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[1] The present study examines variations in the reference shear stress for bed load
transport (tr) using coupled measurements of flow and bed load transport in 45 gravel-bed
streams and rivers. The study streams encompass a wide range in bank-full discharge
(1–2600 m3/s), average channel gradient (0.0003–0.05), and median surface grain size
(0.027–0.21 m). A bed load transport relation was formed for each site by plotting
individual values of the dimensionless transport rate W* versus the reach-average
dimensionless shear stress t*. The reference dimensionless shear stress t*r was then
estimated by selecting the value of t* corresponding to a reference transport rate of
W* = 0.002. The results indicate that the discharge corresponding to t*r averages 67% of
the bank-full discharge, with the variation independent of reach-scale morphologic and
sediment properties. However, values of t*r increase systematically with average channel
gradient, ranging from 0.025–0.035 at sites with slopes of 0.001–0.006 to values
greater than 0.10 at sites with slopes greater than 0.02. A corresponding relation for the
bank-full dimensionless shear stress t*bf, formulated with data from 159 sites in North
America and England, mirrors the relation between t*r and channel gradient, suggesting
that the bank-full channel geometry of gravel- and cobble-bedded streams is adjusted to a
relatively constant excess shear stress, t*bf � t*r, across a wide range of slopes.

Citation: Mueller, E. R., J. Pitlick, and J. M. Nelson (2005), Variation in the reference Shields stress for bed load transport in gravel-

bed streams and rivers, Water Resour. Res., 41, W04006, doi:10.1029/2004WR003692.

1. Introduction

[2] Estimates of bed load transport are used in the
analysis of a wide range of practical and theoretical
problems in hydrology, including the specification of
environmental maintenance flows; computation of sedi-
ment loads; development of numerical models of channel
evolution; and assessments of the effects of watershed
disturbance and river management. Ideally, transport esti-
mates should be based on field measurements of bed load
taken over a range of flows. However, the effort involved
in taking such measurements and the uncertainty associated
with the data are often quite large, and thus it sometimes
becomes necessary to compute transport rates on the basis
of an empirical relation. Although the application of a
transport relation is conceptually straightforward, this ap-
proach has its own set of limitations. Key among the
limitations is the specification of a critical dimensionless
shear stress (or Shields stress), t*c, for incipient motion.
Existing data sets indicate that for a given grain size and
shear stress, there is at least a threefold range in t*c
[Buffington and Montgomery, 1997]. Some of the variation
in t*c is due to differences in measurement methods
[Buffington and Montgomery, 1997]; some is due to

changes in bed surface structures and channel morphology
[Church et al., 1998]; and some is due to differences in
flow properties arising from changes in bed roughness and
channel gradient [Ashida and Bayazit, 1973; Bathurst et
al., 1987; Graf, 1991; Shvidchenko and Pender, 2000].
Uncertainties in the selection of t*c can lead to large errors
in computed transport rates because entrainment is a
nonlinear function of flow strength; these effects are
particularly important in the range of flows slightly above
the threshold for motion, where transport rates increase by
orders of magnitude for small changes in shear stress.
[3] The present study examines variations in the thresh-

old shear stress for bed load transport in 45 gravel-bed
streams and rivers in the western United States and Canada.
We use coupled measurements of flow and bed load
transport to formulate a series of bed load rating curves,
and from these curves estimate the reference Shields stress
t*r, corresponding to a dimensionless transport rate W* =
0.002 [Parker et al., 1982]. This approach avoids some of
the ambiguity in defining transport thresholds for poorly
sorted gravels, which can be entrained over a relatively
wide range of shear stress [Milhous, 1973; Diplas, 1987;
Ashworth and Ferguson, 1989; Wilcock and McArdell,
1993; Wathen et al., 1995; Powell et al., 2001; Church
and Hassan, 2002]. In the present study the reference
transport rate (W* = 0.002) is assumed to represent flows
that are just high enough to begin mobilizing sediment from
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the armor layer, i.e., bed surface particles larger than sand
and granules (>4 mm). We focus on differences in t*r
associated with changes in channel gradient and relative
roughness. As gradient and relative roughness increase,
large particles alter the vertical distribution of velocity and
fluid momentum, reducing the shear stress available for
sediment transport (skin friction). Modeling sediment trans-
port under these conditions requires either a downward
adjustment in the total boundary shear stress, to, to account
for friction losses due to boulders or woody debris (drag-
partitioning; see Wiberg and Smith [1991]), or an upward
adjustment in tr to reflect changes in the fluid and
gravitational forces acting on grains. Flume experiments
show that the net effect of changes in flow and bed
structure as channel gradient increases is to initiate trans-
port at much higher Shields stresses than is normally
assumed [Ashida and Bayazit, 1973; Bathurst et al.,
1987; Graf, 1991; Tsujimoto, 1991; Shvidchenko and
Pender, 2000]. The relation for t*r developed here is based
on field data from natural streams. We assume that flow
measurements taken at the time of bed load sampling
include the effects of form drag, averaged over a suitable
area of the bed. The change in effective stress due to large
roughness elements carries over into observed relations
between shear stress and bed load transport. In a graphical
sense the primary effect of increased flow resistance is to
shift the position of the bed load rating curve toward higher
stresses [Reid and Laronne, 1995]. Flow resistance typi-
cally increases as relative submergence decreases and
streams become steeper, smaller, and coarser near their
headwaters [Knighton, 1998; Bathurst, 2002], which will
likely have a primary effect on trends in t*r. A simple
method for estimating t*r based on morphologic properties
would be straightforward to implement, and the uncertainty
in estimated values of t*r is perhaps no worse than that
generated through a drag-partitioning model. Additional
relations for the reference discharge Qr and bank-full
dimensionless shear stress t*bf are developed independently
to test the hypothesis that channel morphology in gravel-bed
rivers is linked consistently to bed load transport thresholds
of the surface bed material.

2. Methods

[4] Discharge and bed load transport measurements were
obtained from published sources listing data for 45 different
gravel-bed stream and rivers [Milhous, 1973; Jones and
Seitz, 1980; Parker et al., 1982; Andrews and Erman,
1986; Rankl and Smalley, 1992; Smalley et al., 1994;
Andrews, 1994; Bunte, 1998; Andrews, 2000; Ryan and
Emmett, 2002; Church and Hassan, 2002; King et al.,
2004; T. E. Lisle, personal communication, 2004] (Table 1).
The streams and rivers used in the analysis were selected for
three reasons: (1) The data sets were readily available; (2) the
study sites span a wide range in stream size and channel
gradient; and (3) tabular summaries of the individual mea-
surements allowed us to plot the observations and evaluate
the importance of trends or anomalies within each data set.
[5] The majority (34 of 45) of the study sites are located in

mountainous areas of Idaho, 21 of which are underlain by
intrusive igneous rocks of the Idaho batholith [King et al.,
2004]; the remaining sites are scattered throughout western
North America in areas of mixed lithology. Runoff in all but

two of the basins, Oak Creek and Jacoby Creek, is produced
by spring snowmelt. The bank-full discharge Qbf of the
streams ranges from 0.6 to 2600 m3/s; the reach-average
channel gradient S ranges from 0.0003 to 0.051; and the
median grain sizeD50 of the bed surface ranges from 0.022 to
0.21 m (Table 1). While we have not systematically classi-
fied channel form in the study reaches, inference from
published descriptions of channel characteristics and photo-
graphs suggests that most reaches would be classified as
pool-riffle or plane-bed/rapid morphology [Montgomery and
Buffington, 1997; Zimmerman and Church, 2001]. The
published descriptions also indicate at least two step-pool
reaches (Cat Spur Creek and West Fork Buckhorn Creek),
and several reaches contain large immobile boulders from
glacial lag deposits or valley walls (notably the Virgin River,
Johns Creek, and Little Slate Creek) [Whiting et al., 1999;
Andrews, 2000].
[6] Estimates of the reference Shields stress t*r were

computed from bed load rating curves, developed for each
site using field measurements of flow and bed load transport
rate. Most of the measurements were taken at gauging
stations, and thus the stream width B and the stream depth
H were known at the time of sampling. Where direct
measurements of width and depth during the sampling
period were unavailable, hydraulic geometry relations were
used to approximate B and H. The at-a-site hydraulic
geometry relations were well constrained with many mea-
surements taken over a range of flows. Estimates of the total
boundary shear stress at the time of sampling were calcu-
lated by the depth-slope product:

t ¼ rgHS; ð1Þ

where r is the density of water and g is the gravitational
acceleration. The values of t used throughout the paper are
uncorrected for the effects of form drag, and effort was
made to use data only where shear stress was estimated
from equation (1) to maintain consistency between streams.
Values of the Shields stress were determined by

t* ¼ t
rs � rð ÞgD50

; ð2Þ

where rs is the density of sediment (assumed to be 2.65 g/cm3)
and D50 is the reported median grain size of the surface
bed material. We used the surface D50 to calculate the
reference Shields stress, rather than the substrate D50,
because (1) this value is most often measured in the field
and thus almost always reported in published studies, and
(2) we were interested in studying how longitudinal
changes in bed surface texture affect the mobility of the
bed load. Coarser percentiles of the surface sediment size
distribution (e.g., D90) were reported for 32 streams. In
most cases, surface sediment size distributions were
measured using several pebble counts of 100 or more
particles sampled randomly from the bed surface.
[7] Bank-full channel dimensions were determined in 32

of the streams directly from field measurements; in the
remaining 13 streams, bank-full conditions were estimated
from the hydraulic geometry relations for the 1.5-year flood,
a reasonable approximation for bank-full flow in snowmelt-
dominated streams [Emmett and Wolman, 2001].
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[8] Bed load samples from Oak Creek were collected
using a vortex sampler, and bed load samples from Harris
Creek were collected with pit samplers; all other samples
were collected with a 76- or 152-mm Helley-Smith sampler
either by wading or it being suspended from a bridge or
cableway. The Helley-Smith samples were collected follow-
ing the procedure recommended by Emmett [1981], with
approximately 20 verticals per section and a sampling
interval of 30–60 s per vertical. The number of width-
integrated samples ranged from 25 to 280, with an average
of 92, at the various sites where bed load data were
analyzed.
[9] We recognize that bed load measurements made with

the standard 76-mm Helley-Smith sampler and a sampling
period of 60 s per vertical are not likely to yield bed load
particles much larger than 32 mm, particularly in streams
with very rough beds. However, without independent data,
we have no way of assessing the effects of sampling
inefficiencies in our analysis. Field tests conducted by the
U.S. Geological Survey [Emmett, 1980] indicate that the
Helley-Smith sampler has a near-perfect trapping efficiency
for particles between 0.5 and 16 mm. Subsequent field tests
of the sampler point to several potential problems in
performance [Pitlick, 1988; Ryan and Porth, 1999; Sterling
and Church, 2002; Bunte et al., 2004]. These issues merit
further study; however, the principal advantage of the
Helley-Smith sampler is that it is widely used, and thus
whatever errors are introduced by sampling inefficiencies
are somewhat made up for by the large number of samples,
which is the case here.
[10] Values of bed load transport rate were reported in

various units of total sample weight per time. These values
were converted to the common unit of kg/s, and then divided
by the sampling width to give the unit bed load transport rate
qb in kg/m/s. For purposes of comparison, unit transport
rates were expressed in terms of the dimensionless transport
parameter proposed by Parker et al. [1982]:

W* ¼ s� 1ð Þgqb
rs t=rð Þ1:5

; ð3Þ

where s is the specific gravity of sediment. In the original
formulation, Parker et al. [1982] computed individual
values of W* for 10 size fractions; for this analysis, we
computed a single value of W* for each bed load
measurement, and plotted these values versus the dimen-
sionless shear stress for the surface median grain size t*50.
The reference dimensionless shear stress t*r was then
estimated by eye as the value of t*50, corresponding to a
dimensionless transport rate of W* = 0.002 [Parker et al.,
1982]. When expressed in terms of flux per unit width, the
reference value of W* equates to reference mass transport
rates qbr of 0.03–0.0003 kg/m/s, with a median qbr of
0.0032 kg/m/s (Table 1). In steep streams (e.g., Harris
Creek) the reference value represents an upper limit to the
observations, whereas in lower-gradient streams (e.g.,
Selway River), the reference value of W* is approximately
half the bank-full discharge (Table 1). The relations between
W* and t*50 were generally well defined, although there was
considerable scatter in some data sets. Figure 1 shows
examples of transport relations for six sites reflecting the
full range of conditions. The first two examples (Salmon

River and Selway River; Figure 1) are representative of the
majority of the study sites, where the data follow a clearly
defined trend; selection of t*r values in these cases was
straightforward. The next two examples (Battle Creek and
Rapid River; Figure 1) are representative of sites with
substantial variation in transport rates at low flows. The bed
load moving at these flows consists primarily of sand over-
passing a stable bed surface; higher transport phases
associated with partial or complete mobility of surface-
layer particles [Milhous, 1973; Jackson and Beschta, 1982;
Ashworth and Ferguson, 1989; Ryan et al., 2002] occur at
much higher flows. Estimates of t*r in these cases were
weighted toward measurements near or above the reference
transport rate because the transport relation tends to become
much more well defined above this point. The last two
examples (Johns Creek and Little Slate Creek; Figure 1)
represent very steep streams where the majority of transport
measurements fall below the reference transport rate ofW* =
0.002; six of the 45 study streams fall into this category. The
low values of W* in these cases reflect relatively high
values of t for a given qb, which are inversely related in (3).
In order to estimate t*r for these sites, we fit the data with
the surface-based transport relation of Parker [1990]:

W* ¼ 0:002 t=trð Þ14:2; ð4Þ

where t is the average boundary shear stress and tr was
adjusted to provide the best visual match to the data trend
in the W* � t* plot. This tr was then converted to t*r
using (2). If this relation proved inaccurate, we simply
extrapolated by eye the trend of the relation formed by the
data upward to the reference value of W* = 0.002 to
estimate t*r [after Wilcock and Crowe, 2003]. In cases such
as this, where there was a large amount of data scatter, we
estimated a value of t*r corresponding to the approximate
midpoint of the observations. For the sites where individual
bed load measurements were available (42 of 45), we
estimated the uncertainty in the midpoint value by
selecting the smallest and largest values of t* that could
reasonably span the data, similar to the technique used by
Wilcock and Crowe [2003]; some measurements were
treated as outliers and are therefore not included in the
error estimate.
[11] Values of the reference shear stress for three sites,

Oak Creek, Virgin River, and Harris Creek, were taken from
published studies [Parker et al., 1982; Andrews, 2000;
Church and Hassan, 2002], with an adjustment for the
grain size used (surface versus substrate D50). Slightly
different reference transport rates were used in these studies
to determine t*r (either W* = 0.002 or 0.0025); however,
because of the steepness of the transport relations, this
difference has very little effect on the value of the reference
shear stress.
[12] In order to provide a context for the flow level

associated with t*r, we used the local at-a-station hydraulic
geometry relation to estimate the reference discharge Qr

corresponding to the reference shear stress. Hydraulic
geometry relations were available for 35 streams. To find
Qr, we assumed S = constant with discharge, and used (2)
and (1) to back-calculate the flow depth H corresponding to
t*r; we then used the local hydraulic geometry relation to
determine the discharge for that depth. For purposes of
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comparison the values of Qr are expressed as a ratio to the
bank-full discharge, Qbf.

3. Results

[13] Calculated values of t*r vary from about 0.01 to about
0.12, with a median of 0.040 (Table 1). The median value of
t*r lies in the middle of the range of commonly cited values
(0.03–0.06), but the individual estimates appear to vary
according to basin size and channel characteristics (Table 1).
In general, the values of t*r decrease downstream with
increasing bank-full discharge, Qbf (Figure 2a); this trend
is clearly associated with downstream increases in flow
depths, which lessen the proportion of the total shear stress
expended on very large particles. At individual locations, t*r
ranges from 39 to 109% of the bank-full dimensionless shear
stress t*bf, and on average, t*r is about 80% of t*bf (Table 1).
The reference discharge Qr ranges from 21 to 123% of Qbf,
and averages 67% of Qbf overall (Figure 2b); the difference
between Qr and Qbf does not appear to vary systematically
with drainage area, channel gradient, or sediment size. Given
the potential practical significance of these results, we wish
to clarify this last point: The difference between the values of
t*r and Qr, when expressed as a percentage of bank-full, is
not likely the result of random error. The percentage differ-
ence between t*r and Qr arises because the relation between
shear stress and discharge is generally nonlinear, with t* /
Qn, and n < 1. Thus, in general, it requires a relatively large

change in discharge to go from 80% of t*bf to 100% of t*bf,
which is approximately where we expect the transition from
partial transport to complete mobility to occur [see Pitlick
and Van Steeter, 1998].
[14] Variation in surface D50, by itself, appears to have

little influence on t*r. Small mountain streams often have
coarse bed material, but several of the data sets used here
come from large rivers with relatively coarse bed material
(e.g., Selway, Clearwater, and Snake Rivers), which
obscures any relation between discharge, grain size, and
t*r. There is, however, a distinct relation between t*r and the
range in surface particle sizes at individual localities.
Figure 3 plots the calculated values of t*r versus the ratio
of surface D50 to surface D90 for 32 sites where these data
were reported. The relation obtained is statistically signif-
icant (r2 = 0.34; p < 0.05),

tr* ¼ 0:0086 D50=D90ð Þ�1:57; ð5Þ

and indicates that as the proportion of very coarse particles
on the bed surface increases (as the ratio of D50 to D90

decreases), t*r generally increases. It appears therefore that
coarse particles not only add significantly to the bed
roughness, but also enhance the effect of sheltering, which
tends to limit the relative mobility of finer particles.
[15] Values of t*r were found to be most strongly

correlated to average channel gradient S, bank-full relative
depth Hbf/D50, and, ultimately, through the combination of

Figure 1. Example data sets showing t* versus W* used to define reference shear stress for streams of
differing data collapse and scatter, as explained in the text.
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these factors, to bank-full channel geometry. Figure 4 shows
that the calculated values of t*r increase systematically with
channel gradient; a least squares fit of these data gives the
relation

tr* ¼ 2:18Sþ 0:021; ð6Þ

with r2 = 0.70, p � 0.001. Figure 4 also shows error bars
associated with individual estimates of t*r, spanning the
highest and lowest values that could reasonably fit the data.
The range in t*r appears to increase with channel gradient
(Figure 4); however, if the range in t*r is expressed in relative
terms as a proportion of the median value, (t*r-high � t*r-low)/
t*r, no trend with slope is evident and the relative range
averages 24% for the sites where this could be estimated. It is
difficult to determine whether the range in t*r is related more
to sampling error, sediment supply, or subjectivity in
determining the reference Shields stress, but this highlights
the importance of carefully choosing appropriate values of
t*r for sediment transport calculations.

[16] Figure 5 plots the same data, with the values of t*r
stratified by bank-full relative submergence Hbf/D50. These
data indicate that for a given slope, the estimated values of
t*r are higher in reaches where Hbf/D50 is higher, i.e.,
where the bed is more submerged (Table 2). While
somewhat counterintuitive, this result follows from the
proportional relation between bank-full dimensionless
shear stress t*bf and (SHbf)/D50. Thus scatter in the relation
for t*r is largely attributable to variations in the bank-full
H/D50 (Figure 5a), which suggests local adjustment of
channel characteristics such that t*r increases as t*bf
increases.
[17] As an additional test of the influence of relative

submergence, we compiled measurements of grain-size
and bank-full channel geometry for 159 gravel-bed streams
in North America and Europe [Charlton et al., 1978;
Kellerhals et al., 1972; Andrews, 1984; Pitlick and Cress,

Figure 4. Variation in t*r as function of slope with error
bars indicating range of possible t*r values as a
characterization of the data scatter. X-axis is in log scale
to elucidate individual values. One outlier is shown solid.

Figure 2. (a) The reference Shields stress t*r versus bank-
full discharge, and (b) histogram of the ratio Qr/Qbf with a
0.1 bin size. Vertical dashed line indicates median value.

Figure 3. Variation in t*r with the ratio of D50/D90. Solid
dot is a single outlier.
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2002; Ryan et al., 2002; Parker et al., 2003; Torizzo and
Pitlick, 2004], including those used in this study, and
computed individual values of t*bf. Figure 5b shows that
t*bf varies systematically with channel gradient, and the
individual values are likewise stratified by Hbf/D50 (as
expected). Individual linear regressions were fit to the four
categories of Hbf/D50, such that the trend in t*bf mirrors the
one determined for t*r for a given category. The slopes of the
individual regression equations are very similar (Table 2),
especially for the H/D50 categories of 5–10 and 10–20
where the data are well constrained (Figure 5b). The
equation describing the overall relation between the bank-
full t* and channel gradient is

tbf* ¼ 1:91Sþ 0:037; ð7Þ

with r2 = 0.63 and p � 0.001.

[18] Figure 6 plots t*r versus t*bf for the 45 streams used
in the transport analysis giving the relation

tbf* ¼ 1:01tr*þ 0:0099; ð8Þ

recall that these values were determined independently. The
plot shows that t*r and t*bf are highly correlated (r2 = 0.89;
p � 0.001), and the slope of the relation (�1.0) indicates
that the difference between t*bf and t*r is essentially
constant across the range of study sites. Only one of the
45 sites plots far below the 1:1 line, and on average, t*bf �
t*r = 0.010. These results imply that streams of almost any
size and slope are capable of transporting moderate (and
perhaps appreciable) quantities of bed load at bank-full
flows. Furthermore, it appears that small steep streams
retain their ability to adjust their channel geometry, perhaps

Figure 5. The Shields stress t* versus slope with data
stratified by bank-full H/D50. (a) Values of t*r for the bed
load data. Jacoby Creek was removed as an outlier.
(b) Bank-full t* for 159 gravel-bed streams in North
America and the United Kingdom.

Table 2. Regression Coefficients and Significance for Data as

Discussed in the Texta

H/D50 Level a b r2 p

Reference Shear Stress Data
0–5 1.68 0.023 0.95 0.15
5–10 3.50 0.0027 0.81 �0.001
10–20 5.87 0.0055 0.84 �0.001
>20 8.60 0.016 0.46 0.14
All data 2.18 0.021 0.70 �0.001

Bank-Full Shear Stress Data
0–5 1.91 0.021 0.67 �0.001
5–10 3.23 0.013 0.90 �0.001
10–20 6.83 0.0024 0.93 �0.001
>20 7.81 0.026 0.52 �0.001
All data 1.91 0.037 0.63 �0.001

aVariables a and b represent the parameters in the relation t* = a(S) + b.

Figure 6. Relation between t*bf and t*r for bed load data
streams.
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very slowly, to maintain consistent values of excess shear
stress, t*bf � t*r , across a very broad range of scales.

4. Discussion

[19] The results of this analysis indicate that the reference
Shields stress for bed load transport t*r varies systematically
with average channel gradient S and bank-full relative
submergence Hbf/D50. For streams with slopes ranging from
0.001 to 0.006 (typical of gravel-bed rivers), the empirical
relation derived here predicts that t*r varies from �0.025 to
0.035, bracketing the value of 0.03 that is often cited as a
lower limit for bed load transport. For steeper channels,
with slopes in the range of 0.02–0.05 (typical of mountain
streams), t*r increases from the value of 0.06 deduced from
the experiments of Shields [1936] to about 0.12. These
results, which are based entirely on field data, closely match
results obtained in previous experimental studies [Bathurst
et al., 1987; Graf, 1991; Buffington and Montgomery, 1997;
Shvidchenko and Pender, 2000] and suggest that the pro-
cesses that drive bed load transport in gravel- and cobble-
bed streams change in several important ways as channel
gradient increases.
[20] The strong correlation between channel gradient and

t*r likely relates to several factors. Many of these streams
are steep and shallow, and thus some of the stress available
for sediment transport is lost as fluid-drag on large particles.
Likewise, stabilizing bed structures may develop [Church et
al., 1998; Hassan and Church, 2000], increasing the thresh-
old for motion as streams become small near their head-
waters. However, the effects of high relative roughness and
bed structures do not fully explain the observed trends,
particularly in some of the larger channels. Of the 45 streams
and rivers used in the analysis, roughly half fall into the
category of fully submerged roughness (ratio of bank-full
H to D90 > 5), yet the values of t*r are considerably higher
than 0.06. Flume experiments conducted by Shvidchenko
and Pender [2000] suggest that the reference shear stress
increases systematically with increasing slope, even in
flows where the roughness is well submerged. The sedi-
ments used by Shvidchenko and Pender [2000] were also
very well sorted, and thus any effects associated with form
drag or bed structures were presumably absent. At this
point we can only suggest that at high slopes there are also
changes in flow structure (turbulence) that act indepen-
dently of changes in sediment texture to alter transport
thresholds [see Sumer et al., 2003].
[21] In reviewing the hundreds of transport measurements

for the various sites, we could not help but notice that a large
proportion of the bed load in these channels consists of sand,
even at the highest flows. Furthermore, some of the transport
relations are nonstationary or they exhibit seasonal trends
(hysteresis) [see Moog and Whiting, 1998; Hassan and
Church, 2001]. The predominance of sand in the samples
and the nonstationarity of the transport relations suggests that
some proportion, perhaps a large proportion, of the bed load
is derived from sources other than bed, meaning transport is
supply limited. This appears to be the case in Harris Creek,
for example, where detailed measurements suggest that the
bed load is derived partly from the bed and partly from other
sources, such as stream banks and hillslopes [Hassan and
Church, 2001; Church and Hassan, 2002]. The data from
Rapid River (discussed earlier, Figure 1) likewise exhibit a

wide range in transport rates at flows below the reference
value. However, it is also evident in many of the data sets that
once t*r is reached the transport relation becomes more well
defined, presumably because some of the armor-layer par-
ticles are beginning to move. Variations in sediment supply
and source areas complicate the analysis in some cases, but
more often than not, the data converge to form a well-defined
trend as transport rates increase.
[22] The observation that sand and granules dominate the

bed load of high gradient streams is perhaps not unexpected
[Whiting et al., 1999; Habersack and Laronne, 2001;
Hassan and Church, 2001; Powell et al., 2001; Rickenmann,
2001]. Particle-size distributions of the subsurface sediment
(substrate) given in the various studies used here show that
the substrate contains anywhere from 10 to 30% sand. We
have collected surface and substrate samples at more than
100 locations on gravel-bed rivers in Colorado and find that
the substrate is typically 20–30% sand [Pitlick et al., 2004].
Our data indicate that the substrate in steep headwater
reaches is only slightly coarser than the substrate in lower-
gradient reaches. In contrast, the bed surface (armor layer)
coarsens systematically as slope and shear stress increase.
On the basis of the surface layer’s appearance, it is natural to
assume that the load carried by headwater streams should be
relatively coarse; instead, measurements show that the load
is mostly sand and granules, suggesting that steep channels
are supply limited. We offer a different interpretation, based
on the data presented earlier in Figure 3. This figure shows
that there is an inverse relation between t*r and the ratio of
surface D50 to surface D90, indicating that as the size
distribution of the bed surface gets broader, t*r increases,
and as it gets narrower, t*r decreases. If the substrate size
distribution is somewhat similar from place to place (as we
observe), and if the load is similar in size to the substrate,
then sediment moving through a steep headwater reach with
a coarse surface layer will be relatively less mobile than
sediment moving through a flatter reach with a finer surface
layer. Furthermore, the coarse sediment making up the bed
surface may be primary in determining flow structure and
sediment entrainment, rather than finer particles, and our
data imply that the transport thresholds for surface particles
are related in a physically consistent way with channel form.
We suggest therefore that the effects of high shear stress in
steep reaches are more than offset by the effects of hiding
and increased flow resistance, such that proportionally
higher stresses are required to reach the transport threshold.
[23] While these factors all contribute to variations in

transport thresholds, the relation between bank-full t* and
reference t* is remarkably consistent over the entire range in
channel slope and relative submergence. It appears that in
most cases, channel morphology is adjusted such that bank-
full flows produce shear stresses slightly above the threshold
for local general sediment entrainment. Further, the results of
our analysis are consistent with previous results, suggesting
that entrainment of gravel making up the bed surface occurs
at flows that are, on average, 20–30% less than bank-full
flow [Ryan et al., 2002; Whiting and King, 2003].

5. Conclusions

[24] Field measurements from 45 streams in western
North America were used to estimate the reference Shields
stress t*r and reference discharge Qr for bed load transport
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in natural gravel- and cobble-bed channels. Calculated values
of t*r were positively correlated to reach-average slope, and
stratified by bank-full relative submergence. The analysis
indicates that the median Qr is 67% of the bank-full flow. In
general, flows exceeding this level are expected to produce
low to moderate transport rates indicative of entrainment of
particles larger than sand and granules. The relation between
t*r and channel gradient appears applicable to a wide range in
stream size and channel slope, especially in snowmelt-
dominated gravel-bed streams. The reference t* was found
to be highly correlated to the bank-full t*, suggesting that the
channel morphology of gravel-bed streams and rivers is
closely linked to bed load transport thresholds of the surface
armor. Because of the sensitivity of bed load transport
equations to small variations in excess shear stress, scaling
transport relations by an empirically defined reference shear
stress, with careful consideration of local channel properties,
may increase the accuracy of sediment transport predictions
where measurements necessary to estimate the critical shear
stress are unavailable.
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