly lowering the surface of

the valley. The modern stream is capable of moving mostly
sand and silt through the channel system during the annual
snowmelt runoff and this activity winnows the bed, leaving
a gravel surface armor. The stream has also migrated later-
ally, as evidenced by numerous abandoned meanders in the
meadow surface, although the ages of these older channel
positions are unknown and some of them may be late
Pinedale-age features. Field observations suggest that much
of the limited gravel transport is the local redistribution of
coarse particles input into the channel by nearby bank scour
during lateral migrations.
[43] Whereas we use a conventional force balance anal-

ysis of substrate motion, our multidimensional numerical
hydrodynamics model offers several advantages over reach-
averaged calculations or 1-D numerical predictions of shear
stress. It is possible in multidimensional models to simulate
channel conditions with a meter-scale spatial resolution that
matches the scale of microhabitats important to spawning
salmon [Leclerc et al., 1995]. A multidimensional model also
more accurately describes the local hydraulics and shear
stress patterns in channels with the pool-riffle morphology
preferred for spawning [Brown and Pasternack, 2009].
However, multidimensional models can be sensitive to errors
in the flow-bounding DEM [e.g., Ghanem et al., 1996;
Leclerc et al., 1995; Pasternack et al., 2011], and previously
it was not logistically possible to adequately define the
model boundary conditions over stream lengths beyond a
few hundred meters. Recent innovations in remote sensing
of streams have begun to overcome this problem [e.g.,
McKean et al., 2006; Marcus and Fonstad, 2008; Legleiter
et al., 2009; McKean et al., 2009], and multidimensional
models can be run at kilometric scales with the domain lim-
itation imposed more by the computational burden [Tonina
and McKean, 2010; Tonina et al., 2011].

8. Conclusions

[44] Chinook salmon strongly favor convexities in the beds
of gravel bed streams as spawning habitat. In wood-poor
streams, this dictates that the fish are most successful by
spawning in meandering reaches where the local hydraulics
forces this morphology. In postglacial landscapes, such as
the tributaries of the MFSR, these meandering stream
segments are concentrated in wide and gently sloping
valleys. This investigation tests the potential for mobility of
the gravel beds of unconfined streams in low-gradient
meadows during high discharges ranging up to 300% of
bankfull and having a recurrence interval of up to about
10 years. In our study area, we predict mobility of ~2% of
the overall surface of the channel bed and ≤20% of the
surface of historic spawning areas during 2 year flows which
are frequent enough to possibly permanently reduce the
reproductive viability of the salmon population. Field mea-
surements of low bed load transport during near-bankfull
flows support the model simulations.
[45] The mountain streams of the MFSR that host the

majority of Chinook salmon spawning annually experience
overbank flooding during the spring-early summer snowmelt.
But the combination of low stream gradient, low sediment
supply, and the stress relief valve of the unconfined meadows
causes relatively static stream morphology in all flow condi-
tions, including overbank flows. The maximum shear stresses
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are established more by the unconfined morphology than the
stream discharge. Thus, although it is possible that future
hydrologic regimes in these streams may include smaller (or
larger) snowpacks, earlier snowmelt runoff peaks that occur
during the salmon incubation period, and increased likelihood
of rain-on-snow or rain events, there is limited vulnerability of
autumn-spawning Chinook salmon in the MFSR, and similar
landscapes, to the risk of extensive streambed mobility and
substrate scour that could destroy salmon egg nests. The geo-
morphic setting of their natal streams largely protects these
fish from this dimension of climate variability and change.
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