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[1] Total flow resistance can be partitioned into its components of grain (ffgrain), form
(Hstep)s W00d (ffiwood)> and spill (ffspin) resistance. Methods for partitioning flow resistance
developed for low-gradient streams are commonly applied to high-gradient systems. We
examined the most widely used methods for calculating each component of resistance,
along with the limitations of these methods, using data gathered from 15 high-gradient (0.02
< §p < 0.195) step-pool, cascade, and plane-bed reaches in Fraser Experimental Forest. We
calculated grain resistance using three equations that relate relative submergence (R/D,,) to
[ erain @s well as using an additive drag approach. The drag approach was also used for
calculating ffyo0q and ffsiep- The fforain contributed the smallest amount toward all reaches at
all flows, although the value varied with the method used. The Parker and Peterson (1980)
equation using Dy best represented ffgrain at high flows, whereas the Keulegan (1938)
equation using Ds best characterized ffgrain at base flows, giving a lower bound for grain
resistance. This suggests that ff,.in may be better represented if two grain sizes are used to
calculate this component of resistance. The drag approach, which is used to calculate wood
resistance, overestimated the significance of individual logs in the channel. The contribution
of ffspin Was reduced at higher flows when form drag around the step is accounted for at
higher flows. We propose a method for evaluating the contribution of ff., that accounts for
form drag around the steps once they are submerged at higher flows. We evaluated the
potential sources of error for the estimation of each component of resistance. Determination

of the drag coefficient was one of the major sources of error when calculating drag around

wood, steps, or boulders.
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1. Introduction

[2] Quantifying flow resistance is essential to under-
standing the hydraulics of streams. Interactions between
streamflow and channel boundaries dissipate energy as
water moves around and over bed irregularities. Flow re-
sistance is created by viscous skin friction around objects
as well as form/pressure drag created from differential
pressures around objects [Ferguson, 2007]. The total value
of the frictional losses can be represented with the dimen-
sionless Darcy-Weisbach friction factor:

g = 28RS (1)

Vv
where ff'is Darcy-Weisbach friction factor, g is acceleration

due to gravity (m s~ %), R,, is hydraulic radius (m), Syis fric-
tion slope (m m™ "), and v is mean velocity (m s ).

]Department of Geosciences, Colorado State University, Fort Collins,
Colorado, USA.

2Department of Civil and Environmental Engineering, Colorado State
University, Fort Collins, Colorado, USA.

Copyright 2011 by the American Geophysical Union.
0043-1397/11/2010WR009540

[3] There are a number of sources of error in the calcula-
tion of ff for steep channels. Each parameter (v, S5 R) has
error associated with the measurement method [David,
2011]. The use of ff, along with Manning’s n, nonetheless
remains the most common approach to quantifying resist-
ance in steep streams despite indications that Manning’s
equation in particular is poorly suited to steep streams with
shallow flows [Ferguson, 2010].

[4] Einstein and Barbarossa [1952] proposed that, de-
spite interactions among different components of resist-
ance, the individual components could be quantified and
summed. The ff;o:a is commonly partitioned into its compo-
nents of grain, form, and spill resistance:

ﬁptotal :ffgrain +ﬁ(‘form +ffspill: (2)

where ffyrain is viscous friction and form drag around grains
in the absence of bedforms, ff;om is form drag around bed-
forms, which should not be confused with the individual
component of form drag around other objects such as
boulders, and ffy,i is energy dissipation from flow acceler-
ation and deceleration, usually over steps. Shields and
Gippel [1995] also proposed partitioning ff into the compo-

nents from wood (ffwood), banks (ffanks), and bends (ffpends)-
Extensive effort has been devoted to quantifying the
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relative importance of different components of ff during the
past few decades, yet no consensus has been reached
regarding the most important components or the most
appropriate method to calculate individual components. In
this paper we evaluate several methods for partitioning ff'
and identify the limitations of these methods when applied
to steep streams.

[s] Additive approaches have been used to investigate
the contribution of grains [Einstein and Barbarossa, 1952
Parker and Peterson, 1980; Millar and Quick, 1994;
Millar, 1999], wood and spill resistance [Shields and Gip-
pel, 1995; Curran and Wohl, 2003], and bar resistance in
gravel bed rivers [Parker and Peterson, 1980; Prestegaard,
1983]. Wilcox et al. [2006] demonstrated, however, that the
unmeasurable component was always the largest contribu-
tor to total resistance, so that an additive approach inflates
the leftover component. Thus, quantifying the relative con-
tribution of different sources of resistance remains a pri-
mary challenge to understanding flow resistance in streams.

[6] A second primary challenge is to quantify the total
ff'in steep streams where the roughness elements are on the
same order of magnitude as the flow depth, creating fre-
quent wakes, jets, and standing waves, as well as spill
resistance where local acceleration and deceleration occur.
As discharge increases, elements may be submerged,
allowing velocity to increase much faster with discharge
than in low-gradient channels [Lee and Ferguson, 2002].
Relative submergence of a characteristic grain size (R/Dgy4)
is commonly used to predict ffio) [Keulegan, 1938; Limer-
inos, 1970; Hey, 1979; Bathurst, 1985, 1993], although
this approach can have high error rates when applied to
steep mountain streams [Thorne and Zevenbergen, 1985].
A dimensionless hydraulic geometry approach has been
proposed as a more suitable method for predicting velocity
in place of using a flow resistance equation in high-gradient
streams [Rickenmann, 1991 ; Ferguson, 2007 ; Zimmerman,
2010], but it remains useful to employ a partitioning
method to understand how different objects in the channel
affect total flow resistance.

[7] Mountain streams with gradients >0.02 m m ™' have
distinctive channel morphologies consisting of step-pools,
cascades, and plane-bed reaches [ Montgomery and Buffing-
ton, 1997]. Spill resistance contributes a major proportion
of flow resistance in step-pool reaches [Abrahams et al.,
1995]. As for steep streams in general, understanding the
relative contribution of different sources of resistance is
challenging for step-pool channels. Most approaches are
based on boundary layer theory, which assumes a semilo-
garithmic velocity profile, although the profile in steep
streams more closely resembles an s shape [Wiberg and
Smith, 1991].

[8] Steps create flow resistance via viscous friction over
large particles, but the hydraulics of step-pool reaches indi-
cate that the ffio, is a function of more than just the relative
submergence of a representative grain size [ Lee and Fergu-
son, 2002; Aberle and Smart, 2003]. Deviations from the
relative submergence equations are related to bed material
size distribution, shape, and orientation [Bathurst, 2002] as
well as step geometry [Maxwell and Papanicolaou, 2001].

[o] Step geometry is particularly important because steps
create flow resistance by form drag (ffs.ep) from pressure
differences around the upstream and downstream sides of

DAVID ET AL.: BED RESISTANCE PARTITIONING

Wo07507

the step and spill resistance (ffspin) from flow acceleration
and deceleration over the steps [Chartrand and Whiting,
2000]. Form drag varies with step geometry and composi-
tion, longitudinal step spacing, and stage [Zimmerman and
Church, 2001; Wilcox and Wohl, 2006]. Spill resistance
varies with step geometry, wood density, and orientation
[Comiti et al., 2009; Curran and Wohl, 2003 ; Wilcox and
Wohl, 2006 ; Comiti et al., 2008].

[10] The contribution of spill versus form resistance
depends on the submergence of the step. The flow regime
over a step is generally characterized as nappe flow, transi-
tion flow, or skimming flow [Chanson, 1994 ; Church and
Zimmerman, 2007 ; Comiti et al., 2009]. Nappe flow occurs
when water free falls over a step and alternates between
subcritical and supercritical flow. Nappe flow with a sub-
merged jet is affected by the downstream tailwater [ Comiti
et al., 2009]. Skimming flow is characterized by supercriti-
cal flow over completely submerged steps and is dominated
by form resistance in the cavity recirculation [ Chanson and
Toombes, 2002].

[11] Despite the large contribution of ffy,; in high-gradi-
ent streams, the average Froude number (£7) is consistently
measured as subcritical in steep streams, even at bank fill-
ing and flood flows [Jarrett, 1984; Wilcox and Wohl,
2007; Magirl et al., 2009]. Skimming flow is rarely
observed in step-pool systems [Comiti et al., 2009]. Grant
[1997] hypothesized that the tendency for the flow to accel-
erate in high-gradient streams is counterbalanced by the
bedforms, which offset this tendency by dissipating energy.
Regardless of local increases in velocities, the drag around
boulders, bedforms, and wood maintains a subcritical range
across most of a high-gradient mountain stream.

[12] Wood resistance in step-pool channels is related to
the effect of individual pieces (ffi00q) and to wood as part
of the step form (ffgcp) [Curran and Wohl, 2003]. Parame-
ters such as spatial density of wood, orientation, length,
and position significantly affect the drag coefficient
[Young, 1991 ; Gippel et al., 1992 ; Wallerstein et al., 2002]
and the contribution of wood to total resistance, which is
also influenced by discharge [ Wilcox and Wohl, 2006].

[13] In quantifying grain resistance, most studies use
some form of the Keulegan [1938] equation:

-2
ﬁf‘;rain = [203 log(IZZRh):| ) (3)

where k; is a multiple of a characteristic grain diameter.
The values for k, are typically some multiple of Dsq, Dgq,
or Dy, [e.g., Parker and Peterson, 1980; Griffiths, 1989;
Millar, 1999]. Grain resistance is most often defined as the
viscous friction around grains, but in high-gradient chan-
nels, where boulders are on the same order of magnitude as
flow depth, the grains can contribute significantly to form
drag and spill resistance [Zimmerman, 2010]. Grain resist-
ance is defined here as the combined flow resistance (i.c.,
form drag, skin friction, spill resistance) that results from
the presence of the grains in the flow.

[14] Baiamonte and Ferro [1997] suggest that total re-
sistance is a function of Fr, the Reynolds number (Re),
concentration of coarser elements (I"), Shields [1936] pa-
rameter (7*), and measures of longitudinal and transverse
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distance between roughness elements. The concentration of
coarser elements is found using

- NBTFDzB

I'= 4
aWL "’ “)

where Np is number of boulders on the chute placed over
the entire surface of the chute and Dy is median size of
boulders. Analogous to step spacing, spatial density of
boulders maximizes flow resistance at a concentration
between 0.15 and 0.40 [Rouse, 1965; Canovaro et al.,
2007] and can be the main factor affecting flow resistance
[Pagliara and Chiavaccini, 2006].

[15] As noted above in the discussion on steps, the rela-
tionship between Fr and drag around an object is complex,
depending on the relative submergence of the object. Fr is
related to the drag coefficient. Fr, combined with the size
and spacing of the roughness elements, influences the rela-
tive contribution of the free surface drag. Peak drag occurs
when Fr is between 0.5 and 0.6 and the relative submer-
gence is greater than 0.8 [Bathurst, 1982]. The relationship
between Fr and total drag on the bed means that the boul-
der concentration is needed to represent flow resistance
from bed elements [Bathurst, 1982]. ffio 1S inversely
related to Fr [Ferro, 2003].

[16] Understanding the contributions of different sources
of roughness in steep streams will improve our ability to cal-
culate ffioa in these channels, which is essential for the pre-
diction of velocity and discharge. Velocity and discharge
predictions are in turn used by engineers for fish-habitat
assessments, stream rehabilitation projects, flood estimation,
and sediment routing models [Bathurst, 2002; Ferguson,
2007]. Despite some success in using dimensionless hydrau-
lic geometry equations to predict velocity and discharge in
high-gradient streams [Zimmerman, 2010], we need to
improve our understanding of how individual components
affect the flow. Consequently, the following analysis focuses
on the most commonly used methods for partitioning flow re-
sistance. The primary objectives of this paper are as follows:

[17] 1. Evaluate methods for calculating fferain, ffwoods
and ff.p using a data set from 15 steep stream reaches with
step-pool, cascade, and plane-bed morphology.

[18] 2. Identify limitations in the existing methods of
calculating total and component resistance when these
methods are applied to steep streams.

[19] The analyses presented here ignore bank roughness
and associated resistance. Although this may be an impor-
tant source of resistance in steep streams, these analyses
follow the precedent of earlier papers in focusing on bed
configuration.

2. Field Area

[20] East St. Louis Creek (ESL) and Fool Creek (FC) are
located at elevations of 2900—3900 m in Fraser Experimen-
tal Forest in the Rocky Mountains of Colorado, 112 km
west-northwest of Denver (Figure 1). Runoff is dominated
by snowmelt with small contributions by summer convec-
tive storms. Average annual precipitation over the entire
forest is 787 mm (USDA Forest Service, About Fraser Ex-
perimental Forest, http://www.fs.fed.us/rm/fraser/ about/
index.shtml, accessed September 1, 2009). Peak discharges
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occur in mid-June with 80% of the total flows occurring
between April and October [ Wilcox and Wohl, 2007].

[21] ESL drains approximately 8.73 km? and has been
gauged since 1943. The Fool Creek basin (LFC) drains
2.89 km” and has been gauged since 1941. The upper por-
tion of Fool Creek basin (UFC) drains 0.69 km~*, with a
gauge installed circa 1986. All of the basins are dominated
by cascade and step-pool morphologies above the gauges,
with limited plane-bed reaches.

[22] Step-pool reaches in both ESL and LFC include
large amounts of wood, over 95% of which is found in the
steps. Most of the step-pool reaches have about half the
steps formed of boulders and half created by a wood jam
around one large keystone boulder. Cascade reaches were
selected based on visual assessment of tumbling flows over
irregularly spaced clasts, with no or limited regular sequen-
ces of steps and pools and small or underdeveloped pools.

3. Methods
3.1. Field Methods

[23] Fifteen channel reaches on ESL and FC were
selected based on visual assessment of morphology; nine
step-pool, five cascade, and one plane-bed reach. Upper
and lower boundaries of each reach were chosen to ensure
consistent morphology and gradient within the reach.
Reaches are labeled in order from downstream to upstream
on each basin (Figure 1).

[24] A laser theodolite was used to collect bed and water
surface data every 15 cm along the thalweg and banks of
each reach. All measurements were made over two summers
in 2007 and 2008. The water surface was surveyed during a
high flow (June 2008), two intermediate flows (July 2007
and 2008), and one low flow (August 2007). These four mea-
surement periods are referred to as flow periods in the rest of
the paper. During each of these surveys the reach-average
mean velocity was measured using Rhodamine WT dye
tracer and fluorometers attached to rebar, a metal rod ~ 1/4
inches in diameter, fixed in the thalweg of the streambed at
the upstream and downstream end of each reach. Despite the
lack of a logarithmic velocity profile, the reach-average
mean velocity can still be approximated by placing probes at
0.64 or 0.2A and 0.84, where / is flow depth from the water
surface [Wiberg and Smith, 1991; Legleiter et al., 2007;
Wilcox and Wohl, 2007]. The probes recorded values at
1-second intervals until the values returned to background
levels. Measurements were repeated four times in each reach
at each flow period. The differences between the centroids of
the mass of dye were used for determining the time differ-
ence between the two probes [Calkins and Dunne, 1970;
Lee and Ferguson, 2002]. The range of discharges, Fr, Re,
and dimensionless unit discharge (¢*) measured are summar-
ized for each flow period in Table 1.

[25] The intermediate axis of each of 300 clasts in each
reach was measured with a ruler. Clasts were measured at
evenly spaced cross sections throughout the reach, which
were anywhere from 0.5 to 1 m apart, to create a composite
count for each reach. The locations of the cross sections
were surveyed so that the data could subsequently be split
based on where the clasts were located in the reach (step,
upstream pool, downstream pool, cascade section, step
tread).
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Figure 1.

[26] A tripod-mounted light detection and ranging
(LiDAR) Leica HDS Scanstation was used during the
August 2007 low-flow period to capture bank and bed to-
pography. The LiDAR scans were coupled with a feature
based survey with variable gridding that depended upon the
underwater features, which was completed with a laser the-
odolite. The water surface data were imported into the
scans and used together with cross sections created in
Cyclone 5.8.1 [Leica Geosystems, 2008] using the LIDAR
scans to calculate channel geometry data; i.e., width (w),
depth (%), hydraulic radius (R,), and cross-sectional area
(4). Values of these variables were reach averages based
on multiple cross sections.

[27] The step-forming material of boulders or wood was
identified for each step in the step-pool reaches: a boulder
grouping indicates only boulders; woodl indicates wood
surrounding a keystone boulder; wood2 indicates only
wood with no evident keystone boulder. The majority of
wood was found in the steps in almost every reach, except
for the cascade and plane-bed reaches. Individual pieces
made up a small amount of the wood found in each reach.
As the stage went down many of these logs were no longer
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within the flow, further reducing the contribution of ff00q
tofftotal-

[28] Wood length and diameter were measured for each
flow period using a combination of the LiDAR scans, a
TIN (triangulated irregular network) of the water surface
created in Cyclone 5.8.1, and photographs. The wood vol-
ume was calculated from these measurements and divided
by the plan area of the reach (L,*w, where L, is reach
length and w is average width). Reach lengths varied
between 6.4 m (ESL6) and 35.5 m (ESLS). A more detailed
description of methods as well as a detailed table showing
all the values measured for each reach at each flow period
can be found in David [2011] and David et al. [2010a].

3.2. Partitioning Methods

[29] Einstein and Barbarossa [1952] introduced the con-
cept of dividing shear stress into the two components of
shear applied to grains in channels without bedforms (7,")
and shear applied to bedforms (7p”):
(5)

!/ 4
TOo=7T0 +70 ,

Table 1. Summary Values for Discharge (Q), Dimensionless Unit Discharge (¢*), Froude Number (£7), and Reynolds Number (Re) for

Each Flow Period®

Flow Period om’s™) R/Dsq R/Dg, q* Fr Re
Aug 2007 (low) 0.01-0.18 1.01-21.92 0.52-2.18 0.09-0.88 0.12-0.33 5.5 x 10°-5.6 x 10*
Jul 2007 (intermediate) 0.02-0.34 1.54-28.24 0.79-2.81 0.27-1.87 0.20-0.42 1.5 x 10°9.8 x 10*
Jul 2008 (intermediate) 0.02-1.13 1.54-29.35 0.79-2.92 0.25-5.08 0.15-0.86 1.5 x 10°-3.0 x 10°
Jun 2008 (high) 0.10-1.85 2.38-35.24 1.22-3.83 0.80-7.92 0.27-0.97 6.2 x 10*-3.8 x 10°

*The values represent the range measured for all the reaches during each subsequent flow period. Dimensionless unit discharge is defined as g/+/(gDs4>),

where ¢ = O/w.
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where 7y is total boundary shear stress. Einstein and Bar-
barossa [1952] applied the method by partitioning the hy-
draulic radius, but in this case the slope is being partitioned
similar to Millar [1999]. The Darcy-Weisbach friction fac-
tor can then be related to equation (5) by

7= 8(—”“’) , ©)

0
v

where v is mean flow velocity and p is density of water.
Each component of shear stress (equation (5)) can be sub-
stituted into equation (6) to yield the component value of ff.
The values of the component friction factor are then substi-
tuted back into equation (2). The shear stress applied to
each object can be determined by considering the drag
force applied to grains, wood, or steps in the channel. The
total drag force includes both viscous and form effects:

‘72
Fp= CDPSAFa (7)

where Fp is drag force; Cp is coefficient of drag, and 4 is
frontal area of object in flow. The shear applied to that
object is then found by dividing the drag force by the area
the force is applied over:

Fp

)
A channel

(8)

T0 =

where A¢nanner 18 surface area force applied over

ﬁDZP: 9)

where W is width, L is length that force is applied over, and
[ffp s friction factor for individual component.

[30] The total friction factor (ffiow1) is calculated using
equation (1) and substituting water surface slope (S,,) for
friction slope (Sy). The water surface slope was calculated
using the slope of the regression line of the longitudinal
survey of the thalweg.

3.2.1. Grain Resistance

[31] Of several methods for predicting the portion of re-
sistance related to grains, the most commonly used is the
Millar and Quick [1994] adaptation of the Keulegan [1938]
equation which uses Ds as the characteristic grain size:

-2
Horain = 8 % {2.51n(12D'2Rh)} :

50

(10)

[32] This equation provides a lower bound for grain re-
sistance that better represents small-scale roughness in
deep flows [Millar, 1999]. Variants on equation (10)
include those developed by Parker and Peterson [1980],

-2
Marain = 8 % {2.5 ln<%)} ,

11
2Duy (11)

and a power law relation by Bathurst [2002],
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(12)

2
R, )0.93
rain = 8% |3.1| — .
e { (D84

[33] For this data set the average D5, as well as the step
tread Ds,, were used to analyze the effect of grain resist-
ance and to evaluate sensitivity of the results to sampling
location. Because the steps are assumed to create their own
form of resistance, step Dso was not used to calculate ffurain.
The Bathurst [2002] equation is similar to an equation
proposed by Ferguson [2007] for shallow flows, except the
exponent is 1 and the coefficient is 2.5 in the latter
equation.

[34] Additive partitioning can only be used if boulders
are sufficiently far apart that the wake of one boulder does
not interfere with the next boulder [Ferro, 2003]. When
depth is on the same order of magnitude as the bed material
height (R/Dg4 < 4), flow resistance has to be determined
from drag forces on boulders rather than from the boundary
layer theory [Bathurst, 1993]. Therefore, the drag force
approach, described above, was used for individual bould-
ers. Significant clasts were identified as those above the
water surface at low flows, which were thus included in the
LiDAR scans. If the boulders were too closely spaced
(Iength to height ratio <9.0 [Wohl and Ikeda, 1998]), so
that wake interference occurred between boulders, the
width and representative height of clusters of boulders
were used in place of individual boulders. Although the
drag coefficient may be closer to 0.9 [Nelson et al., 1993]
in streams with large relative roughness, a drag coefficient
of 0.4 was used for each boulder as well as clusters of
boulders based on the classic Reynolds number drag rela-
tionship that represents a sphere in a free stream [Wiberg
and Smith, 1991; Lawrence, 2000]. The Reynolds number
remained between 10* and 10° for all flow periods in all
streams except for FC3, FC5, and FC6 at low flow. Because
the Reynolds number indicates fully turbulent flows in all
reaches except the three Fool Creek reaches, the same drag
coefficient is used at both low and high flows. FC3, FC5,
and FC6 are given a value of 0.6 for the drag coefficient
based on the Reynolds number at low flows. The length is
the length (L) between boulders, and the width (/) is the
wetted width of the cross section where the boulders were
located (equation (9)). The frontal area for a fully sub-
merged hemispherical particle is 4 = 1/2I1k, where & is
the radius of the particle. The frontal area of a partially sub-
merged particle is Ar = 2kh, where & is flow depth [Law-
rence, 1997]. At low flow the wake effect between particles
was not considered to be as large, therefore a value of ffgrain
based on the drag force approach was calculated for each
individual particle rather than for clusters of clasts. This
method was used as a means of comparing the additive par-
titioning of the drag force for individual large bed elements
against the other methods of calculating fforain.

[35] Grain resistance is commonly calculated using a
form of the Keulegan [1938] equation (equations (10) and
(11)), which is based on the assumption that velocity varies
with depth in a logarithmic fashion [Wiberg and Smith,
1991; Bathurst, 2002]. The Bathurst [2002] equation
(equation (12)) is the only equation tested here that is based
on a power law relation rather than assuming a logarithmic
velocity distribution. The three equations (Bathurst [2002],
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Parker and Peterson [1980], and Keulegan [1938]) are
tested against an additive drag force approach. Errors asso-
ciated with the calculation of grain resistance involve accu-
rately measuring the hydraulic radius and the grain size.
Pebble counts were used to calculate reach average Dgy,
D5, and Dy as well as values for the steps, step treads,
cascading sections, and upstream and downstream pools.
Because the objective is to separate grain resistance from
Mstep>» We assume that the grains on the step treads have the
greatest influence on grain resistance and best characterize
the ffgrain in the step-pool reaches. The step grain size may
be appropriate for predicting total resistance in a step-pool
channel [Lee and Ferguson, 2002], but here the step-form-
ing grains are considered part of ffyep, and ffspin. The cas-
cade reaches did not have step treads, therefore the Dg4 and
D5y were split into cascade sections and pool sections. The
root-mean-square error (RMSE) was used to evaluate the
goodness of fit between the predicted ff based on the differ-
ent grain sizes for the reach and the step tread.

[36] Each of the above methods was further evaluated by
regressing ffgrain against the value of ffgrain from the drag
approach. The total resistance (ffioa1) Was transformed
using the square root to meet regression assumptions of
homoscedacity [Kutner et al., 2005].

3.2.2. Wood Resistance (ffwooa)

[37] Here ffyooq represents individual pieces of wood in
the channel that are not part of steps. The majority of wood
in step-pool reaches is found within the steps (~90%), but
that wood is considered part of the step form and its contri-
bution to ffio is considered a part of ffyip and ffepin.

[38] The contribution of individual pieces of wood was
calculated using the method outlined by Wilcox et al.
[2006]. The major assumption is that the drag created by
wood is similar to the drag measured around cylinders in a
flume [Gippel et al., 1992; Shields and Gippel, 1995;
Gippel et al., 1996]. The drag force around wood is

app 7,2 .
Ay
Fp— pCp V2 s1n97 (13)

where CAP is apparent drag coefficient (measured for a
specific set of geometric and hydraulic conditions and cor-
rected for the blockage effect of wood), ¥ is depth-averaged
approach velocity, 4,, is submerged cross-sectional area of
the wood piece, and 6 is angle of the wood piece relative to
downstream thalweg. The apparent drag coefficient is then

Cp

CcvP
P a1 - By

; (14)

where Cp is drag coefficient in flow without boundary
effects, @ and b is empirically derived coefficient and expo-
nent, and B is blockage ratio. For values of B between 0.03
and 0.4 the values of a and b equal 1 and 2, respectively.
The blockage ratio is the ratio of the frontal area of an
object to the cross-sectional area of flow. For a cylindrical
piece of wood

 L'dyooasinf + ﬂ(dwf"d)z cosf

B
Aﬂow

; (15)
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where L' is piece length, dyoq is submerged cylinder diam-
eter, and Ag,,, 1S cross-sectional area of the flow. Once the
drag force is determined for an individual piece of wood,
the shear stress can be calculated using

WC T d,
Twood = [DTOOdv (16)
where X is distance between an upstream object producing
appreciable wake and downstream log. Equation (17) can
then be used to calculate the component of ff;. related to
individual pieces of wood:

8 TWGO 4 Capp dWOO
ffwood = pf/zd = DX d . (17)

[39] This method eliminates the need to measure
approach velocities. The minimum and maximum values
used in each reach for Cp, Cp”, B, a and b, and the result-
ant ffwooq are shown in Table 2. The values of B exceed the
range evaluated by Gippel et al. [1992] in a few cases. Val-
ues of coefficient @ and exponent b in equation (14) were
determined based on the range of B measured by Gippel et
al. [1992], and were generally 0.997 and 2.06, respectively.
3.2.3. Form Resistance (ffp)

[40] Because the main bedforms in the steep stream
reaches examined here are steps and pools, the form resist-
ance will be denoted as ffy.p, rather than fftom. Other sour-
ces of form resistance are considered separately as ffwood
and ffspin. Form resistance related to banks, bends, and sinu-
osity is important, but is not calculated here since the pri-
mary focus is the contribution from bed roughness toward
total flow resistance. Other components of resistance are
folded into spill resistance (ffspin)-

[41] Much of the energy loss associated with steps and
pools is related to the flow acceleration and deceleration as
water spills over the step lip into the pool (Figure 2). Dur-
ing nappe flow the majority of the energy loss is from flow
recirculation in the pool. If the drop is not shear, a hydrau-
lic jump dissipates the energy. As a step becomes sub-
merged during higher flows, the step shape itself may also
create losses from form resistance. The step submergence
can be evaluated using the ratio of critical depth (%.) to
drop height (z) (Figure 2). Comiti et al. [2009] found a tran-
sition in the significance of grain resistance versus spill
resistance at a value of A,z of 1.2. Consequently, we
hypothesize that steps with a value of 4.z > 1.2 should
also have a form resistance component (ffs.p,) related to the
step shape. We evaluated step submergence based on longi-
tudinal profiles and photographs. The portion of ff related
to steps can be calculated using a methodology similar to

Table 2. Minimum and Maximum Values Used for Each Log in
Each Reach

Parameters Minimum Maximum
Cp 0.2 1
B 0.01 0.63
a 0.997 1.02
b 2.06 3.25
cpP 0.2 4.75
Swood 0.01 4.43
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Figure 2. (a) Schematic of an idealized wood and boulder step-pool reach showing step height, drop
height, pool depth, step length, and critical depth. (b) Longitudinal profile of a step-pool reach (ESL9) at
high flow. (c) Longitudinal profile of the same step-pool reach at low flow. The distances vary between
Figures 2b and 2c¢ because the main flowpath tended to be more sinuous during low flows. The pools are
shown by a flat line drawn over the pool area in each longitudinal profile. (d) A photograph looking
upstream at ESL9 during high flow. (e) A photograph of ESL9 during intermediate flow. (f) A photo-
graph of ESL9 during low flow. The white arrows point to the same rock on each picture. Notice that
steps become more distinct as flow decreases.
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calculating drag around in-channel wood:

4 CDA step
b
A channel

ffSIep = (1 8)

where Cp, is drag coefficient of steps, Ay, is frontal area of
step, and A channel 18 surface area of step. The frontal area of
the step was the product of the upstream pool depth (Pp)
and width (P,,).

[42] Drag coefficients of steps were estimated based on
the step composition; i.e., boulder, woodl, or wood2. Val-
ues were based on results from flumes [Gippel et al., 1992;
Hygelund and Manga, 2003] for individual cylinders
(between 0.4 and 4.5) and results for a wood jam (between
2.6 and 9.0) [Manners et al., 2007]. Because drag coeffi-
cients increase with dimensionless wood surface area [ Man-
ners et al., 2007], initial values for the drag coefficient were
assigned based on values of wood surface area/channel sur-
face area [David, 2011]. Boulder steps were given an initial
value of 1.0 for Cp, and wood1 and wood2 steps were given
initial values between 2.8 and 1.4. A limitation of this
method is the lack of measured drag coefficients around
wood and boulder steps. Because the drag coefficients were
unknown, a sensitivity analysis was performed. The initial
value of Cp was assigned for each step as described above,
and then each drag coefficient was increased by 0.2 in five
increments to calculate six different values of ffy.p, starting
with a conservative estimate for the drag coefficients. The
value of ff., was calculated for each individual step that is
submerged according to the value of 4.z using the drag
force approach described above (equations (5)—(9)) and
then summed to give the total value of ffy.p, for each reach.
The cascade reaches typically included one or two steps
within the reach, but only a few of these steps were suffi-
ciently submerged to have values for ffy.p as well.

4. Results
4.1. Grain Resistance (ffyrain)

[43] The variety and distribution of grain sizes can have
a large effect on grain resistance, particularly in step-pool
reaches, depending on where grains are measured within a
reach. The step-pool reaches tend to have much larger vari-
ability in grain size than the cascade reaches (Figure 3),
probably because of the larger range in gradient and mor-
phology. The variability in D5y between sections of a reach
was much larger than the variability in Dg,, indicating that
Dg4 may better represent average grains protruding above
the bed for the entire reach. The grain size in the down-
stream pools and on the steps varied the most from the
reach Dg, (Figure 3). Figure 4 shows a sensitivity analysis
of each of the three grain resistance equations using Dsy,
Dg,, and Dy for the characteristic grain size. The values of
Jerain USIng a reach grain size are compared against the val-
ues using a characteristic grain size for the step tread. The
Parker and Peterson [1980] equation varies the least
(RMSE = 0.06), whereas the Bathurst [2002] equation
varies the most (RMSE = 0.115) (Figure 4). Results from
the Keulegan [1938] equation using both Dsy and Dg, are
fairly similar (RMSE = 0.012 and 0.018, respectively).

[44] Figure 5 illustrates the percent contribution of ffyrain
to ffioral for each equation at low and high flows. The June

DAVID ET AL.: BED RESISTANCE PARTITIONING
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2008 mean value for ffurain calculated with any of the equa-
tions and using either the step tread or reach average grain
size was always significantly less than the August 2007
mean value of ffy.in (Figure 6). Therefore, in the following
analysis comparisons focus on differences between June
2008 and August 2007 flows. The ffurin calculated from the
Keulegan [1938] equation contributes the smallest amount
toward ffioa1 at both low and high flows, indicating that it
gives a lower bound of grain resistance. The use of the Keu-
legan [1938] equation in these channels is similar to apply-
ing the Manning’s equation to intermediate- and large-scale
roughness, indicating that ffg.in calculated with Keulegan
[1938] best represents a lower bound of resistance in these
steep, rough channels during deep flows. The percent contri-
bution of ffarain is largest when calculated using the Parker
and Peterson [1980] equation at high flows and the Bathurst
[2002] equation at low flows. These equations are similar,
since each uses a larger representative grain size and calcu-
lates an average value of ffyrin. The Keulegan [1938] equa-
tion calculates slightly larger values of ffgrin based on Dgy
instead of Ds, (Figure 4), but not as large as the Parker and
Peterson [1980] or Bathurst [2002] relations.

[45] The ffrain calculated with the Parker and Peterson
[1980] equation occasionally contributes up to 100% of
total resistance at high flows in the plane-bed reach (ESL6;
Figure 5). Since the ffyo0q also increases at high flow in this
reach and contributes to ffiow1, the Parker and Peterson
[1980] equation is likely inflating the value of ffgain. There-
fore the Parker and Peterson [1980] equation may be an
overestimate of ffyrain at high flows.

[46] As grains become submerged, we expect the contri-
bution of ffy.in to total resistance to decrease. Although the
values of ffgrin increase at lower flows (Figure 6), the rela-
tive contribution of ffurain t0 ffiotar is much smaller at low
flows for each of the three equations except for the drag
force approach (Figure 5). The means vary between 0.11
and 0.08 from low to high, respectively, for the Keulegan
[1938] equation and from 0.58 to 0.24 for the Parker and
Peterson equation. In no case do the values ffgrin g0 above
2.0 when using any of the three equations, despite drastic
increases in ffioa up to 42.0 during low flows. Therefore
many of these equations may be underestimating ffurain at
all flows, but more specifically at low flows.

[47] Figure 5 also displays the results of the additive
drag approach for individual boulders. The percent contri-
bution of ffarain t0 ffiota is much larger when ffgrain is calcu-
lated in this manner for both the June 2008 flows and the
August 2007 flows. ESL7 has a percent of ffi,. greater
than 100 for the drag approach, indicating that this value is
unrealistic. The high values in ESL7, ESLS, and ESL9
reveal problems with using the drag approach during lower
flows. Each of these three reaches has the largest number of
boulders (23-28, compared to other reaches that only had 5
or 6). The additive approach causes the significance of
Herain to be inflated because of the number of boulders.
Both ESL8 and ESL9 are step-pool reaches that have a
large contribution from ffep, ffwood>» and ffspin. Therefore
the percent contribution of ffy.in is too high for these
reaches once other sources of resistance are considered
from field observations and the analysis below. Alterna-
tively, the high values of ffurain calculated around individual
grains that are not step-forming reveal that ffyrin may be
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Figure 3.

Reach Name

Separated (a) D5y and (b) Dgy4 for each reach, illustrating the range in values, depending on

the portion of the bed measured. Dotted lines are drawn through the step-pool reaches. Step Dgqs RMSE
= 0.061; downstream pool Dgy RMSE = 0.079; upstream pool Dg; RMSE = 0.045; step tread Dgy
RMSE = 0.025. Step Dso RMSE = 0.014; downstream pool Dsqg RMSE = 0.018; upstream pool Ds

RMSE = 0.018; step tread Dso RMSE = 0.010.

greatly underestimated in these reaches by using the Keule-
gan [1938], Bathurst [2002], or Parker and Peterson
[1980] equations.

[48] The regressions used to evaluate each method of
Herain versus ffi are presented in Tables 3 and 4. The
Parker and Peterson [1980] and Keulegan [1938] equa-
tions using Do and step tread Ds, respectively, explained
the most variability in the data set. All iterations except
two showed a significant difference in ffyrain between June
2008 and August 2007 flows. Although a regression analy-
sis reveals which equation explains a larger percentage of
the variability in ff;1, it does not necessarily reveal which
equation best calculates ffrain-

[49] Each method was evaluated against the drag
approach (ffqrag), assuming that the drag approach can show
precise trends in the data without the values necessarily

being accurate. The trends may be more precise with the
drag approach because every large bed element that was
above the surface during the August 2007 flows was
accounted for. The regression analysis shows that the ffyrain
values from the Keulegan [1938] relations using the Ds,
step tread Dsq, and Dg4 were all significantly related to the
Herain values from the drag approach during the June 2008
flows. None of the intercepts were significant in any of the
regressions. Only the Keulegan [1938] step tread Ds, and
Keulegan [1938] Dg4 were significantly related to ffyr, at
low flows.

[s0] Despite these differences in values, the Keulegan
[1938], Bathurst [2002], and Parker and Peterson [1980]
relations show similar trends (Figure 6). Each equation
was evaluated by significant differences in the value of
Merain among channel types, flow period, and dominant
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= 0.06; Bathurst [2002] (Dg4) RMSE = 0.115. ESL4 is the largest source of error in each equation.

step type in the reach. Figure 6 shows boxplots using the
Herain €quation with the minimum values for the Keulegan
[1938] equation using Dso and the maximum values using
Parker and Peterson [1980] and Bathurst [2002]. The
Keulegan [1938] equations (using both reach average and
step tread values for Dsy and Dgy4) indicate that reaches
with mixed boulder and wood steps have a higher grain re-
sistance than reaches with only boulder, only wood, or no

steps. Both the Bathurst [2002] and Parker and Peterson
[1980] equations show no significant difference based on
step type. The difference in ffyin based on the dominant
step type may be related to specific characteristics such as
the size of the step, which is related to whether the step
includes wood or boulders (Figure 7). Steps that are a mix-
ture of wood and boulders tend to have a larger drop
height, step height, pool depth, and step width.
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Figure 5.
(low) flows and (bottom) June 2008 (high) flows.

[51] The values of ffyrain Were also evaluated by flow pe-
riod and channel type (Figure 6). All the equations, includ-
ing ffirag, showed significantly higher values of ffyain in
August 2007 versus June 2008. The drag force approach
indicated significantly higher values of ffy.in for reaches
with mixed step types versus boulder step types in both Au-
gust 2007 and June 2008. All equations, except ffirag, indi-
cated that the values of ffin are significantly higher in
cascade reaches versus step-pool and plane-bed reaches,
probably because cascade reaches tend to be on steeper
slopes with smaller values of R/Dg,4 (between 0.5 and 1.7).

[52] In summary, estimates of percent contribution of
grain resistance to ffio are quite sensitive to the equation

FC2 FC3 FC4 FC5 FC6

Reach Name

Percent contribution of each grain resistance equation of total resistance. (top) August 2007

used, ranging in one channel reach from 32% to 96% at
high flows and in another reach from 3% to 15% at low
flows (Figure 5). At high flows the Parker and Peterson
[1980] equation consistently produces the highest estimates
and the Keulegan [1938] equation consistently produces the
lowest estimates of ffyrain. At low flows the Bathurst [2002]
equation or drag approach produce the highest estimates
and the Keulegan [1938] equation produces the lowest esti-
mates of ffyrain, indicating, as has been previously suggested
by Millar [1999], that the Keulegan [1938] serves as a
lower bound for grain resistance. Alternatively, ffgrain calcu-
lated with the Bathurst [2002] equation may better repre-
sent a lower bound for total resistance at low flows.
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Figure 6. Boxplot of grain resistance equations against step type, flow period, and channel type. Step
categories: boulder = reaches with only boulder steps, mixed = reaches with both wood and boulder
steps, none = reaches with no steps (only ESL6 and ESL7), wood = reaches with only wood steps. Let-
ters a, b, and ¢ show which means are significantly different from each other based on Tukey HSD test

in an ANOVA.

[53] The major limitation for calculating grain resistance
is that because there is no absolute or widely accepted mea-
sure against which to compare varying methods of estima-
tion, it is difficult to evaluate which equation provides the
most accurate estimate of the actual value of ffyrain. David
[2011] discusses using the boulder concentration (I') to
interpret how well the equations evaluated here represent
the grain resistance at both low and high flows. All four
equations are significantly related to boulder concentration
at high flows, but only the Keulegan [1938] equation using
both D5y, and Dg,4 is significantly related at low flows.
Therefore the Keulegan [1938] equation may have a signif-
icant association with boulder concentration, but neverthe-
less lacks fidelity to the physical processes when velocity
profiles are not logarithmic and roughness is intermediate
and large scale. The Keulegan [1938] most likely repre-
sents what ffyr.in would be if the same grain sizes were
placed on a plane-bed channel with an appropriate partial

depth and a logarithmic velocity profile. The interactions
between ffgrin and other types of resistance, such as pond-
ing from steps, can cause drastic changes in ffyain from that
idealized value.

4.2. Wood Resistance (ffwooq)

[54] Wood resistance was calculated using the Shields
and Gippel [1995] approach. There are many potential
sources of error in this approach, including the measure-
ment of X (distance between logs), calculation of C53”, and
determination of which pieces constitute significant in-
channel wood. The values of ff,00q4 ranged between 0.01
and 4.43, making up anywhere from 0% to 87% of the ff;otal
in individual reaches. Although David et al. [2010a] found
that the wood density using individual logs ((3 surface area
of individual logs)/reach surface area) was not significantly
related to ffiora, Wood is significantly related to ffi, once
the wood in steps is included as part of the wood density.
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Parker and Peterson Parker and Peterson

Bathurst Bathurst

[1980] (Do) [1980] (Tread Dog) [2002] (Dsa) [2002] (Tread Dgy)

Keulegan Keulegan Keulegan Keulegan
[1938] (Dso) [1938] (Tread Dsq) [1938] (Ds4) [1938] (Tread Dgs)
Intercept 1.92° 1.69° 1.24° 1.88°
Sarain 16.25° 18.80° 11.25° 9.35°
Aug 2007 0.00 0.00 0.00 0.00
Jul2007  —0.63 —0.58 —-0.37 —0.70°
Jul 2008 —0.43 —0.59 —0.13 —0.66
Jun 2008  —1.21° —1.16° —0.79° —1.19°
R 0.39 0.46 42 0.42
adj-R? 0.34 0.42 0.37 0.37
p-value <0.001 <0.001 <0.001 <0.001

0.94° 1.66° 2.49° 2.59°
5.28° 3.92° 1.65° 1.50°
0.00 0.00 0.00 0.00
—0.04 —0.26 —0.30 —0.37
0.06 —0.18 —0.07 —0.13
—0.24° —0.64 —0.81 —0.90°
0.53 0.43 0.39 0.38
0.49 0.39 0.34 0.33
<0.001 <0.001 <0.001 <0.001

"Regressed against /(ffioral) to meet normality assumptions (df = 53). FC3 Jul 2008 was an outlier and removed from regression. Additionally, FC3
August 2007 and FC6 August 2007 were found to be outliers for the Parker and Peterson [1980] equation and removed from those regressions. Parker

and Peterson [1980] = 51 df.
Here a = 0.05.
“Here a = 0.10.

Therefore, an additive drag approach may be overestimating
the influence of individual logs that are not part of steps on
total flow resistance. In some cases, inclusion of all pieces
of wood caused the value of ffi,00q to be more than double
the measured value of ff;qta.

[s5] Complexly shaped wood pieces also created uncer-
tainty. ESL5 had a log that was primarily a bridge with
branches hanging down into the flow. Branches increase
the surface area of a log, but also create more flow separa-
tion and turbulence [Hygelund and Manga, 2003]. Hence
the area increases but the drag force does not, so that the
apparent drag coefficient decreases. Field observations
reveal that the log in ESLS affects the velocity and depth
near the bank, but the Shields and Gippel [1995] equation
does not provide a way of accurately quantifying that
effect. This problem was observed in many reaches, partic-
ularly when logs contained branches and were not necessar-
ily in the thalweg, but were obviously responsible for
creating flow separation and backwaters.

[s6] There are many potential sources of error when
using the drag force approach for calculating ffyo0d, as dis-
cussed at length in David [2011]. First, wood in steps was
considered part of the step form and thus was not consid-
ered as part of ffi,00q- Second, each parameter in equations

Table 4. Each Grain Resistance Equation Versus ffgra,"

(13) through (17) has associated potential error based on
measurement errors as well as estimating unknowns such
as the drag coefficient (Cp). The drag coefficient (Cp) and
empirically derived values for a and b are likely the largest
source of error in calculating ffyo0q- A sensitivity analysis
for calculating ffooq for two step-pool reaches using
a reasonable range of drag coefficients for each log indi-
cates that the larger the value of ffy004, the greater the error
associated with choosing a value of Cp,.

[s7] The distance between objects is another potentially
substantial source of error. The value X in equation (17) is
commonly the distance between logs, but in the case of
these high-gradient mountain streams, logs are not the only
objects significantly affecting the flow and creating wakes
that affect the drag around individual logs. Therefore we
evaluated X as the distance between objects producing
appreciable wakes, which included steps and large boulders
that were observed to help in the formation of wave drag.

4.3. Step Resistance (ffscep) and ffspin

[s8] Steps likely contribute the greatest proportion of re-
sistance in step-pool channels from both spill and form re-
sistance [Curran and Wohl, 2003; Wilcox et al., 2006].
Form resistance relates to energy losses from circulation in

Keulegan Keulegan [1938]  Keulegan Keulegan Parker and Peterson ~ Parker and Peterson — Bathurst Bathurst
[1938] (Dso) (Tread Dsg) [1938] [1938] [1980] [1980] [2002] [2002]
V/ (Hfirag) v (Harag) (Ds4) (Tread Dgs) (Dog) (Tread Dog) (Ds4) (Tread Dg4)
June 2008
Intercept —0.05 0.08 —0.55 —0.46 —0.40 0.36 0.19 0.1
jj’%mn 9.34* 7.82** 8.15** 7.88"* 4.13** 1.69 1.99 3.15%
R 0.42 0.34 0.3 0.31 0.37 0.2 0.19 0.4
adj-R? 0.37 0.29 0.25 0.26 0.31 0.14 0.13 0.35
p-value 0.009 0.02 0.03 0.04 0.02 0.11 0.11 0.02
August 2007
Intercept 0.92* 0.75 —0.55 2.64 1.56 242 2.90* 3.09**
Herain 6.17 7.92** 8.15** 0.75 2.47 0.76 -0.14 —0.38
R’ 0.16 0.27 0.3 0.0006 0.05 0.006 0.001 0.008
adj-R? 0.09 0.21 0.25 —0.09 —0.03 —0.08 —0.09 —0.08
p-value 0.16 0.06 0.03 0.94 0.45 0.81 0.92 0.77

“ESL3 and ESL4 outliers for Bathurst [2002] (tread). ESL4 removed as outlier in Keulegan [1938] (ST). In every regression ESL3, ESL4, and FC4
seem to have higher leverage than other reaches. For August 2007 regressions ESL9 and FC6 were outliers.
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Figure 7. Boxplot of step dimensions for every individual step in every reach based on step composi-
tion. Boulder, steps only made up of large grains; woodl, steps made up of a keystone boulder and
wood; wood2, steps only made up of wood. Letters a and b indicate which means are significantly differ-
ent from each other using a Tukey HSD test in an ANOVA.

the pools, but as steps become submerged, the step shape
can also contribute to form losses. We calculated form re-
sistance around steps using a drag force approach. Because
Cp is unknown, we performed a sensitivity analysis for one
cascade and two step-pool reaches (Figure 8). The percent
contribution of ffep t0 ffiorar can vary from 1% to 63%
within a reach, depending on the values of the drag coeffi-
cient. The more conservative lower values of ffy.p, using
the smallest values of Cp, were compared to the other
components because the larger values sometimes exceeded
ffiotal When added together with the other components of
resistance. The contribution of ffyep t0 ffioral tended to be
highest during the high flows, since these were the times
that the steps had either submerged or skimming flow over
the step. Smart et al. [2002] argued that bedforms are not
significant in streams where other bed elements are on the
same order of magnitude as the flow depth, but our results
suggest that the adverse pressure gradient around bedforms
may become increasingly important as flow increases de-
spite the presence of other bed elements on the same order
of magnitude as flow depth. At lower discharges, ffspin may
dominate with higher drop heights and smaller pools.

4.4. Overview of Total and Component Resistance

[59] Figure 9 shows the results of the additive partition-
ing of ffurain, fwoods fstep> and ffepin. The Keulegan [1938]
equation was used to calculate grain resistance using Ds
since this equation seemed to give a lower bound for ffgrain.
The same equation was used for low and high flows to
avoid introducing another source of variability. The wood
and step components were calculated using the drag
approach outlined above. Spill resistance was estimated as
the component remaining after all other components were
subtracted from ff;1, although the term spill also incorpo-
rates any other unmeasured form of resistance such as bank
resistance. Each component of resistance most likely inter-
acts with other components, so bank effects may also be
included in the step, wood, or grain component. In the addi-
tive approach, some of the added values of total resistance
from ffgrain + ffwood + Hstep €Xceeded ffioral, therefore these
reaches are not shown to contain any ff,in because of the
overestimate of one or all of the other components. Grain
resistance contributed the smallest amount for all the
reaches, including the plane-bed reach. Wood resistance
contributed a large proportion of the total resistance at high
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Figure 8. Example of sensitivity analysis for ffep. Each number in the key (1-6) indicates that a dif-
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Figure 9. Contribution of partitioned friction factor to total: (a) step-pool reaches and (b) cascade
reaches. Dotted white lines indicate division between reaches. The ffq,in were made to be zero where
negative values existed, because additive components exceeded the value of ffi.. Figure shows parti-

tioned values for each reach over each flow period.

flows and progressively smaller amounts as discharge
decreased and logs were no longer submerged. Conversely,
the contributions of ff,i increased progressively as dis-
charge decreased (Figure 10). Step resistance is related to
discharge in that it was calculated only for steps that met a
specific submergence criterion. Spill and ffg., contributed
the greatest amount to total resistance at all flows for a ma-
jority of the reaches, except for four reaches during high
flows. Two of these reaches do not include any steps and
all four have a large wood component at high flows.

[60] The cascade reaches had a smaller contribution
from ffep tO ffiotar, therefore the unmeasured component
(ffspin) contributed the most in these reaches. However, the
unmeasured component of spill resistance was not always
the largest proportion of the total resistance in every reach
(Figures 9). Boxplots of the percent contribution of each
component of resistance for cascade versus step-pool
reaches (Figure 11) indicate that the only significant differ-
ence in the percent contribution is from ff, during high
flows. There are significantly higher values of ffgrain in the
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cascade reaches (Figure 6), but overall the %ffgrain is nOt
different for these reaches versus the step-pool reaches.
There is more variability in %ffgain in the step-pool reaches
during low flows and greater variability in the %ffyo0q for
cascade reaches during high flows, despite a lack of signifi-
cant differences between the means (Figure 11). The contri-
bution from each component of resistance also varied with
the step composition (Figure 12). The percent contribution
Of fforain and ffwooa Was significantly higher for reaches
without any steps than for the reaches with steps. The
reaches dominated by boulder steps had a higher %ffgrain
than reaches with only wood steps.

[61] On average the major contributions toward ff;o, are
from ff\ood and ffepin. As noted in the flume by Wilcox et al.
[2006], the contribution from ffyyiy is reduced during high
flows (Figure 10). Otherwise the contribution of each com-

ponent (ffwood> ffsteps Marain) 15 significantly larger during
high flows.

5. Discussion

[62] Ability to quantify the effects of each component of
total resistance remains limited by the available methods.
The methods discussed here assume that each component
of resistance affects the total in isolation and that the indi-
vidual components can be added to calculate ffiyw [Wilcox
et al., 2006]. The unmeasured component remained the
largest in most of our study reaches, particularly at lower
flows. The unmeasured component is assumed to be related
to ffspin, although it could also be related to bank resistance,
which was neglected in this study. The results suggest that
the current additive approach is not appropriate and that the
unmeasured component tends to be large because individ-

ual sources of resistance interact in complex fashions that
effectively alter the resistance associated with any individual
component relative to the resistance of that component in iso-
lation. Yet the additive approach could be greatly improved
if the error associated with many of the variables (e.g., Cp"

used to calculate ffyrain, fwoods O ffsiep Was reduced.

5.1. Methods for Calculating ff,,.in and Associated
Limitations

[63] Each of the current methods used to calculate ffyqin
may be appropriate for high flows, where the majority of
the grains are submerged, but appear to completely under-
estimate the contribution of ffurain during low flows. Low
flows in the study reaches are distinct from other stages by
having a majority of the larger bed material only partially
inundated and relative roughness R/Dg4 < 1. Although Fer-
guson [2007] defined shallow flows as R/Dgy < 4, the
reaches in this study are all below 4 at high and low flows.
Divisions for R/Dg, should also vary based on gradient
[David et al., 2010a] such that, for gradients closer to 0.10,
the limit for shallow flows might lie closer to 1.5-2.0.

[64] During low flows the values of grain resistance
increase but the contributions toward ff;..; decrease. Each
of these equations is possibly underestimating ffyrain at low
flows because of the inherent unsuitability of using an
approach that assumes a logarithmic velocity profile
[Wiberg and Smith, 1991; Katul et al., 2002]. Near-bed
velocities remain low up to a grain size of D¢ and increase
rapidly when flow is above the range of Dsy and Dgy
[Wiberg and Smith, 1991].

[65] Despite these differences, we still found Dg, to be a
representative length scale and the relative roughness can
be related to the nondimensionalized velocity (v /u«*) by a
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log linear curve. Summing the contribution of each large
grain over the entire reach using the drag force approach
indicates that the contribution from ffgin could be much
larger than calculated by these equations (Figure 5). Wilcox
et al. [2006] also found that both the Bathurst [2002] and
Parker and Peterson [1980] equations consistently under-
estimated grain resistance.

[66] The Keulegan [1938] equation, using both Dsq and
Dg,, consistently underestimated ffarain, Which was deter-
mined by evaluating the contribution of %ffyrain t0 ffiotal in
the plane-bed reach. At the lowest flow, when the other
sources of resistance are reduced by the lack of in-channel
wood and reduced bank resistance, the %offyrain Was 4.9%
(Figure 5). In contrast, the drag approach indicates that
Hearain makes up 33% of ffiora. The drag approach is prob-
ably also underestimating ffyr.in Since only a few larger
grains were exposed at low enough flows to be surveyed in
this reach using the LiDAR pointclouds. Smaller grain
sizes probably start to affect the flow as stage decreases, so
these should be accounted for in a drag approach. On the
other hand, the Keulegan [1938] equation had a more sig-
nificant relationship with ffio1 and ffarag at all flows, partic-
ularly when using the step tread Ds, despite the assumed
lack of a logarithmic velocity profile (Tables 3 and 4). The
relationship between the Keulegan [1938] and ffyr,g indi-
cates that even with the use of a smaller grain size such as
Dsg, the Keulegan [1938] still captures a portion of the
form drag component around the grains.

[67] Flow accelerates on the step tread as it approaches
the step lip [Wohl and Thompson, 2000; Wilcox and Wohl,
2007]. An interaction of processes is evident here; a larger
step causes a larger backwater area, allowing deposition of
finer material and greater difference in flow acceleration
between low and high flows. Reaches with large wood steps
have finer material and larger rates of change of velocity
with discharge [David et al., 2010b]. Both grain resistance
and ponding are significant at low flows and can drastically
reduce velocity. The effect of grain resistance at those lower
stages is not easily quantified by equations based on the law
of the wall and a large characteristic grain diameter. There
are two levels of resistance related to the presence of grains
in the flow: (1) water flowing around large boulders creat-
ing areas of flow separation and reattachment and (2) water
flowing over smaller grains creating small surface waves
and hydraulic jumps, which can also be defined as spill re-
sistance over the grains. Since the spill resistance is caused
by the presence of grains, we still define it here as grain re-
sistance. Additionally, both levels include viscous skin fric-
tion around the grain. The first type of grain resistance may
be best represented by a large characteristic grain size Dogy.
Parker and Peterson’s [1980] equation was significantly
related to boulder concentration at high flows, indicating
that a larger representative grain size captures the combined
form drag and skin friction around individual boulders. The
second grain resistance may be best characterized by Ds
since the Keulegan [1938] equation was significantly
related to both the values determined from the drag force
equation and the boulder concentration. The median grain
size is more likely to remain submerged at lower flows and
can better represent a lower bound of ffyrain.

[68] Although sorting was not significantly related to
[otal [David et al., 2010a], the sorting may have a signifi-
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cant effect on the values of ffyrain at low flow. The larger
boulders and smaller grains influence the overall hydraulics
in a very different way at low flows. Most studies focus on
finding one representative grain size and determining a
multiplier for that grain size to fit it into some type of Keu-
legan [1938] relation [Hey, 1979; Reid and Hickin, 2008].
In mountain streams it is possible that two values of ffyrain
should be estimated from two different representative grain
sizes (e.g., D5y and Dgg) and two different equations for
low and high flows, as suggested by Ferguson [2007].

[60] Based on the analyses presented above, we recom-
mend using the Parker and Peterson [1980] approach to
calculate ffgrain in steep streams during bank-filling flows.
This approach is the least sensitive to morphological loca-
tion of the pebble count because it uses such a large charac-
teristic grain size, but it takes a much larger sample size
pebble count to estimate Do, with the same accuracy as Ds.
Also, the values of ffy.in for the Parker and Peterson [1980]
equation were most significantly related to the boulder con-
centration at high discharges. The Keulegan [1938] equation
might be the better approach, despite being dependent on a
logarithmic velocity profile for determining a base level of
Herain at both low and high flows. At low flows the values of
relative submergence (R/Dg4) approach zero, with values
ranging between 0.52 and 2.18. Using a smaller characteris-
tic grain size at low flows will improve the validity of
these equations. Also, the predictions at low flow may be
improved by developing an equation that uses two character-
istic grain sizes. One grain size should represent the larger
bed elements that are only partially inundated and cause the
flow to move around rather than over the objects. The sec-
ond should represent the grains that are submerged but still
cause distortions in the flow field. The difference between
high and low flows is related to the relative submergence Fr
and Re. The combined approach may be best utilized by
adding the drag force component around boulders as large
as the Dyy. The Keulegan [1938] equation can be used for
calculating the grain resistance related to skin friction and
form drag along smaller, submerged grains. In step-pool
reaches the step tread grain size should be used to account
only for grain resistance. Grains that are part of the actual
step should be included as the ffspin and ffse, components.

5.2. Methods for Calculating ff.,,,q and Associated
Limitations

[70] The Shields and Gippel [1995] approach of calculat-
ing ffwood commonly overestimated the total value of ffood-
Although the values of the Cp were well within the range
found by Gippel et al. [1992], there is still some question as
to appropriate values. The blockage ratio exceeded the range
tested by Gippel et al. [1992], suggesting that the empirically
derived values of @ and b used in equation (13) may not be
correct for these streams. In other studies, Cp has ranged
from 1.2 [Manga and Kirchner, 2000; Hygelund and Manga,
2003] to 6.0 [Curran and Wohl, 2003], but values over 1.0
commonly led to values of ff,0q that exceeded ff;ota1-

[71] There are a number of problems with this approach
revealed in this analysis. First, the Shields and Gippel
[1995] approach assumes that ffy.0q can be calculated for
each individual log and then added to estimate total ffyo0q-
Second, the drag force approach does not account well for
logs with branches or for the position of the log in the water
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column. Third, Hygelund and Manga [2003] found that
Cp? scaled with depth ratio (a measure of the relative depth
of the log) more than with blockage ratio. Fourth, the drag
force approach did not do well in capturing the wake effect
from upstream objects, which may reduce the effect of the
log downstream. Fifth, the distance between objects X is
difficult to determine since there is no standardized
approach for evaluating X. Also, the more closely spaced
objects were, the higher the value of ff,o04. This approach
assumes that the drag force is applied over a short distance,
but does not account for the effect of the wake interference
from the upstream object, which could cause reduced drag
on the downstream object.

5.3. Methods for Calculating ffs., and Associated
Limitations

[72] Researchers have found that step height and length
are significantly related to ffio) in step-pool channels [A4bra-
hams et al., 1995; Maxwell and Papanicolaou, 2001], but
both H and L, are assumed to only relate to ffspin. Smart
et al. [2002] argue that the form drag around bedforms is
not as significant as form drag around individual particles,
since the individual particles are of the same size as the flow
depth. This may be true, depending on the size of the bed
elements relative to the flow depth, but it does not explain
the paucity of data on evaluating the form drag around the
step and pool bedforms rather than just the spill resistance.
Random arrangements of boulders dissipate much less
energy than boulders arranged in rows [Pagliara and Chia-
vaccini, 2006]. The results of an analysis of the drag force
around the step bedforms indicate that as the bed form
becomes increasingly submerged and the flow approaches a
skimming flow, a wake can develop around the bed form,
increasing the form resistance at higher flows (Figure 2). As
grains on step treads and even in the pools protrude further
into the flow with decreasing stage, the effect of the bed-
forms may disappear relative to the effect of the grains and
from nappe flow increasing spill resistance over the step.
The conflicting interpretations from previous studies suggest
that systematic evaluations of form drag around bedforms in
relation to varying stage are needed, particularly when steps
are more closely spaced together.

[73] The wood jams that make up a number of steps cre-
ate added drag depending on the porosity of the jam.
Increased porosity leads to increased flow through the jam
and increased shear stress applied to the bed downstream
from the jam [Manners et al., 2007]. The jam that Manners
et al. [2007] studied did not create a step, as jams tend to in
high-gradient channels, but further work is needed on how
flow through and over steps varies the drag force and con-
tribution of the step to ffior. Manners et al. [2007] also
suggested that the jam geometry is inextricably linked with
the drag coefficient, meaning that a combined value needs
to be calculated for each jam. Since local velocities were
not measured, this was not attempted in these reaches, but
may be important to consider in future work.

6. Conclusion

[74] The method of additive partitioning does not accu-
rately predict flow resistance for high-gradient step-pool
and cascade streams. Problems were identified even in the
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calculation of ffyo0q in the smaller and less complicated
plane-bed reach. All methods for calculating each compo-
nent of resistance had many problems and limitations once
applied to these steep streams that included large volumes
of wood. It was difficult to evaluate which method of calcu-
lating ffurain Was most accurate, as there is no standard
against which to compare the values. The Parker and
Peterson [1980] equation seemed to better represent fforain
at high flows based on its relationship to boulder concentra-
tion at higher flows and the insensitivity of the equation to
the morphologic position of the grains. On the other hand,
the Bathurst [2002] equation is more often preferred
because it is based on a power relationship and not a loga-
rithmic relationship and may better represent a lower bound
for total resistance in streams with intermediate- and large-
scale roughness. No correlation was found between the
Parker and Peterson [1980] equation and boulder concen-
tration for ffurain from form drag at low flows. The Keule-
gan [1938] equation using both Dg4 and D5, had the closest
relationship with some of the physical descriptors related to
grain resistance, but could still be underestimating the
actual values of ffgrain. The values were always the smallest
at both low and high flows, but at low flows the Keulegan
[1938] equation was significantly related to both boulder
concentration and ffgr.in from the drag approach. The Keu-
legan [1938] equation would therefore be a conservative
lower estimate of ffgrain at low flows, but more work needs
to be done to determine how best to calculate grain resist-
ance when R/Dg, < 1.

[75] The lower flow regime may create problems in cal-
culating drag around objects because of the variation in the
drag coefficient with Re <10 The relative submergence of
the step, in relation to nappe, submerged nappe, and skim-
ming flows, may be significant when determining separate
contribution from ffyep, and ffgpin. During low flows the
effect of ffs,u just downstream of steps and ffyrain On step
treads may begin to dominate ff;,.,;. More work needs to be
done to understand how form drag around step bedforms
contributes to flow resistance.

[76] The drag method for calculating ff,,0,q Was applied
to individual logs in the channel, but the large number of
variables in which there is uncertainty allows large sources
of error. The distance between logs X should be better
defined for natural channels where there are other large
sources of resistance. Nonetheless, the contribution of
%ffwood toward ffiora1 Was higher than expected for many of
the reaches based on field observations. The value of ffi00q
was highly dependent on discharge since at lower flows
very few logs were effectively within the flow. Also, values
of Cp from low-gradient flumes do not necessarily apply
well to wood in high-gradient channels. More work is
needed to measure values of Cp in the field. Physically
based methods for estimating spill resistance and partition-
ing of resistance that include the interactions among com-
ponents are also needed. Flume experiments may be
particularly helpful in developing new methods and numer-
ical simulations applicable to high-gradient channels.
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