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ABSTRACT
CHARACTERIZING FLOW RESISTANCE IN HIGH GRADIENT MOUNTAY
STREAMS, FRASER EXPERIMENTAL FOREST, CO
High gradient mountain streams dissipate energy when water flows over poorly

sorted grains in the bed and banks and over bedforms such as steps and pools, creating a
constant alternation between supercritical and subcritical flow and caarsengy
dissipation through hydraulic jumps. Mountain streams (bed slope ranging between 0.02
and 0.19) differ from their low gradient counterparts by having large boulders thét are o
the same order of magnitude as the depth of flow, low values of relative grain
submergenceRy/Dss, WhereR, is hydraulic radius anDg. is the 84 percentile of the
cumulative grain-size distribution), armored beds, and wood that commonly spans the
entire width of the channel. The complex interaction of the different formewef fl
resistance in steep mountain streams has made it particularly chrglemguantify flow
resistance, usually represented by the dimensionless Darcy-Weisktioh factor {f).
This research focuses on studying controls and interactions among diféenes of
resistance in step-pool, cascade, and plane-bed reaches on two different sthesena
reach is a length of channel®200" m in length with consistent channel morphology.
The project is divided into three parts: 1) identify specific controls on the ltal f
resistance throughout the channel network using statistical analysis; 2igatees

specific variations and controls in relation to stage within each reaatebymg at-a-



station hydraulic geometry; and 3) quantify and evaluate interactions among the
individual flow resistance components that contribute to total flow resistan

Detailed channel and water surface surveys were conducted on 15 mountain
stream reaches (nine step-pool channels, five cascade channels, and onadplane-be
channel) using a tripod-mounted Light Detection and Ranging (LIDAR) scanddaser
theodolite. Reach-average velocities were measured at varying deslatig dye
tracers and fluorometers. Results indicate that gradient is a dominant tamibiath
total ff and the individual componentsféfwhich were divided into grairfffrain), form
(ffsiep, Wood €fwood, and spill resistancéf{,i). A second strong control on valuedfof
was discharge, with values féfdecreasing with increasing discharge. Spill and form
resistance contributed the greatest amount towarddftatdbw flows, whereas wood
contributed a larger proportion at high discharges. The contribution of grainmesista
was small at all flows, but generally decreased with increasing diggch®ethods for
calculating the components of resistance were found to have large sounces. oGeain
resistance was typically under-estimated at lower dischargesjdeemethods assuming
a semi-logarithmic velocity profile become invalid at base flows. A nevaodedf
calculating grain resistance is suggested for lower flows, by dividmgharacteristic
grain size between those elements that protrude above the water ddgfpedd those
that are still submerge®§).

Methods for calculating wood resistance were also found to have high sources of
error and cause the valuesfigf,oqto be overestimated. An attempt is made to calculate
form resistance created by adverse pressure gradients around thel&tapdat high

flows. Commonly, this effect is ignored in favor of lumping the remaining component of



resistance into spill resistance. Although spill resistance still madesdargest amount

of the total at the lowest flowffsepmade a significant contribution at bank-filling
discharges and further work in the flume and field needs to be done to understand the
contribution of form drag around steps. Interactions between components of resistance
also indicate that an additive method of resistance patrtitioning is not appropiiaése
higher gradient streams.

Wood significantly affected the values of flow resistance throughout each thanne
type. The presence of wood increased resistance within each reach. Stepsodiare
significantly wider and have greater drop heights than boulder steps. Wood also was
significantly related to grain resistance, causing valudfg.af to be smaller than in
reaches without wood. The increase in resistance from wood, as well ase¢nhstepg,
caused reduced velocity, increased depth and therefore dedfgased

The detailed analysis of these high gradient reaches shows the large amount of
complexity inherent in these channel types, which makes developing prediiateoas
of ff difficult. This analysis was undertaken to better understand the complexity and
help in determining appropriate methods for calculafindhe dominance of gradient as
a control on both totdf and its components is useful to understand because this is a
metric that can be used to remotely predict these characteristios,rasdlution of

remote data improves with time.
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CHAPTER 1 INTRODUCTION
Quantifying flow resistance is an essential part of understandinguiiadr of
streams. The interaction between stream flow and its boundaries dissngatpsas
water moves around objects such as boulders and wood and over bedforms. Predictions
of flow resistance are used for flood estimation, habitat assessment ant@redésign
of fish passageways, and stream rehabilitation projBciifgton and Montgomeyy
1999;Bathurst 2002;Ferguson 2007]. Flow resistance is a quantity that relates the

depth-averaged velocity to the shear velocity in the following way:

; :(ﬁjﬂz S (1.1)

ur | ff) ng®? g¥

where,V = mean velocity (m/s)y = shear velocity (m/sff = Darcy-Weisbach friction
factor;n = Manning coefficientC = Chezy coefficientg = acceleration due to gravity
(m/s); R, = hydraulic radius (m). The coefficients in each of these equations express the

total resistance to flow, but the focus in this dissertation will be on the Daetgb®ch

equation:
89R,S
ff = vE ! (1.2)

where,S = friction slope (m/m). The Darcy-Weisbach friction factor is sometime
preferred over the other two coefficients because it is non-dimensional andicaliyys
interpretable as a drag coefficient if resistance is equated withagi@nal driving forces

per unit bed aredfrguson 2007].



High gradient mountain streams dissipate energy when water flows over poorly
sorted grains in the bed and banks and over bedforms such as steps and pools, creating an
alternating pattern between supercritical and subcritical flow and camrsangy
dissipation through hydraulic jumps. Mountain streams differ from their low gradient
counterparts by having large boulders that are of the same order of magnitugle as t
depth of flow, low values of relative grain submerger#ss, whereR;, is hydraulic
radius andDg, is the 84 percentile of the cumulative grain-size distribution), armored
beds, and wood that commonly spans the entire width of the ch&atlelfst 1993;

Wohl 2000]. The complex interaction of the different forms of flow resistance in steep
mountain streams has made it particularly challenging to quditiform drag and skin
friction around grains and bedforms dissipate energy through differentialipresnd
viscous effects on each object. Energy losses are also related to chaaggedaration

and deceleration in the flow, known as spill resistance. Energy dissipateddy thes
components of resistance is called gréfigaf,), form (frorm) and spill {fspir) resistance.

The amount of momentum lost because of the presence of each individual roughness
element can change based on the interaction of these roughness elememngsit ma
difficult to quantify the total effect of the combined objects. Also, the contributadem
by each of these sources of resistance can differ in relation to othes faotbras

gradient and channel morpholodyefguson 2007].

Steep gradient mountain streams are characterized by three distinalchann
morphologies: step-pools, cascades and plane-béaiggomery and Buffingtori997].
Step-pools have alternating plunging supercritical flow over steps andtmabiows in

the pools belowZimmerman and Churc001;Church and Zimmermar2007]. Step-



pools generally form at gradients between 0.03 to 0.10 Mintgomery and
Buffington 1997]. Steps create flow resistance by skin friction over large padiotes
wood, form drag from pressure differences around the upstream and downstream sides of
protruding objects, and spill resistance created from flow acceleration egldraéon
over the steps. Cascades fornggat 0.06 m/m (wher& is bed gradient) and are
characterized by tumbling flow over large, randomly arranged cldsistfomery and
Buffington 1997] that can create substantial grain resistance, dependent on stage. Skin
friction and form drag around individual grains dissipate much of the mechanica.energ
Occasional steps may be found in cascade reaches, creating a linoted afspill
resistance. Plane-bed channels have a uniform topography and lack any estfolan®
[Montgomery and Buffingtori997;Chartrand and Whiting2000]. The dominant form
of resistance in these reaches is skin friction and form drag around individual grains
Equations developed for predicting flow resistance in low gradient streams have
high errors (x 25% to + 35%) when applied to high gradient mountain str&atiaifst,
1985;Thorne and Zevenbergeh985;Mussettey 1989;Lee and Fergusqr2002]. The
high errors in these equations reveal that the hydraulics of high gradient cleaersti
poorly understood. Flow resistance governs the energy available for the transport of
water, sediment and other materials through the stream system. An improved
understanding of both the driving and resisting forces in mountain channels will help
advance understanding of transport processes, channel form and stability, sthgegdi

relations and aquatic habit&[lcox et al, 2006].



1.1 Study Objectives

The following project focuses on studying controls and interactions among
different forms of resistance in step-pool, cascade and plane-bed reachesdfetent
streams, where a reach is a length of chanrfel@0Om in length with consistent channel
morphology. The project is divided into three parts: 1) identify specific controls on the
total flow resistance throughout the channel network using statisticakenay
investigate specific variations within each reach by analyzingstaten hydraulic
geometry; and 3) quantify and evaluate interactions among the individual 8stanee
components that contribute to total flow resistance.

To improve predictions of resistance and estimation of discharge, it is im{porta
to obtain a better understanding of resistance throughout a channel network, including
variations in flow resistance for specific channel charactesistithin each type of
channel morphology. Therefore, the following two objectives are used to: linexam
how resistance varies with gradient, channel morphology, and relative subogeoje
grains, steps and the bed among various channel types; and 2) examine haveeesista
varies with gradient, relative grain submergence and discharge withrckannel type.
The latter objective reflects our understanding that the influence of eaahleam total
resistance may differ based on gross morphologic differences betwéerhaaoel type.

The next part of the study is designed to examine controls on flow resistance
within each reach in relation to stage. The following two objectives are agldiagbis
component of the study: 1) report at-a-station hydraulic geometry valuessitade,

step-pool, and plane-bed reaches and determine whether there are signditfen¢int



values for cascade versus step-pool reaches; and 2) explore what influences the
variability in the rate of change of width, depth and velocity with discharge.

The final section evaluates methods for dividing total resistance into rsdinal
components and investigates interactions and potential controls on these components.
The following three objectives are addressed in this section: 1) evaluate methods f
calculatindffgrain, ffwoos andffsies 2) identify limitations in the existing methods of
calculating total and component resistance when these methods are applieg to ste
streams; and 3) analyze interrelationships among component resistandaeand ot
independent variables such as stage and discharge.

All of the above objectives are addressed using detailed measurements of nine
step-pool reaches, five cascade reaches, and one plane-bed reach in Fraseefiaper
Forest, Colorado. The velocity, water-surface elevation and channel geonretigiiwe
measured using a combination of tracers, a laser theodolite and tripod-moA&d Li
(Light Detection and Ranging). The study site and methods are describeARTER
3, after an extensive literature review of our current state of knowledgevonefistance
in high-gradient streams. The remaining chapters are subdivided basedrowadhadin
components of the project: 1) controls on flow resistance; 2) at-a-station hydraulic
geometry; and 3) partitioning total flow resistance into its componeffitg.af ffwooa
ffsiep @andffspi. The last chapter then integrates the conclusions drawn from all three

components of the project.



CHAPTER 2 BACKGROUND
2.1 Current methods of predicting flow resistance
In mountain streams, whe$ > 0.02, bedforms, grains and wood are commonly
on the same order of magnitude as the flow depth. Equations used to predict flow
resistance are based on the concepts and theories developed for low-ghtadieTs. s
Many equations that have been used to préidacte based on some iteration of the
Keulegan[1938] relation, which integrates the logarithmic law of the wall throughout the

flow depth:

12
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where,x = von Karman constant (~ 0.4K);= representative roughness height, usually
related to a multipleG,) of a representative grain diametBy. These equations are
based on the boundary-layer theory, that near the boundary the velocity is influenced by
boundary effects and scales with def@hathurst 1993]. The assumptions of a
logarithmic velocity profile and resistance dominated by grain roughne@gsot be

valid in channels where the relative roughn&fg,) is less than 4 and the velocity
profile is better approximated with an s-shapéljerg and Smith1991;Bathurst 1993;
Comiti et al, 2007;Ferguson 2007]. HoweverWiberg and Smitfil991] found that the
logarithmic equation can adequately represent mean velocity becausey\aioaatrily
depends on flow depth and tbe, of the vertically-oriented axigerguson[2007] found
that all submergence-based equations had high errors, where velocity was iiycorrect

estimated by a factor of two at least 15% of the time.



Another approach, developed bgrrett [1984], is to equate resistance to channel

slope and hydraulic radius through a power law equation:
n= 039S**R ** (2.2)

The problem with this and other power law equations is that the best fit is based on the
data used to calibrate the equatiberiguson 2007]. Therefore, the equations can only

be employed for the specific range of data that were used to develop the edquedion.
and Fergusorj2002] found that this equation performed poorly in step-pool streams,
particularly in comparison to a modifiéeulegan[1938] relation byrhompson and
Campbell[1979]. Comiti et al.[2007] developed a power relationship between

dimensionless velocity and unit discharge:

v =aq*® S° (2.3)
Vv = Q; (2.4)

(2.5)

i :ngi

where,q = unit dischargea = empirically derived coefficient andc = empirically
derived exponent®),, = roughness parametdferguson[2007] found that this approach
reduced the velocity error from being greater thdactor of 2 for 15% of the cases in
submergence-based equations to 8%.

Most equations rely heavily on determining a chinégtic grain sizeeulegan
1938;Limerinos 1970;Hey, 1979;Thompson and Campbgell979;Bray, 1982; Bathurst,
1985;Bathurst 1993], even though these approaches have beamsbdave high error

rates when applied to steep mountain stredrherpe and Zevenbergeh985]. The



values forks have ranged from2y [Parker and Petersori,980], to 3.®bg,4 [Hey, 1989],
3Dg4 [Whiting and Dietrich 1990],Dg4[Prestegaard1983], andso[Griffiths, 1989;
Millar, 1999]. Bray [1982] found no significant difference betweemgdds,, Dgs, and
Dgo as the characteristic grain diametdtfillar [1999] showed that values G, (from ks

= Cs0Ds0) could range between 0.4 and 55.7. AlthoWwgberg and Smitfil991] showed
that the values d{; andCsg increased as the bed became more poorly sortesljato
relationship was found byiillar [1999]. Comiti et al.[2007] showed thaDg, was
significantly related to flow velocity and thereéochose that grain sizé.ee and
Ferguson[2002] found that stepg4 performed well in predicting total resistance in
reaches without any woodberle and Smaif2003] rejected any use of a characteristic
grain size and proposed using the standard deniafithe bed elevation as the roughness
parameter. In a review of the state of currerg-pi@ol researclChurch and Zimmerman
[2007] noted that researchers other tAlerle and Smartave had limited success with
this roughness parameter and no one had testethevtibis parameter could be used at
low flows. The large amount of variation in preadie equations and the lack of ability
to apply equations developed for one dataset tthanavithout large errors, signify that
the spatial and temporal variabilityfinis still poorly understood in these high gradient
systems.

Gradient is another defining characteristic of atrgam channel. Gradient
coupled with flow governs the amount of energy ke for transporting material or
eroding the banks and bed. Reach-scale gradieriecan independent variable in
mountain streams and typically correlates well witannel morphologyMontgomery

and Buffington1997;Wohl and Merritt 2005], grain sizeWohl et al, 2004], and step



height Hs) and lengthl(s) [Abrahams et a].1995;Comiti et al, 2005]. One difficulty in
guantifying flow resistance in mountain streamth&V, R,, and$ exhibit large spatial
and temporal variability. Many empirical equatidrea’e been developed that relfite
these and other channel variables, but these tiypmarform poorly when extrapolated

to other steep channels and in some cases havesheen to have errors as high as 66%
[Bathurst 1985, 1986, 2002)/ohl 2000;Katul et al, 2002;Aberle and Smar2003;
Curran and WohI2003;Ferguson 2007]. Part of the uncertainty in applying
empirically-based equations to new sites is thatétative importance of different
sources of resistance can vary between sites. fiestistance is typically partitioned into
grain (form drag on individual particles and vissfskin friction on their surfaces), form
(dunes, bars, steps), and spill (flow transitiomd wave drag on elements protruding
above the water surface) resistartem$tein and Barbarossd 952 Parker and
Peterson,1980;Wilcox et al. 2006;Ferguson2007]. The contribution made by each of
these sources of resistance can differ in reldbagradient, channel morphology, or other
factors Ferguson 2007]. To better understand the various control$otal flow
resistance it is important to recognize both lecadtrols at a specific point and reach as

well as methods of quantifying each source of tasce.

2.2 At-a-station hydraulic geometry

At-a-station hydraulic geometry (AHG) is an img@ont tool to use to help in our
understanding of resistance in steep mountainmBeadHG characterizes how changes
in discharge affect specific hydraulic variableslsas width, depth, velocity and friction.

Leopold and Maddock953] first coined the term “hydraulic geomettg’describe



systematic changes both downstream and at a ceotisrsfor each of the above

hydraulic variables. They proposed three powetiaas to describe how

width (W: aQb), deptk(d =cQ’ ) and velocity(v = ka) vary with discharge both
downstream and at a given cross-section in a clhamhereQ is dischargey is water-
surface widthd is mean depth; andis velocity. These power relations are boundhay t
continuity equatior(Q = wdv), indicating that the coefficients ¢, andk have a product

egual to one and the exponebt$, andm sum to onel.eopold and Maddockl 953]

found that the rates of change of width, depth\aidcity with discharge were related to
the shape of the channel, the slope of the watéac) and the roughness of the wetted
perimeter. They also found the sediment load tarbenportant control on the rates of
change of both velocity and deptteppold and Maddogk.953].

Park [1977] ascertained that a wide range of the thgekraulic geometry
exponents exists throughout the world, which suggb® need for an improved
understanding of the sources of variation. Otloatrols on at-a-station values that have
been identified include differences between braideeandering, and straight reaches
[Knighton 1975;Ferguson 1986]; differences based on bank compositikmighton
1974); variations between pool and riffle sectififisighton 1975;Richards 1976]; and
differences based on irregularities in resistanaeliation to stageRichards 1976;
Ferguson 1986]. Ferguson1986] also noted that at-a-station hydraulic gesynmay
vary over the course of a flood cycle as both semuak fill occur during this time period.
The heterogeneous nature of high gradient mouste#ams may cause there to be even

greater variations in AHG.
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The use of power relations in hydraulic geometiyased on empirical evidence
and does not have a solid foundation in theBark, 1977;Richards 1973;Ferguson
1986]. Further work has been done using extremabtineses to develop a theoretical
framework for predicting AHG valuetgngbein 1964;Huang and Nansqr2000;Singh
and Zhang2008a]. Langbein[1964] proposed the minimum variance hypothesis in
which the most probable state is found by miningime variance of the dependent
variables (width, depth, and velocityjluang and Nansof2000] proposed combining
the maximum sediment transport capadiirfby, 1977;White et al. 1982], minimum
unit stream power{ang 1976], and minimum stream pow€&Hang 1980] into the
principle of least action to describe channel adpesit in alluvial rivers.Singh and
Zhang[2008a] took the concepts of minimum energy dssim rate and the principle of
maximum entropy to derive AHG valueSingh and Zhan{2008a] propose a weighting
factor to represent the unequal distribution catn power among the variables width,
depth, velocity, roughness, and slope, which glistdvith increasing discharge. In
alluvial rivers, they found that the change in atnepower is most often accomplished
with a change in width and flow depth, and to aée®xtent, a change in roughness
[Singh and Zhand008b]. Although these extremal hypothesesmapoitant in the
attempts to predict AHG, the objective of my wasko describe and understand
differences in AHG among reaches and not to preéldectctual values. The examination
of differences in AHG may help in the eventual depment of a predictive equation and
of the theory behind AHG.

In AHG the rate of change of mean velocity with @adepth is controlled by

hydraulic laws and frictional characteristics, whioay not follow power-law trends
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[Ferguson 1986]. Ferguson concludes that the wide scett@HG is related to the
wide variety of channel shapes and frictional cbenastics. Lawrence[2007] further
supportg=erguson’g[1986] work by showing that an exponent whicheef cross-
section form (r) and depth in a hydraulic relattlsives the values for the AHG
exponents.Lawrence[2007] concludes that the values of the coeffitsetepend on a
combination of the physical characteristics ofghetion including width, depth,
hydraulic conductance and energy slope.

Few studies have reported AHG values for steep tagunhannelsllee and
Ferguson 2002;Reid 2005;Comiti et al, 2007]. A better understanding of at-a-station
changes in each of the above hydraulic variablesmarove our understanding of the
sources and magnitude of hydraulic roughness setbbannels, which tend to have
values of flow resistance as reflected in Mannimys Darcy-Weisbaclf that are much
higher than values for channel reaches with gradiel®o Parrett, 1984;Bathurst 1985,
1993]. An examination of AHG, as presented in Gaap, will further our
understanding of sources of variability in flowistance and the interaction among
hydraulic variables as discharge increases.

2.3 Partitioning

The complex interaction of the different forms loiwW resistance in steep
mountain streams makes it difficult to quantify tarcy-Weisbach friction factor.
Einstein and Barbarosgd 952] proposed that despite interactions of déffe
components of resistance, the individual componenitd be quantified and summed.
The bed shear stress, friction slope and Darcy-Wéetls friction factor are all common

hydraulic variables that are commonly partitione@itempts to understand different
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forms of resistancedinstein and Barabarossd952;Millar, 1999;Maxwell and
Papanicolaoy2001]. The Darcy-Weisbach friction factor canpagtitioned into its
individual components of grain, wood, form (froretedforms) and spill resistance:
ff o = ff

+ ffooq + aep+ ff

grain Woo! spill (2 . 6)

total step
where,ffyain = friction factor caused by grains in the abserfdeeoforms;ffu.q = friction
factor caused by individual pieces of wood in theemce of bedformdfsiep=
pressure/form drag around bedforms and other abjantiffs,i = energy dissipation
from flow acceleration and deceleration, usuallgrosteps.Bathurstsuggests that in
mountain rivers there should be three scales aflmess: large-scal&{Dgs<1),
intermediate-scale (Ry/Dgs<4) and small-scalé”/Dgs>4). It is important to note the
varying methods and definitions of partitioningweenffyin andffim. Some methods
are based on partitioning specifically between fanag and skin frictionJulien 1998].
Both types of resistance can be applied to onecglijeerefore these methods partition
the total resistance created by each object. (tle¢inods more generally partition
resistance created by each object. For instante)avge-scale roughness, large grains
create as much form drag as skin friction, theeetbe combination of form drag and
skin friction is considered the total grain resisi; i.e., the grain resistance is not
divided between form drag and skin frictioBinstein and Barbarossd 953] were some
of the first to propose a method for partitioniegistance and a division between grain
and form roughness, where grain roughness is deéisghe frictional losses created by
grains in the absence of bedforms and form roughisese frictional losses from the

inclusion of bedformsLeopold et al[1960] first defined the third componeffty, as

the sudden forced reduction in velocity as in thgecof a sudden expansion beyond a
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partially opened valve, or from a waterfall. Bdfiilar [1999] andComiti et al.[2009]
include the effect of grain and boulder protrusionthe quantification off,m along
with bedforms and bars. On the other hdPatrker and PetersofiL980], Wilcox et al.
[2006], andFerguson[2007] all consideffgain to represent both viscous effects and form
drag around individual grains. Form resistanaelsted to pressure drag around
bedforms and other objects that cause significarauats of flow separation and
turbulence [Leopold et al. 1964;Wilcox et al. 2006]. Wilcox et al.[2006] chose to
define form resistance as the combiffggl andffuo.os Although spill resistance can be
considered part dfiorm, it is most commonly considered as the separatesasured
component unless changedfip, are measured directly in a flumé/ilcox et al, 2006;
Comiti et al.,2009]. Wherffspi is the leftover component, it may be encompassthgr
unmeasured components such as bank resistiingg, (bend resistancdfi.y, and
resistance related to bed load transg@y).( In this dissertation, form resistance is
divided into step resistancls(,from pressure drag around the step bedforms) awd wo
resistanceffyoog. Spill resistance is still the unmeasured compane

Each type of resistance may be the dominant conmpalepending on the
location of the reach in the channel netwdkthurst 1993]. Bathurst[1993]
summarized the changes in the dominant componéngsistance throughout a channel
network. In low gradient sand-bed reaches, thedsadf and suspended load dominate
the individual contributions to total resistandr.gravel-bed rivers, the total resistance is
dominated by the relative submergence of the giamdsthe ponding effect of pool/riffle
sequences and bars. In boulder-bed streams, &g, < 4, the total resistance is

dominated by the combined effects of drag aroudt/zidual boulders. In step-pool
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streams, flow resistance is dominated by spillstasice and ponding in the pools

[Curran and Wohl2003;Comiti et al, 2009]. Resistance related to bends may be more
significant in lower gradient channelsgopold et al. 1960,Parker and Petersqri980,
Bathurst 1993], whereas wood can make an important carttab towards resistance at
all gradients $hields and Gippel995;Manga and Kirchner2000;Curran and Wohl
2003;Wilcox and Wohl2006].

Additive approaches have been used to investigatedntribution of grains
[Einstein and Barbarossd952;Parker and Petersqri980,Millar and Quick 1994;
Millar, 1999], wood and spill resistanc@hields and Gippell995;Curran and Woh|
2003;McFarlane and Wohl2003], and bar resistance in gravel-bed rivEeegker and
Peterson 1980;Prestegaard1983]. In a flume study, howevéWjilcox et al.[2006]
demonstrated that the unmeasurable component wagsathe largest contributor to
total resistance, meaning that an additive appraagays inflates the leftover
component. Thus, the first challenge to understaptlow resistance in streams is to
guantify the relative contribution of different soas of resistance. Understanding the
relative contribution of each roughness elememaiwith the interactions among these
elements and slope and discharge can help in piregliotalff. Therefore, the available
methods for calculating each type of resistancalaseribed below.

2.4 Grain Resistance {fgrain)

The contribution of grain resistance in high gratiehannels has varied
depending on whether the study was carried outflumae or in a natural channel and
whether wood was present in the reach. In bouddeninated step-pool reaches, the

grain resistance has been found to contribute aaggvinom 20 to 40 % of the total flow
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resistance. In step-pool reaches with a significantribution from wood, grain
resistance contributed anywhere from 8 to 32%di@ [Curran and Wohl2003;Wilcox
et al, 2006]. Wilcox et al.[2006] concluded that grain resistance made urtialest
percentage of total resistance in step-pool streams

The methods used to calculéfig.in are typically related to using some form of
theKeulegan1938] equation (Equation 2.1) and determining s@maracteristic grain
size, as discussed abowdillar and Quick[1994] proposed usinDso as the
characteristic grain size because they found tmataxge grain size causes both form and
grain resistance to be combined in the valulggf.. In their study, the larger clasts that
created flow separation and pressure differences peart of form resistance and only the
viscous friction was part of grain resistance. akiant on Equation (2.1) proposed by
Parker and Petersof1980] is:

ff gy = 8* {Z.SIn( led H 2.7)

90

whered = mean flow depth (m)Bathurst[2002] proposed the use of a power

relationship rather than a logarithmic function:

q 093772
ffgrain =8* 3](—} (2.8)
Dg,

Bathurst[2002] found thaDg4 was a preferred characteristic grain size beciuse
accounted for the primary grain roughness effettgave drag, roughness concentration
and velocity profile without being able to explaéinese effects mathematically. Each of
these two equations was developed for lower gradigannels than are found in this

study, but they are the only equations currentbilable for calculatindfyain.
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The size, shape, spacing and sorting of the bedrrakin boulder-bed channels
cause the velocity profiles to be closer to s-stdapan semi-logarithmic. The distortion
of the profile is also dependent on the submergehti®e boulders, but generally can be
partitioned into two sections. The flow around boeilders is retarded by drag and other
resistance effects, whereas the flow above thedeosican be unimpeded by these
effects, depending on submergenBathurst 1993]. Therefore, the flow above the
boulder has a rapid increase in velocity with depthating a shear layer between the two
sections and a greater amount of resistance freemial distortions of the flow field.
Wiberg and Smitfit991] found that although the velocity profilesveated significantly
from the log-law form, the mean velocity can dtdl predicted from the log-law-based
calculations. For this to work, the roughness lhieligas to be set to a large multiple of the
average grain size.

Bathurst[1993] also proposed that when depth is on theesanaler of magnitude
as the bed material heigh(Ds4 < 4), flow resistance has to be determined froagdr
forces on boulders rather than from the boundamgritheory, which is dependent on the
semi-logarithmic velocity profile. The value of tHeag coefficient around an object
depends on its Reynolds numbReY, Froude numbelHr) and relative submergence.
The position of flow separation and size of the gzakound an object are dependent on
whether the boundary layer is laminar or turbubemd hence the Reynolds number
[Bathurst 1993]. On the other hand, boulders have irreghapes that have a greater
effect on the position of flow separation than Re In shallow flows, th&€p is more
closely related to ther and relative submergence. THeis used to account for energy

losses from the distortion of the free surface wihenlders protrude through the surface
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[Bathurst 1993]. Flammer et al[1970] found that for a relative submergence thd,

Cb generally decreased with increaskrg Above relative submergence values of 4 the
Cp does not vary with thEr. Unfortunately, drag coefficients have mainly thee
measured for fully submerged grains and not partsalbmerged grains, as is commonly
found in mountain channels, particularly at lowlemnfs.

Form drag around a particle scales with bed-rougghtength scale and the
concentration of roughness elements, since it ieralosely related to local velocity
profiles than to the depth-averaged velodNiglson et al.1991;Wiberg and Smith
1991;Canovaro et al.2007]. Because of this, the particle form disagot necessarily a
function of relative roughnesR{Dy,) or bed slope. On the other hahdmb et al.

[2008] determined that eddy viscosity and turbuferdtuations seem to depend more
strongly on relative roughness than on form dragiad particles or morphologic
structures, similar t8athurst's[2002] findings in streams with gradients betw8ehto
4%. Buffington and Montgomefit999a] established that in channels with slopes
between 0.0017 and 0.027, the form drag increasstbpe increased, which decreased
shear stress. The competBgg could be overpredicted by 2 to 32% when form dsag
not accounted for in the quantification of flowistance.

The arrangement of grains and spacing between &asubdn also have a
significant effect on the total flow resistances the spacing decreases, the total drag
force per unit area of bed can increase, althoughteally the spacing is reduced to a
point at which the objects are affected by the wafikibhe neighbor and the total flow
resistance is reduce€anovaro et al[2007] found that randomly arranged boulders

resulted in smaller values of flow resistance thaulders set in transverse stripes,
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similar to steps. Consequently, the effect ofrafividual grain on flow resistance is
related to a number of variables including the eoti@tion of boulderd), theFr, Re
spatial arrangement, and relative submergeRg® ).

The various methods available for calculatifyg;, are analyzed in CHAPTER 6
to understand both the benefits and limitationthese methods in high gradient systems.
Along with an examination of these methods is aadyais of the interaction between
ffgrain @nd other sources of resistance as well as pateatrols on values d¢fyin. The
large variability in mountain streams between titeriaction of grains with flow based on
relative submergence, and the spatial arrangenigmams, has made it difficult to find
one method that is the preferred method for calitigdfy.in. An understanding of each
method, along with howfy.in varies based on other hydraulic controls suchogesand
discharge, will help in future development of prtiie equations.

2.5 Step (fep) and Spill Resistancefsin)

In mountain streams, a major proportion of flowis&sce is attributed to the
step-pool reache®\prahams et al.1995]. Energy is dissipated both by roller eddaess
water plunges over the steps, and by form resistionm the rapid changes from pool to
step riser Chartrand and Whiting2000]. The total resistance in step-pool chanizel
dominated by form and spill resistance, which waith wood amount and location
[Comiti et al, 1999;Curran and Wohl2003;Wilcox et al, 2006;Comiti et al, 2008].
Form resistance is related to pressure differeacmsnd the step bedforrfis(e) and spill
resistancef{spi) is the energy loss from flow acceleration andetlr@ation as flow

plunges over the steps. Spill resistance cankedgound in cascading reaches where
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hydraulic jumps form as flow moves over larger letgiments or goes from a constricted
area to an expanded section of chanbebpold et al.1960]. Plane-bed reaches are
considered to be dominated only fiyyain.

Spill resistance is most often studied in step-peathes, therefore this section
focuses on spill resistance in step-pool channife flow regime in step-pool channels
is subdivided into nappe, submerged and skimmimgdl[Chanson 1994;Church and
Zimmerman2007]. Nappe flow regime proceeds when flow isegffalling jet over a
series of stepgsJhanson1994]. Energy is dissipated by the breakup anahigy of the
jet on the step tread. The skimming flow regimeharacterized by a smooth free-
surface over the steps. The flow is cushioned t&t@rculating fluid trapped between
the steps. In a skimming flow regime, the upstreteps do not have air entrainment,
but flow becomes rapidly aerated downstream becaiusebulence at the boundaries
[Chanson 1994]. Chanson1994] deduced that skimming flow occurs at acltvalue

defined by the following equation:

d
( cljonset =1.057— 0_465% (for 0.2 <HJ/Ls< 1.3) (2.9

where,d; = characteristic critical depthis = step height, anlds = step length. This is
similar toComiti et al.’s[2009] results where skimming flow occurred whgfz (ratio of
critical depth to drop height) > 1.2 akRd > 0.9. The re-circulating vortices that occur
during skimming flows play a major role in dissipatenergy in step-pool channels and
change some of the characteristics of how the rdmsipates energy¥hanson 1994].
Comiti et al.[2009] found that in the nappe regime grain rasis¢ only accounts for ~5
to 15% of total resistance, whereas in the skimrflmg regime the contribution of grain

resistance increased to ~25 to 30%. The contributwarddfi., from spill resistance
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correspondingly drops as grain resistance incredsesiiti et al.[2009] hypothesize that
the remaining fraction is related to flow recirdida in pools. Wood was not included in
this study.

Zimmerman and Churd2001] established that the step height is morsetio
related to the pool just downstream than to theéreps pool. Therefore, the effect of
scour from the plunging flow is more significanaththe damming effect from the step
[Comiti et al, 2005]. The size of the pool is significant iretenining the effect of the
jet on the bed. A smaller pool has more intendeutent circulation in comparison to a
large pool Zimmerman and Churc¢t2001]. More turbulence leads to larger pressure
differences, thus creating greater lift forces tdg@af moving larger sedimentVohl and
Thompsorj2000] found that the jet is most effective in themediate vicinity of the
plunge, where wake turbulence dominates.

Likewise, the step height and length have a sigamt influence on flow
resistance in the nappe flow regim&brahams et al[1995] established that maximum
flow resistance existed when 1H4{LJ)/S < 2 (whereHg = step heightls = step length,
S = bed gradient) Wilcox and Woh|]2006] showed in a flume study that the
effectiveness of step-pool sequences to dissipetryg is maximized at low discharges
when the distance from the step lip to the pogre&atest. At high discharges, when the
profile becomes less stepped, the amount of erteegycan dissipate decreas€sin,
2003].

The interaction of each component of resistansgisificant and is not
represented by the additive partitioning equatidiiidox et al, 2006;Wilcox and Wohl

2006]. Wilcox et al[2006] showed that the presence of grains ontépetsead could
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increase the flow resistance, causing depth teasa and fully submerging wood that
had not previously been submerged. The drag fan@mend the submerged logs then
increased, further increasing the flow resistan&eother interaction found byilcox et
al. [2006] andWilcox and Woh]2006] was that the effect of spill resistance wash
larger when wood was present in the steps, verbes there was no wood in the steps.

Despite the fact that spill resistance is ofteacc#s contributing the largest
component to total resistance in step-pool reathese are no adequate methods that
have been developed to calculate spill resistameeniatural stream. Understanding the
various controls offi.y, the variations in at-a-station in hydraulic vates with
discharge, and the methods for calculating otherces of resistance will contribute to
our understanding of the relative importance ol spsistance in these reaches and
particularly the relative importance of spill re¢aisce when discharge increases but the
flow still remains below a skimming regime.

2.6 Wood Resistanceffuwood)

Wood is an important component of any stream cHamifkiencing channel
morphology, flow hydraulics, and aquatic habita¢ller and Swansori,979;
Montgomery et al.1996;Manners and Doyle€2007]. In-channel wood increases
roughness, creating micro-environments of low-vié&yamones for both terrestrial and
aguatic organisms, and influences sediment trahgpadrnutrient cyclingudley et al.,
1998]. The inclusion of in-channel wood has bdswa by a number of researchers to
increase the total resistance in a reddidley et al. 1998;Curran and Woh|2003;

Wilcox and Wohl2006], but the influence of the wood may be senat higher flows
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[Dudley et al. 1998]. Buffingtonand Montgomery1999a] concluded that reaches that
are wood-rich have significant textural fining francreased hydraulic roughness.

Scour can occur around wood where the flow coregrgausing coarse-grained
pools at the outer tips of wood pieces or ja@isdrry and Beschetd989]. Buffington
and Montgomery1999] found that wood repartitions the boundargaststress, resulting
in an overall finer bed. The presence of individags or a wood jam alters the spatial
distribution of shear stresMpanga and Kirchner2000].

Wood is typically dealt with as an individual lo@ippel et al.,.1992;Wilcox et
al., 2006], rather than as the accumulated piecesamaljlanners and Doy!¢2007]
attempted to understand the hydraulics and dragtsfbf wood jams, rather than
individual pieces.

Individual pieces of wood, as well as entire jalresye a drag force applied to

them:

\—/2
Fo=Cop s A (2.8)

where,Fp = total drag force (N)Cp = coefficient of dragy = density of water (kg/f);

V = mean free-stream velocity (m/#); = submerged frontal area of objectfm

Manners et al[2007] determined thalp, andAr are too closely interrelated to separate
into individual terms.Manners et al.[2007] studied three bank deflector jams on a
stream with a gradient of 0.0Manners et al.[2007] look at the difference between
assuming a non-porous jam, which is assumed whag as individual cylinder model,
versus a porous jarManners et al.[2007] found that adjacent to jams there is high
excess shear stress. When jams were wrapped ® thiatk non-porous, the downstream

shear stress decreased significantly. With ine@@®rosity there was increased flow
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through the jam and increased shear stress applibe bed downstream from the jam.
As porosity increased, the core of excess sheaethfstem being adjacent to the jam to
downstream of the jam. The highest drag force agasciated with the greatest amount
of material and lowest porosity. The magnitud€pfdid not change systematically in
their experiments with stage of removanners et al.[2007] suggest that erosion and
deposition around a jam are dependent on the defmosity, which is dependent on
the age of the jam. They found tl@&f values around jams in the field range from 0.7 to
9.0. Values ranged from 0.4 to 4.5 in the fluGépel et al. 1996] to 1.0 to 3.3 in the
field [Hygelund and Mang&2003]. The drag coefficient around individualieglers has
also been found to change with log submergencesleglerness, blockage, orientation,
distance from bed and Reynolds number and Frouddwenu/Gippel et al, 1996;
Wallerstein et al.2001;Hygelund and Manga&003;Wilcox et al, 2006]. Manners et
al. [2007] did not find a clear relationship betwe@nand jam porosity, but this may
have partly to do with the placement of the key rnemn the water column and the
location of the removed material, which was mauntgler the key member. The surface
area was determined to be significantly relatetth¢éoCpAr)caic variable. CoAg)cac Was
found to be a better representation of hydrauhes tattempting to calculate the
individual numbers, since it is difficult to quaiytboth jam geometry and the drag
coefficient. The jam geometry and surface areddcooth be used to predic@{Ar)car,
the greater the surface area, the greater the nesghiManners et al.2007].

Wood adds a lot of complexity to high-gradientroals as individual pieces
throughout the channels and as jams that are rftest @ component of steps. The work

of Manners et al[2007] signifies that the flow resistance arounglamd step may be
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even more complex than the flow resistance arousaliéder step. Wood interacts with
other sources of resistance by either creatinggas®d resistance and causing textural
fining [Buffington and Montgomeyry999] and thus a decrease in the influence ahgra
or by causing backwaters which also submerge geaidslecrease their relative
importance Wilcox and WohI2006]. Understanding the relative importancevobd
among high-gradient reaches (CHAPTER 4), as weNi#tsn each reach (Chapter 5) is
essential for computing valuesfbin mountain streams.
2.7 Other forms of resistance

Bedload transport is another source of resistantteese channels, although
transport is limited even when water fills to tbe bf banks.Buffington and
Montgomery[1999] found that sediment supply influences bedaxe textures and vice
versa, leading to a feedback between rates andysi§ipelds and GippglL995] also
included the effects of banks and bends in thetitganing of resistance. These other
forms of resistance may also be significant in ¢h&iseams, but the focus of this research
is on the contributions from the bed. Also, bedltransport is considered negligible
under the flows studied in this project. The intpoce of bedload transport and bank
resistance may vary with discharge, such that laediansport becomes increasingly
important for very high discharges. The importaotbanks may vary with discharge,
depending on how rough the banks are and whetimér disaracteristics change with
flow. Inclusion of these sources of resistanceld/iaad much more complexity to the
analysis. Consequently, the analysis is limitecegistance of a static bed, similar to

what previous investigators have done.

25



CHAPTER 3 FIELD METHODS

3.1 Site Description

East St. Louis Creek (ESL) and Fool Creek are &mtat Fraser Experimental
Forest in the Colorado Rockies 112 km west-northwEBenver (Figure 1). Elevation
varies from 3925 m a.s.l. at the top of the Fo@eRrbasin to 2895 m a.s.l. at the bottom
of East St. Louis Creek (Table 1). The Fool Creasin is subdivided into Lower Fool
Creek (LFC) and Upper Fool Creek (UFC) (FigureViBgetation varies from Engelmann
spruce and subalpine fir at higher elevations tigépole pine at lower elevations.
Alpine tundra can also be found at the higher ¢lema in both basins. Runoff is
dominated by snowmelt with small contributions bynsner convective storm3ifayler
and Woh| 2000]. Average annual precipitation over thereribrest is 787 mmUSDA
Forest Service2009]. Historically, peak discharges occur im+dune, with 80% of the
total flows occurring between April and Octob®/i[cox and Wohl2007].

Table 1: Drainage basin information for East St. Laiis (ESL), Upper Fool Creek (UFC) and Lower
Fool Creek (LFC)

Elevation

Drainage  Drainage Ranae of No. of No. of No. of Total No.
Basin Area Bagin Step-pool  Cascade Plane-bed of
Name (km?) Reaches Reaches Reaches Reaches

(ma.s.l.)
ESL 8.73 §§§g 0 5 3 1 9
LFC? 2.89 et 4 0 0 4
UFC 0.69 szt 0 2 0 2

@ The drainage area and elevation ranges include UFC
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Each creek is in a confined valley surrounded leysRicene and Holocene lateral
moraines and underlain by Pre-Cambrian biotitest@nd gneiss and Silver Plume
granite [Taylor, 1975]. Both basins have shallow soils with lolWday content that are

mainly derived from gneiss and schist§DA Forest Service009].

Colorado

a 100 200 400 Kilometers
East St. Louis
Legend (ESL)
*¥  Reach Locations
Contours (100 m interval)
— Stream
B T T T T T |
i} e 0.5 1 2 Kilometers

Figure 1: Location map for East St. Louis and FooCreek in Fraser Experimental Forest

ESL drains approximately 8.73 Knand has been gaged since 1943. LFC,
including UFC, drains 2.89 Knand has been gaged since 1941. UFC is a 0.6®&sin
with a gage installed circa 1986. All of the basans dominated by cascade and step-pool
morphologies above the gages, with limited plang#eaches (Table 1).

Fifteen channel reaches on East St. Louis Creek)(B& Fool Creek (FC)
were selected in the field based on visual assegsohenorphology (Table 2). Upper and

lower boundaries of each reach were chosen to emsmsistent morphology and
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gradient within the reach. Reaches are labeleddar from downstream to upstream on
each basin. Step-pool reaches in both ESL andih€lGde large amounts of wood
(Figure 2). Over 95% of the wood in the step-peakches is found in the steps. ESL4
and FC1 are the only two step-pool reaches whebdéoldr the steps are boulder steps.
The rest of the step-pool reaches are more vasigl half the steps being boulder steps
and the other half having steps created by a waxwdground one large keystone boulder.
FC3 is the only reach where all the steps are vetgols. The cascade reaches in both
basins contain a small number of steps and, eXoefSL5, these steps are mainly
boulder steps. These reaches are still idente#gedascade since the pools are not as wide
as channel and the majority of the reach has tumglblow over large boulders
[Zimmerman and Chur¢l2001]. In ESL3 and ESLS, large bars of bouldexsod and
herbaceous vegetation exist above the mean aneaklffpow line in the middle of the
reach, separating the flow into two paths. ESL2lL % and FC3 each have a large and
complex wood jam that causes a greater deceleratitire water than in other reaches
and deposition of a relatively large amount of fseeliment just upstream of the step.
ESLG6, the lone plane-bed reach (Figure 2), carobed just upstream of the large wood
step at the upstream end of ESL5.

Field surveys were conducted at all fifteen reachesg the summers of 2007
and 2008. Only ESL5 and ESL7 had changes in treelaad between 2007 and 2008.
ESL5 had the largest change with an additionalidge reach in 2008. ESL7 has the
largest amount of logs bridging the reach and sohtleese broke before the 2008
survey. FC3 had overbank flow during the 2008 Higiv, which notably widened the

reach and allowed a small island to develop imtiglle of the channel. The flow went
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back to the main channel once the snowmelt perasl@mplete. ESL1 and ESL4 also
had some slight overbank flow during the peak rtipefiod, but the majority of the
water remained within the main channel.

Further descriptions of reaches with photograplistables can be found in the
Appendixes. Appendix A contains tables with sumasaof hydraulic variables that
were either measured or calculated for each reachvell as reach descriptors such as
wood load. Appendix B shows graphs of the flow sugad at each of the gages.
Appendix C contains photographs and descriptioresaoh reach. Appendix D contains
graphs of the grain size distribution for each he@ppendix E contains photographs and

location of wood in each reach.
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Table 2: Description of thalweg lengthl,, gradient, S, average cross-sectional ared, average hydraulic radius,R;, step steepness$j/Ls,
particle size,Dspand Dgs, average velocityV, average dischargeQ, dimensionless unit dischargeg’, Froude number, Fr, Reynolds number, Re
and Darcy-Weisbach friction factor, ff for each reach. Values on top are minimum valuesna values on bottom are maximum values over the
four flow periods. A minimum slope value does nobecessarily correlate with a minimumf value. See Appendix A for full table.

Channel L, S A R Dso Dgs \Y Q

Reach  Type m (mm) (M) (m)  HL. (m) m (i (mrs) T Fr Re f
ESLT _ Steppool  27.3 0086 029 012 013 005 016 022 006 016 021 22E+04 423
316 0104 099 025 018 066 066 116 042 15E+05 16.32
ESL2  Step-pool  13.7 0085 045 045 014 001 007 025 041 076 020 34E+04 435
147 0095 100 025  0.20 063 063 334 042 14E+05 16.84
ESL3  Cascade 101 0124 042 014 031 006 013 039 016 046 033 48E+04 3.5
113 0140 087 018 0.6 073 064 118 055 12E+05 915
ESL4  Step-pool 156 0102 050 0417 019 007 047 054 016 031 025 50E+04 517
165 0128 099 026 024 073 068 105 043 16E+05 1315
ESL5  Cascade 125 0136 059 015 021 005 014 025 015 026 021 33E+04 10.66
151 0160 120 024  1.03 052 063 090 034 11E+05 22.85
ESL6  Plane- 59 0017 044 045 N/A 002 009 042 018 088 035 55E+04 010
Bed 65 0023 089 026 207 185 792 130 38E+05 131
ESL7  Cascade 221 0083 042 015 N/A 008 047 043 018 033 035 57E+04 334
243 0099 097 025 073 071 104 046 16E+05 526
ESL8  Step-pool  30.7 0082 048 016 007 007 047 036 017 030 029 51E+04 422
355 0099 091 023 009 062 057 080 041 13E+05 805
ESL9  Step-pool 161 0095 047 017 014 006 015 034 016 038 026 50E+04 560
18.6 0417 092 025 018 062 057 109 040 14E+05 1078
FC1  Step-pool 223 0058 009 006 006 003 008 020 002 018 025 11E+04 1.07
251 0062 038 046 008 086 033 218 068 12E+05 758
FC2  Step-pool  14.2 0071 008 006 006 003 008 019 001 018 025 10E+04 223
151 0077 039 018 011 068 026 221 052 10E+05 959
FC3  Step-pool  11.9 0079 012 007 009 001 005 011 001 028 013 69E+03 7.4
149 0095 055 019 015 043 024 327 032 72E+04 4213
FC4  Steppool 189 0130 014 009 011 005 010  0.15 002 019 016 12E+04 3.82
19.8 0136 049 020 017 075 037 242 053 13E+05 39.89
FC5  Cascade 119 0143 005 005 033 003 009 012 001 010 017 55E+03 464
142 0163 020 013 086 060 012 132 054 66E+04 3922

FC6 Cascade 19.1 0.166 0.04 0.05 0.21 0.05 0.09 0.13 0.01 0.09 0.19 5.7E+03 473
22.1 0.195 0.17 0.12 0.30 0.61 0.10 1.06 058 6.2E+04 36.16




' 3 j ¥

Q=0.16 m¥s; fE=9.15; S, = 0.131 Q=113 m¥s; ff=0.14; §,=0.017

Figure 2: Photograph of a step-pool, cascade readt each basin and the plane-bed reach in ESL: a)
Step-pool reach on East St. Louis Creek (ESL4) dung August 2007 survey; b) Step-pool reach on
Lower Fool Creek (FC3) during July 2008 survey; clCascade reach on Upper Fool Creek (FC5)
during August 2007 survey; d) Cascade reach on EaSt. Louis (ESL3) during August 2007 survey;
e) Plane-bed reach on East St. Louis (ESL6) duringune 2008 survey.
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3.2 Field Methods

A laser theodolite was used to collect bed and msatdace data every 15 cm
along the thalweg and banks of each reach. Allstnesnents were made over two
summers in 2007 and 2008. The water surface was\ged during a high flow (June
2008), two intermediate flows (July 2007, 2008) ané low flow (August 2007). These
four measurement periods are referred to as flavegein the rest of the paper and used
as a categorical variable in the statistical analy$he two intermediate flows are treated
as separate flow periods. During each of theseeyarthe reach-average mean velocity
was measured using Rhodamine WT dye tracer antbflueters attached to rebar. The
Rhodamine WT dye tracer was used in place of arsaker because of the requirements
of the USDA Forest Service, which administers tuelg site. The rebar were fixed in
the thalweg of the streambed at the upstream awdstceam end of each reach. The
fluorometers were placed at @bthe water depthhj for each measurement. Previous
studies have shown that despite the lack of a itgaic velocity profile, the reach-
average mean velocity can still be approximateglaging probes at Ohéor 0.2h and
0.8h [Wiberg and Smith1991;Legleiter et al. 2007;Wilcox and WohI2007]. The
probes recorded values at one second intervalsartchued to record until the values
returned to background levels. The measurements igpeated four times in each reach
at each flow period. The differences between #drgroids of the mass of dye were used
rather than the difference between peaks for detamgthe time difference between the
two probeslLee and Fergusqr2002;Curran and Wohl2003]. The centroid method was

preferred because large amounts of noise in sortteedheasurements made a peak
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arrival time difficult to read. Also, previous eggchers have found that peak times may
vary based on reach length, whereas the centraidatiés more consistenChlkins and
Dunne 1970].

A Wolman[1954] pebble count of 300 pebbles was condudebttermine
particle-size distribution in each reach. Usudal@0 pebbles are counted in a Wolman
pebble count, but it has been shown that increahimgample size can reduce the error
[Thorne and Zevenbergeh985]. The intermediate axis of each clast waasured with
a ruler. Many of the largest boulders (0.5 — 1 majenpartly embedded, therefore the
length of the intermediate axis was approximatElde pebble counts were done at
evenly spaced cross-sections throughout the reddbh were anywhere from 0.5to 1 m
apart. Separate particle-size distributions wetedetermined for the steps and pools,
only a composite value was used for the reachel#ble count was repeated in one step-
pool, cascade and plane-bed reach and averags efrtB, 8 and 4%, respectively, were
determined for each channel type. A 13% errostep-pool reaches is well within the
range of +£10% to £20% reported by Ferguson (2007).

A tripod-mounted Light Detection and Ranging (LiDAReica HDS
Scanstation was used during the August 2007 low fleriod to capture bank and bed
topography (Figure 3). Each individual scan wasgee within a tolerance of 1 cm at
the control points. Figure 3 shows both a photolgi@nd an example of the resulting
pointcloud of ESL9. The pointcloud density vargbstantially in each reach. The
LiDAR scans were coupled with a feature-based suwith variable gridding that
depended upon the underwater features, which wagpleted with a laser theodolite.

The water surface data were imported into the sandsised together with cross-
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sections created in Cyclone 5.8Lkjca Geosystem2008] using the LIDAR scans to
calculate channel geometry data; i.e., width @epth £), hydraulic radiusR,), cross-
sectional aread). Values of these variables were reach averagasdban multiple cross-
sections. The cross-sections were evenly spacgédq@.5 m) in each reach depending
on the reach length. The cross-sections were geidvie Cyclone 5.8.1 and then
imported into Microsoft Excel. A spreadsheet wasatzd that allowed calculation of
channel geometry data (e.g., cross-sectional euetéed perimeter, top width, average

depth, hydraulic radius) after importing the wagterface elevation for each flow period.

Figure 3: Example of the results of a LIDAR scan oESL9. The arrow is pointing to the same log on
the photograph (left) and the point cloud (right). The photograph and scan image are both showing
a wood step in ESL9.

The water-surface slop&,) and bed slopeS)) were calculated for each reach
using a linear regression on the longitudinal peadif the thalweg, collected with the
laser theodolite data. TI® is used to calculaté andS, is used in the statistical
analyses. The average percent difference bet&gandS, is 4.2%, with the highest
percent difference in the plane-bed reach, whichdmaverage difference of 22.9% over
the four flow periods. The average percent difieeebetweels, andS, in the step-pool

and cascade reaches is 2.8 and 2.6%, respectively.
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The standard deviation of bed elevatiefd was calculated using the residuals
of a planar regression of the elevation on thelmogtand easting axes. The northing and
easting axes were taken from the laser theodaliteey of the thalweg. The relative step
submergencdy./Hs, whereHs is step height, was calculated for step-pool readrom
thalweg and LIDAR data. The ratio of step steepriegradientfl/Ls)/S was also
measured using the same data (wlhgre step length). Table 2 lists the minimum and
maximum values for a selection of variables, wiabhnged as a function of discharge,
for each reach. Table 2 is presented to showathger of values that exist in each reach,
but the minimum values in each row do not necdgsalticorrespond to each other,
therefore the full data set is shown in Appendix A.

Wood length and diameter was measured for eachgénod using a
combination of the LIDAR scans, a tin of the waterface created in Cyclone 5.8.1, and
photographs. The wood volume was calculated fluesd measurements and divided by
the plan area of the readhAw). The wood volume includes pieces of wood fousd a
single unattached pieces in the reach as well geeisteps. The total surface area of
wood was found for each reach as well and dimea$imed by dividing by the plan area
of the reach. ESL2 and FC3 have the largest woad of any of the reaches.
Photographs showing the location of the wood asdnamary table of the data collected

can be found in Appendix E.
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CHAPTER 4 CONTROLS ON SPATIAL VARIATIONS IN FLOW RESISTANCE
ALONG STEEP MOUNTAIN STREAMS

4.1 Abstract

Detailed channel and water surface surveys werdumied on 15 mountain stream
reaches (nine step-pool channels, five cascadenelsaand one plane-bed channel) using
a tripod-mounted Light Detection and Ranging (LiDAgRanner and laser theodolite.
Reach-average velocities were measured at varyseparges with dye tracers and
fluorometers. Multiple regressions and ANOVAs wesed to test hypothesized
correlations between Darcy-Weisbach friction caséfnt, ff, and potential control
variables. Gradient)) and relative grain submergené&/Ds,) individually explained a
low proportion of the variability iff (R* = 0.18), wherd, is hydraulic radiusDsg, is the
g4 percentile of the cumulative grain size distribatiand R is equal to the coefficient
of determination. Because channel type, grainamts, are interrelated, we tested the
hypothesis thaft is highly correlated with all three of these vhles or a combination of
the above variables with flow period (a categonaaiable) or dimensionless unit
discharged). Total resistance correlated strongly (adj=F0.74, 0.69, and 0.64) with
S, flow period, wood load (volume of wood?raf channel)g and channel type (step-
pool, cascade, plane-bed). Total resistance ddfbetween step-pool and plane-bed
reaches and between cascade and plane-bed re@igrecant differences iff in step-
pool and cascade reaches were found at the saoes\afl flow ands. The regression
analyses indicate that discharge explains the waw&bility in ff, followed byS, when

discharge is similar among channel reaches, andRtHag, is not an appropriate variable

36



in these steep mountain streams to represent igausan both resistance and discharge.
Results also indicate that the forms of resist@meng channel types are sufficiently
different to change the relationship of the conwanliables withf in each channel type.
These results can be used to further the developofg@nedictive equations for high
gradient mountain streams.

4.2 Introduction

Gradient is a defining characteristic of any stredmannel. Gradient coupled
with flow governs the amount of energy availabletfansporting material or eroding the
banks and bed. Reach-scale gradient can be aneindept variable in mountain streams,
and typically correlates well with channel morprgtdMontgomery and Buffington
1997;Wohl and Merritt 2005] and with grain sizé&\ohl et al, 2004].

Energy is dissipated in channels through resistemflew from interactions with
the bed and banks and formation of waves at tleesiueface Bathurst 1982]. In low
gradient channels, resistance to flow and subsealissipation of energy occur when
water is forced around channel bends or over bedf@uch as ripples and dunes and
from grain resistance. High gradient mountainastre dissipate energy when water
flows over poorly sorted grains in the bed and Isaarkd over bedforms such as steps and
pools, creating an alternating pattern betweenrsufieal and subcritical flow and
causing energy dissipation through hydraulic jumiguntain streams differ from their
low gradient counterparts by having large bouldleas are of the same order of
magnitude as the depth of flow, low values of retagrain submergenc&{Dss, Where

Rn is hydraulic radius anBs, is the 84' percentile of the cumulative grain-size
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distribution), armored beds, and wood that commespbns the entire width of the
channel Bathurst 1993;Wohl 2000].

The relationship of gradient on flow velocity amsistance is expressed in the
three primary resistance equations developed by iarcy and Weisbach, and

Manning:

8gR.S, \* R*s¥?
vzc(Rhsf)W:( gF:f“ ] _R - (4.1)

where,V = mean flow velocity (m/s)C = Chezy coefficientR, = hydraulic radius (m)&
= friction slope (m/m)ff = Darcy-Weisbach friction factog = acceleration due to
gravity (m/$); andn = Manning coefficient. The coefficients in eachludse equations
express the total resistance to flow. For the redsa of this chapter | will focus on the
Darcy-Weisbach equation and Ut express total flow resistance because it is non-
dimensional and is physically interpretable asagawefficient if resistance is equated
with gravitational driving forces per unit bed af€arguson 2007].

One difficulty in quantifying flow resistance in miotain streams is that R;,
andS exhibit large spatial and temporal variabilitylany empirical equations have
been developed that reldtdo these and other channel variables, but thgseaty
perform poorly when extrapolated to other steemobbs and in some cases have been
shown to have errors as high as 6@athurst 1985, 1986, 2002Nohl 2000;Katul et
al., 2002;Aberle and Smar2003;Curran and Wohl2003;Ferguson 2007].

Part of the uncertainty in applying empirically-bdsequations to new sites is that
the relative importance of different sources ofstasice can vary between sites. Total
resistance is typically partitioned into grain (fodrag on individual particles and

viscous/skin friction on their surfaces), form (ésnbars, steps), and spill (flow
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transitions and wave drag on elements protrudimyalthe water surface) resistance
[Einstein and Barbarossd952 Parker and Petersori,980;Wilcox et al.2006;
Ferguson2007]. The contribution made by each of thesecssuof resistance can differ
in relation to gradient, channel morphology, orestfactors Ferguson 2007]. Previous
studies have typically focused on quantifying ang@é@rtitioning resistance within a
particular channel morphologi ¢e and Fergusqr2002;Wilcox and WohI2007;Comiti
et al, 2009, 2007Reid and Hickin2008]. | propose that, because gradient is snoch a
important influence on form and process in stegmokls, spatial patterns of relative
total resistance in mountain streams vary condigtenrelation to gradient, and thus
channel morphology.

The morphology of mountain streams is typicallyreloterized as cascade, step-
pool and plane-bedMontgomery and Buffingtori997]. Cascades form &> 0.06
m/m (where, is bed gradient) and are characterized by tumllovg over large,
randomly arranged clastsipntgomery and Buffingtori997] that can create substantial
grain resistance, dependent on stage. Skin friettrmhform drag around individual grains
dissipate much of the mechanical energy. Occaksteps may be found in cascade
reaches, creating a limited amount of spill resista

Step-pool channels form at gradients of 0.8 < 0.10 m/m Montgomery and
Buffington 1997). These reaches alternate between supsakfibw over steps
transverse to flow and plunge pools with subcritilcav [ Zimmerman and Churc¢t2001;
Church and Zimmermar2007]. Steps create flow resistance by skinifncover large
particles and wood, form drag from pressure diffees around the upstream and

downstream sides of an object, and spill resistareated from flow acceleration and
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deceleration. The total resistance in step-poahokls is dominated by spill resistance,
which varies with wood amount and locati@ufran and Wohl2003;Wilcox et al,
2006;Comiti et al, 1999]. Comiti et al.[2008] found that the presence of wood dams in
the Southern Andes can increase flow resistand¢e ape order of magnitude in step-
pool channels.

Plane-bed channels lack well-defined, rhythmicattgurring bedforms and occur
at gradients of 0.01 to 0.03 m/m. This channel iggm®nsidered a transition between
supply-limited cascade and step-pool reaches angort-limited pool-riffle reaches
[Montgomery and Buffingtoi997;Wohl 2000]. The bed surface of the plane-bed reach
is armored and has a threshold mobility near bahkilontgomery and Buffington
1997].

Previous studies have demonstrated that dischasgesean important influence

on resistance; at-a-site variatiorfiran be up to 100% as discharge and flow depth vary
[Lee and Fergusqr2002;Reid and Hickin2008]. Some investigators incorporate a

measure of discharge suchRaqJarrett, 1984], discharge per unit widtty[Bjerklie et
al., 2005], or dimensionless unit dischargés- q/,/gDEf’4 [Comiti et al, 2007;

Ferguson 2007]. Others use a ratio of flow depth to bamgdoughness such as relative
submergence of grainR{Dg,) or relative submergence of the b&J/ .9, Wheres,eqis
equal to the standard deviation of the bed elendgferle and Smar2003].Bathurst
[1985], for example, characterized roughness basdtie relative grain submergence
value as large- (0 R/Dgs< 1), intermediate- (1 R/Dg4 < 4), or small-scaleR,/Dgs>

4), andFerguson2007] proposed resistance equations with diffepamameters for deep

and shallow flows. Based on this, | also propos¢ spatial patterns of relative total
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resistance in mountain streams vary consistentiglation to discharge, expressed via
relative submergence of grains, steps and the bed.

To improve predictions of resistance and estimadiodischarge, it is important
to obtain a better understanding of resistanceutfirout a channel network, including
variations in resistance within each type of ch&anmarphology. My primary objective is
to understand how resistance varies with gradéramnnel morphology and relative
submergence of grains, steps and the bed throughthannel network. | hypothesize
that predictable patterns of relative magnitudeotdl resistance exist throughout a
channel network and that simple variables suchradignt can be used to predict these
patterns. Because each morphologic type of cass&gfepool and plane-bed channel
spans a range of values for gradient and grain gigecondary objective is to examine
how resistance varies with gradient, relative geaibmergence and discharge within
each channel type. This objective reflects oureustdnding that the influence of each
variable on total resistance may differ based @sgmorphology differences within each
channel type.

| address the first objective by testing two hygss with respect to flow
resistance across a channel network. The null lngset are not explicitly listed for any
of the hypotheses expressed below. H1: Totalteagis correlates most strongly with a
combination of potential control factors, whichlimbe S, Ry/Dgs, q , Ri/Svea Woo0d load
(m*m?) and the categorical variables flow period and ckatype, rather than with any
single potential control factor. Relative grain swdsgenceq’, Ry/s.eqand flow period all
represent changes in discharge in each reachtiRetabmergence &g, andsyeq

represent variations in discharge under the assamittatR, changes with discharge,
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but Dg4 ands,eq remain relatively constant. An alternative hypsils is H2: Total
resistance correlates most strongly with a singleable. Both hypotheses test
differences irff between sites rather than at-a-site. The choip®thtial control
variables reflects past work in this research fi@ldthurst 2002;Aberle and Smayt
2003;Wohl and Merritf 2005;Comiti et al, 2007;Ferguson 2007].

| also address the second objective by testing thypotheses with respect to
resistance between channel types and resistanio wdach channel type. H3: For a
given gradient, there is a consistent differend®ial resistance between step-pool and
cascade channels. This hypothesis reflects thetfatan overlap occurs in the gradient
range at which each channel type can form, and testpossibility that channel
morphology rather than gradient exerts the strangésence orif. H4: For a given
R./Dgs, there is a consistent difference in total resistabetween step-pool and cascade
reaches. This hypothesis provides another mea@saohining the possibility that
channel type exerts the strongest influencé.dd5: For each individual channel type,
there is a consistent difference in which varialol@strol variations irif. This final
hypothesis reflects our understanding that tosktance in each channel type may result
from grain, form or spill resistance. The sepacatetributions from each of these
components of resistance may result in differentrod variables being significantly
related to total resistance in each channel tyfm.instance, in step-pool reaches the
relationship between relative step submergeRg#l( whereH is step height) anfl is

investigated.
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4.3 Statistical Methods

Both regression analysis and analysis of variaAdVA) were used in the
program R to investigate which independent varmblgnificantly influenceff
[Jongman et al.1995;Kutner et al, 2005;R Core Development Tea007]. Therefore,
the major goal of this analysis and the resultsgmeed in Table 3 are not prediction and
should not be used outside the range of valuessihowppendix A. The friction factor
was used in the form of @7 and related to gradient, relative grain submergem
channel type. The function, €8/, is easily related to dimensionless velocku),

whereu’ is shear velocityghS)Y/?

12
8 C RY¢
(Tj “g” ng” 2

~and the two other flow resistance coefficients,

[Bathurst 1985;Thorne and Zevenberget985]. The only time the friction factor is
used in its regular form, 4k is when it is used in a regression with The results of
these regression models are presented so thatdéindye compared with the values
calculated byComiti et al.[2007]. The variables ®°, S, R/Dss wood load, and|
were log-transformed to meet regression assumptibhemoscedacityJongman et a).
1995;Kutner et al, 2005]. All regressions and variables were sigaift at arw = 0.05
level.

The plane-bed reach was removed as an outlieeireiression analysis and the
ANOVA. Because there is only one plane-bed readften drives the model by
increasing the R(coefficient of determination) value and causiegenoscedacity of the
residuals. Therefore, the plane-bed reach isioclyded in the ANOVA testing the
relationship between channel type d&h&,, andR/Dg4 respectively. A Tukey HSD

method was used to gage significant differencesdmt means in the ANOVAs. The
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Tukey HSD method adjusts for differences in samsfdes, so appropriate comparisons
can be made between mealsther et al, 2005;R Core Development Tea2007].

Both the Mallow’s G and adjusted-Rwere used to compare models. ThasC
calculated by comparing a reduced model to a medklall the variables. The
minimum G is sought to determine the best model with thellsstamean squared error
and the smallest bia&{itner et al, 2005]. The adjusted?Rs adjusted for the number of
variables in the model. The best model is assediaith the maximum adjustedBnd
all values reported in the results, below, arestefitR. Flow period is used as a
categorical variable because repeat measures alae in the same reaches, meaning
that those values are not independent of each.cdheenefit of using the categorical
variable flow period is to understand hffwaries at-a-site with discharge. To reduce
autocorrelation variables such as stream poweyderaumber and Reynolds number
were not used in the analysis even though it i®tstdod that each of these variables
have an effect off. Discharge@) is not included as a predictorfbsince the ultimate
goal of this type of research is to find varialiest will help in prediction off and
subsequentl® andV in these high-gradient channels. | chose to delone variable,

q , that includes in the calculation of the variable, because ofsihecess in using this
variable from previous work on high gradient stred@omiti et al, 2007;Ferguson
2007] and the understanding that the goal of squpécations is to predidf whenQ is
known. It is also noted that in any regression e®that includé, there may be issues

with autocorrelation because of the collinearitynweenS, ands,.
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4.4 Results
4.4.1 Friction factor, gradient, relative submergence, wood load, channel typand
drainage basin (H1 and H2)

H1 tests whether (B is significantly related to a combination of cantr
variables which includ&, Ry/Dgs, g , wood load, flow period and channel type. Table 3
shows seven models that combfavith each flow variableR,/Dgg, q , flow period)
and channel type. The values in Table 3 for edt¢heocontinuous variables are all
exponents that indicate the rate of change of gatdpendent variable with the
dependent variable. GradieRt/Dss, g, flow period and channel type all explain a
significant amount of the variation in {§/°> andff at thea = 0.05 level. Gradient and
channel type combined with either flow periodqoire the models that explain the
greatest amount of variability in both {8 andff (Table 3). Models 3 and 5a have the
highest adjusted-40.69 and 0.64) and lowest Mallow's @alues (8.16 and 12.47).
Models that include wood load (Model 1, 4b, and 369 &ave an improved adj?fRThe
rate of change d& with (8/)° varies between -0.45 to -0.89 for Models 1 throdigh
As § increases the value of {8/° decreases, indicating théis highest at steeper
gradients.

Model 1 tests whether there is a consistent diffzeén (8f)° for each flow
period for a givery and wood load. The model is improved with thisegatical variable
(adjusted-R = 0.64) and the intercepts for each flow periasignificantly different
from each other (Figure 4). Model 1 shows thahigh- and intermediate-flow period,
(8/)°>is significantly greater than the August low flperiod (Table 3). Therefore,

(8/)°>is lowest for the higher flows for a giv€pand wood load. The interaction term
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betweens, and flow period was tested, but found to be ngtiicant. Therefore, the
rate of change of (8f° with & is not significantly different at each flow periggigure
4). If the rate of change was significantly diffat it would mean that the slope of the
regression line is significantly different for edtbw period. The relationship between
(8/)°> and wood load was also found to be significart givenS and flow period. As
wood load increases §}° decreases. The interaction term was not sigmifibatween
wood load and flow period, therefore the rate airgfe does not vary with flow period.

Model 2 tests whether there are significant diffegsnin (8)°°between the two
basins, East St. Louis and Fool Creek, while hgl@jradient constant. The cascade
reaches in UFC and step-pool reaches in LFC ardic@a in the Fool Creek basin. The
two basins have some distinct characteristicsivelé each other, therefore we tested
whether for a givel there is a consistent difference inf{87 in East St. Louis versus
Fool Creek, holding the flow period constant. Tégression shows that there is a
significant difference between the two (Table Bjr a giverS, and flow period, (8)°°
in Fool Creek is higher than in East St. Louis.e Titeraction term betweé® and
drainage basin was found to be not significanter&fore, the overall value of {8 is
affected by differences in each basin, but thesatange of (8)°°> with & is not
affected by the basin. Because of the small numbezaches, it is not appropriate to
also separate by channel type in the multiple s=jo@, but the differences in {8
between channel type and basin are further expiardte ANOVAS in section 4.4.

The variation irff between high and low flow is much greater in Fodek than
in East St. Louis (Figure 5). Figure 5b displays differences in the at-a-site variation in

(8/f)° for both Fool Creek and East St. Louis. The greaariability in (8f)°°in Fool
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Table 3: Linear regressions of (§)°° and ff versus independent variables and categorical variaés. Models 1 — 4b and 6 — 12 usef(8F as the
dependent variable. Models 5a — 5b udé as the dependent variable. The numbers in eachlamn under the model number shows which

variables were used in each regression. The Malloa/Cp is not shown for regressions that had outlienemoved.
Independent Variables

Dependent l\godel Model Model Model Model Model Model Model Model Model Model Model Model Model
Variable? 1 2 3 4a 4b 5a 5b 6 7 8 9 10 11 12
— H1 H1 H1 H1 H1 H1 H2 H2 H2 H2 H2 H2 H3 H4
(8/H)°° Intercept  0.12* 0.17* 0.11* 0.22* 0.19* 0.89* 0.29* 0.88* 0.51* 0.23* 0.88
ff Intercept 84.95* 242.64* 5.97*

S05 - * * - * * * * *

0.63* 0.66* -0.89 0.69* 0.45 1.32 0.79 0.54 0.69

R/Dga 0.39* 0.56* 0.39* 0.41*

q -0.65*  -0.75* -0.66*

R/Sped 0.72*

wood 4 g5 -0.09* 0.13* 0.10*

load

Julyo? 1.39*  146% 1.47*

Julyog 1.36* 1.36* 1.38*

June08  2.02* 2.10* 2.16*

g;ég”“ 100+ 1.00+ 1.0*

Ef)%%‘ 079+ 076* 087 1.62*  1.09 086 098

Cascade 1.00*  1.00* 1.00 1.00* 1.00 1.00 1.00

FC 0.86*

ESL 1.00*
F-statistic 30.76 23.71 25.01 9.59 18.08 3357 21.84 96.38 .8811 11.32 5189 106 6.76 6.84
pvalue’ 0.001 0.001 0001 0.001 0.001 0.001 0.0010.001 0.001 0.001 0.001 0.002 0.002 0.002
R? 0.77 0.71 0.72 0.36 0.60 0.66 0.65 065 180. 0.18 0.49 0.18 0.21 0.21
Adj. R? 0.74 0.68 0.69 0.32 0.57 0.64 0.62 064 170. 0.16 0.49 0.16 0.18 0.18
Mallow C,, 10.04 8.16 56.23 12.47 5852 8229 8283 2566 79.92 84.79

! variables with * indicate that value is signifidaat thea = 0.05 level.
2 variables inbold were transformed using the natural log.
3 FC3 Aug 2007 and FC3 July 2008 were both outligren wood load is included in the regression. Tiueee both of these were removed.

4 All ESL2 data were removed as outliers.

® Numbers shown are exponents of independent vagalilit is a categorical variable and that catgg®true than the number should be multipliedhtite

intercept.

5 Part of Flow Period categorical variable with fdewels that include July 07, July 08, June 08 Andust 07.
” Part of Channel Type categorical variable thaltites two levels in all models except for ModelTie two levels are step-pool and cascade chanpesty
® part of drainage basin categorical variable thattwo levels FC and ESL. FC includes both UFCIL4F@.
9 Where 0.001 is indicated, the value is actual®/G01.
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Figure 4: (8f)°° versus gradient &) for each
channel type: a) shows trend line and points
for August 2007 flow for cascade and step-
pool channels; b) shows trend lines and points
for July 2007 and 2008 flows for cascade and
step-pool channels; c) shows trend line and
points for June 2008 flow for cascade and
step-pool channels.



Creek is most likely related to the greater vamiain flow depth and wetted width at the
high versus low flows (Figure 6). The baseflow a&ms much higher in East St. Louis
after snowmelt than in Fool Creek. Therefore,rthatively small flow in Fool Creek has
a much higher friction than the lowest surveyewflo East St. Louis, causing an
increased variability in (8 in Fool Creek. Models 1 and 2 show thaf)f8lis
correlated withs, throughout a channel network and that correladretter explained

by holding flow period and drainage basin constant.

Models 5a and 5b show tHédecreases ap increases while holding bof and
channel type constant. The dimensionless unitdige is used in place of flow period
andR./Dgs. Wood load is included in Model 5b, causing tharotel type to no longer be
significant. All variables%, q , channel type) are found to explain a significant
proportion of the variability irfif while holding all other variables constant. The
significance off and improved model fits indicate tHa¥Dss does not completely
encompass the effects of different flows in théses mountain streams. The results
shown in Table 3 therefore support Hflgorrelates most strongly with a combination of
potential control factors, rather than with anygénpotential control factor.

The relationship between {g/° and individual control variables is shown with
Models 6 through 10 (Table 3). These models are/shio better understand the
relationship between individual control variables! §8f)%° rather than between
combinations of control variables andf{87. For all reaches at all flow periods, f{8?
correlates positively witlR,/Dgs and negatively witls. The relative grain submergence
explains the same proportion of the variability8/)°° as does, and wood load

(Models 7, 8, and 10). These results partially supppe second hypothesis, thatf)87
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correlates with individual control variablg&able 3), but do not suggest thatf)87
correlates most strongly with an individual contratiable.

The friction factor was found to be significantlated tog ; asq increasesif
decreases (Model 9). In this capeés related tdf rather than (8)°°. The relationship
was found to explain more of the variabilityff{adjusted-R = 0.49) tharR/Ds4 (Model
8, adjusted-R= 0.16). These results are re-emphasized in MéalevhereS, combined
with Ry/Dg4 and channel type explains a much smaller propodfdhe variability in
(8/f)°° than a model with either flow period (Model 4)pr{Model 5). A model with
wood load also explains a greater proportion ofvirability, particularly when
combined withS andq’ or flow period. These results do not support Hg fihcorrelates
most strongly with an individual variable. Therefpthe best model that explains the

most variability in the dataset is a model withoabination of control variables.
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4.4.2 Friction factor and standard deviation of bed elevation (H2)

TheDga, Dsg, log(Dg,/Ds,) ands,eqWere each regressed against velocity to

determine which variable is the most appropriatgghmess parameter. These roughness
parameters are on the same order of magnitudedkoti depth, and the variation in
each may be larger than the variation in flow deptherefore, | expect that the
individual roughness parameters will be relateflae velocity without accounting for
flow depth. BothDg4 andDso were significantly related to velocity, but nomsigcant

relationship could be found between velocity apdor velocity andog(Dg,/Ds,) -

There is a significant relationship betwd®s,.qand velocity, which is reflected in the
significant relationship shown in Model 6 betweRys,.qand (81)°>(Table 3). R/Syeq@s
a relative submergence parameter explains moteeofdriation of (&)°->thanRy/Ds,
(Model 8). The improved relationship may result st from the spurious correlation
betweerR, and (8/)°°. The strong relationship supports the second hypisttleat
(8/)°> correlates withRy/syeq despite the lack of correlation betwesggand velocity.
4.4.3 Friction factor and channel type (H2)

Channel typeS and grain size are all interrelated, thereforevéstigated hovif
varies by channel type. Figure 5 shows a box-qfithe three channel types ver$iys
determined for the different flow periods. An AN@\ANnd a Tukey's test were used to
compare significant differences between mearit ofhe friction factor was log
transformed to meet normality assumptions of th€OAM and Tukey’s test. Means for
cascade and step-pool channels were found to b#isamtly different from the plane-
bed channel, but not significantly different fromck other. The Tukey HSD method

takes account of the smaller sample size of 4amthne-bed versus 20 for the cascade
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and 35 for the step-pool reaches while gaging iiffees between means. How well this
plane-bed reach represents plane-beds in mounitaamss will be discussed further in a
subsequent paper.

Figure 5b shows the channel types separated byadraibasin. The box-plot re-
emphasizes that the plane-bed reach is significdifterent from all other channel types
in both basins. The main difference between Foek&iand East St. Louis is that the
standard deviation df is much broader for cascade and step-pool reacheasl Creek
than in East St. Louis. Therefofédoes not vary significantly between cascade agywt st
pool reaches over all flow periods, but does vaggiScantly between the cascade and
plane-bed and between the step-pool and planedaeties. Thus, the results do not
support hypothesis 2, theitcorrelates most strongly with the individual cohtrariable
of channel type.

4.4.4 Friction factor, gradient and channel type (H3)

Figure 7 displays a significant variationSgamong channel types and among
channel types in each basin. Once the channed ggedifferentiated by basin, the mean
S values between the step-pool and cascade reatkest St. Louis are not
significantly different, but are significantly défent in Fool Creek. Model 11 shows that,
holdingS constant, there is no consistent difference if)%8between cascade and step-
pool channels (Table 3). The lack of relationshiModel 11 may reflect the large at-a-
site variability in these reaches (Figure 6) teaécounted for when flow period @ris
held constant (Model 3 and Model 5a). The reshésefore do not support the third
hypothesis that while holding constant there is a consistent difference if)%8/

between cascade and step-pool channels.
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4.4.5 Friction factor, relative grain submergence and channel type (H4)

R/Dss Was found to be significantly related toff8?. Table 3 shows the
regression oRy/Dgs and channel type on € in Model 12. The channel type is not
significantly related to (8)°° whenRy/Dg is held constant. The interaction terms were
not tested because there was no significant relstip between (8° and channel type.
Figure 8a indicates that there are significanedéhces irR,/Dg4 between cascade and
plane-bed and between step-pool and plane-bedegadthe variation in (87 between
plane-bed and other channel types may be bettéaiegd byR./Dg, but cannot be
further explored because there is only one plamnerbach. Figure 8b indicates that the
difference in standard deviation between cascadestmp-pool channels is greater in
Fool Creek than in East St. Louis.

Ri/Dss is plotted against (8P for cascade and step-pool reaches in Figure 9a.
The scatter in (8 is much broader for the step-pool than for theads reaches. A
regression using only the cascade reaches (Fignradcates that there is a significant
power relationship betwedR/Dgs and (81)°°. Therefore, holdin@./Dg. constant, there
is no consistent difference fhbetween channel types, but a regression resttictedly
cascade reaches indicates that a high proportitmeofariability in (81)°°is explained
by R/Dg,4 in that channel type. The results thus do not srighe fourth hypothesis, that
for a givenRy/Dgs there is a consistent difference inf(87 between step-pool and
cascade reaches. Instead, the significant rekttipris betweeR,/Dgs and (81)%° for

cascade reaches.
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4.4.6 Friction factor, relative grain submergence, wood load, gradienand
dimensionless unit discharge for each channel type (H5)
The final hypothesis examines how the significapicine relation of each of these
control variables and (8f-° may vary depending on the channel type. Tableotvs
three multiple regressions using only the cascadehres and four multiple regressions
using only the step-pool reaches. The resultsmehasize that Model 13 using only the
cascade reaches with b&@handR./Dg4 is much better than Model 16 which only uses
step-pool reaches. The highest proportion of treability is explained in both channel
types wheny is included in the regression (Model 14 and Modél I€he regression
with the step-pool reaches is greatly improvedusigid-R = 0.68) when the variable of
relative step submergend®.{H) is included, but no relationship was found byudng
(H/Ls)/S (Model 18). Including wood load improved both tascade model (Model 15)
and the step-pool model (Model 18).

Table 4 also shows that the rate of changg wfith ff is different for the two
channel types. Both andS have exponents close to -1.0 and 1.0 for the dasca
reaches, whereas the exponentsjfaandS are equal to -0.59 and 1.40, respectively, for
step-pool reaches. Most likely these differenceewet apparent when the interaction
terms were tested in Table 3, because the larg&bilaty in the step-pool reaches may
have made it difficult to examine the relationshipth the cascade reaches. These
results support H5, that the components of reststane sufficiently different in each
channel type to change the relationship of therobmariables withf in each channel
type. This suggests that different control vaealdhould be used when considering the

different channel types.
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Table 4: Linear regressions of (§)°° and ff versus independent variables separated by channgpe. Model 13 — 15 only include cascade

reaches. Model 16 — 19 only include step-pool rdaes.
Independent Variable&

Dependegt Cascade Cascade Cascade Step-Pool Step-Pool Step-Pool Step-Pool
Variables Model 13 Model 14 Model 15 Model 16 Model 17 Model 18 Model 19
8/ Intercept 0.32* 0.17*
ff Intercept 40.53* 162.06* 6.20* 39.33* 156.00 *
S -0.50* 1.04* -0.53* 0.57* 1.40*
Rh/Dga 0.78* 0.42*
q* -0.90* -1.10* -0.73* -0.59*
Ry/H¢ -1.75*
wood load 0.25* -0.09* 0.15*
(HILYIS 0.38
F-statistic 13.62 41.31 19.81 6.57 36.37 11.98 35.74
p-value <0.001 <0.001 <0.001 0.001 <0.001 <0.001 €0.0
R? 0.62 0.83 0.70 0.39 0.69 0.55 0.71
Adj. R2 0.57 0.81 0.66 0.32 0.68 0.51 0.69

#Variables with * indicate that value is signifitaat thea = 0.05 level.

® Variables inbold were transformed using natural log.

° Numbers shown are exponents of independent vesalflit is a categorical variable and that catgg®true than the number should be multipliechwite
intercept.

4 Ry/H is equivalent to the relative submergence of tep-beight wherél is equal to the average step height from the lopeisit in the pool to the top of the
step.



4.5 Discussion
4.5.1 Gradient, dimensionless unit discharge, flow period, wood load and fition
factor
Gradient explains a significant proportion of treigbility in (8£)° through the
channel network, particularly when used in conjiurctvith the categorical variable of
flow period. The relationship shows this higher at highe®, (Figure 4) The higher
the S, the more energy is likely dissipated from cascadliog and abrupt transitions
from supercritical to subcritical. Therefo®,is a significant explanatory variable that is
greatly improved when paired with flow periag, or wood load (Model 1, 5a, and 11).
Many studies have recognized the important cormidietweery, grain size,
step steepness, and channel typatiiurst 1993;Abrahams et al.1995;Montgomery
and Buffington1997;Zimmerman and Chur¢t2001;Wohl et al, 2004;Wohl and
Merritt, 2005;Wohl and Merritf 2008], and my results plus some additional amalys
indicate that bed-gradient is related to each ese¢hvariables (Figure 7). Conversely, a
significant difference irfif was not found to exist between step-pool and cischannels
for a givenS (Model 11). The channel types represent the bagpmotogy and the
potential variability in flow resistance from spi#isistance in step-pool channels to grain
resistance in cascade reaches, with form resistagiog prominent in botlJurran and
Wohl 2003;Wilcox et al, 2006;Comiti et al.,2007]. Both Model 11 and 12 show that
(8//)°is not significantly different for step-pool andscade reaches. Therefore, the
type of resistance (i.e., grain, form, or spill)ynary based on channel type, but the total

flow resistance is similar for both.
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The effect of bed-gradient is likely related torg¢ationship to other explanatory
variables such a3g4, H/Ls and the Froude number (FAQrahams et al2005;Church
and Zimmerman2007;Comiti et al.,2009]. All of these variables are highly
interrelated. At higher slopes, the flow deptBhsallower and the boulders larger in
relation to the flow depth. An object that protesdhrough the surface creates greater
surface drag, which varies with Bdthurst 1982]. The Fr is highly variable throughout
the reach as localized areas of supercritical o hydraulic jumps develop. There is
greater energy dissipation and turbulence at lowdlas flow separates around
individual boulders\\Vohl and Thomps@r2000]. As flow increases, these larger
elements may become quickly submerged, creatirajif®gal skimming flows, where the
water surface flattens between successive obj€tiar{son1994]. The larger change in
depth between low and high flows at steeper graslimay cause a much larger reduction
in the total flow resistance, in comparison witk tbwer gradient reaches, as boulders
are quickly submergedPpgliara and Chiavaccini2005]. Also, as flow increases, the
number of particles that influence the surfaceradeiced as smaller cobbles and boulders
are submerged (Figure 10).

Flow period g and other relative submergence variabRss, Rv/H, Rv/Sved)
were all significant explanatory variables and esent the influence of discharge on total
ff (Table 3 and Table 4). As discharge increasesah channel type, the flow patterns
vary and totaff decreases. The drop from the step lip to the jgdarger at low flows,
therefore more energy is lost from larger stepssgitiresistance dominateS$miti et

al., 2009]. Conversely, at high flows there are laiggdraulic jumps and more
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turbulence through the velocity profilé/jlcox and Wohl2007], which dissipates a large

amount of energyComiti et al.[2009] identified nappe and skimming flow reginass

ESL7 ESL7
June 2008 Aug 2007
S,=0.099 g3 S,=10.083
Q=0.18 === Q=0.71
ff=3.34 ff=5.26
FC6 - FC6

June 2008 Aug 2007
5,=0.195 S,=0.166
Q=0.10 Q=0.01
ff=473 ff=36.16

Figure 10: Two cascade reaches at low (August 200a0d High (June 2008) flows. Arrows point to
the same location on both images. Images show tratthigh flow the majority of grains are
submerged in FC6 while in ESL7 the location of thgrains is still visible.

two distinct regimes in step-pool channels. Aduhigilly Comiti et al.,[2009] found that
the type of resistance that dominates in step-paalhes (i.e., grain, form, or spill)
depends on the flow regime. In step-pool readih®@s,transitions from nappe flow at
low discharges to skimming and submerged flow athiighest flowsChurch and

Zimmerman2007;Comiti et al.,2009]. Nappe flow is free-falling flow over steipso a
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pool [Chanson1994]. Skimming flow is where flow becomes mplanar over the step
and air pockets disappear. Flow in this regimebrexs supercriticalJomiti et al,

2009]. Submerged flow occurs when flow over the sseaffected by the downstream
tailwater Church and Zimmermar2007]. Nappe flow existed in a majority of theps

in the current research over all flow periods. Skimg flow was observed over a limited
number of steps during June 2008 flows, particylavier the boulder steps at low®r
Submerged flow was only observed over the smakgrssdentified in FC1. An added
component in many of these reaches is flow overthraligh the porous wood steps
versus flow over large boulder steps. When floopdrover wood steps at low flows, the
drop is higher and the jet does not plunge immedbidtom the wood step lip to the pool.
At higher flows the water more easily flows frone tiwood step lip to the pool. Once
skimming flow occurs, form and grain resistanceease as spill resistance decreases
with the drop height. Form resistance increasebeawvater surface gradient steepens in
the pools Comiti et al.,2009]. The large variability in step type and flosgime over

the step-pool reaches explains the greater vaitialil (8/f)°° over all flow periods and
reaches (Figure 9).

In cascade reaches at lower flows, larger graiasymte through the surface,
creating wave drag and increasing the tiitaed a reach$mart et al.2002]. One or two
steps and pools exist in some of the cascade redahiethe variability in these reaches is
not as large as in the step-pool reaches (Figuthéefore the total resistance in cascade
reaches is more easily explained by a small nurmbeontrol variables (Table 4, Model

13 to 15). Overall, the results of the regresseimsw that the totdf is highest at low
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flows and lowest at high flows for all the reachesljcating that individual grains and
bedforms more effectively retard the flow at lowlescharges.

Dimensionless unit dischargg, provides another way to represent relative grain
submergence and differences in flow. The reasoth®improved relationship between
q andff versus théy/Dgs is not completely understoodrerguson[2007] proposed that
there is a reduction in measurement error winds used, rather thaR/Dsas, because any
error inDgy, Q, orV affects both the observed and predicted valueglotity.
Alternatively, any error ifR,/Dg4 Will affect either predicted or observed veloatibut
not both at the same time. It is also possibleithasingq’, the inclusion of widthd =
Q/W) in the relative submergence variable improvesxfganatory power. Therefore,
was found to be an improved metric for represenbioity flow and relative submergence
in these steep gradient streams, but more worksneeoe done to understand why it
explains so much more variability thRyDga.

The differences in the ability of individual coritk@riables &, Ry/Dss, andq )
to explain the variability in (8/°° are demonstrated in Figure 11. Figure 11a and 11b
show that the error in predictifigby usingS, andR./Dg, is greatest at the lowest flows,
which correlates to the highest values of){8/(FC1 and FC2). Figure 11c shows that a
model withq" (Model 9, Table 3) greatly improves the predictidri8/f)°>, but the FC1
and FC2 are still under-predicted. Figure 11d shthe prediction of a combined
multiple regression (Model 5a, Table 3) which ingsd’, S and channel type. The

inclusion ofS and channel type greatly improves the overallrebrat values of (8)°°
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are over-predicted for step-pool reaches and upcgticted for cascade reaches. The
highest error in Figure 11d is in the predictior(®f)®° for ESL2 and FC3, which were

often distinguished as outliers.
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Figure 11: Predicted versus observed (B for a) Model 7 (S) ; b) Model 8 (R/Dgy) ; ¢) Model 9 @);
d) Model 5a @', S and channel type).

Although these regressions are meant for explapatmposes and not for
prediction, Figure 11, Table 3 and Table 4 helgamonstrate which variables may be
useful for developing new predictive equationshiese higher gradient streams.

Inclusion of a flow variableq(), gradient and channel type increase the abdigxplain
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the variability in FC1 and FC2 (Figure 11d), butrdi explain the variability as well in
ESL2 and FC3. FC1 and FC2 have some of the srhghais sizes, smallest amounts of
wood and lowesk (Table 2). FC1 may even be a transition reacléxet a plane-bed
and step-pool. The values of total flow resistandeoth reaches are the lowest (Table
2), except for the plane-bed reach (ESL6). In M&@e&, is a proxy for both grain size
and step steepness, which combines witand channel type to better explain the
variability in these two reaches. On the otherch& q and channel type can not
account for the higher values of total flow resis&in ESL2 and FC3 because wood
load dominates in these reaches, meaning thatdoammand spill resistance dominate
and including only a grain submergence variagledoes not help explain the greater
variability.

Wood load was found to be significantly relateddtal ff for all reaches (Table 3)
and for regressions evaluating only step-pool scade reaches (Table 4). The
importance of wood in step-pool channels has besedrby other researchers in both
flume studies\Vilcox et al. 2006] and field studiegJurran and WohI2003;Manners et
al., 2007;Comiti et al.,2008]. Wilcox et al.[2006] found that wood located at the step
lip contributed both to the structure of the stad acreased the step height, which
subsequently increased the spill resistance. Biaihga and Kirchnef2000] and
Hygelund and Mangf003] determined that the presence of wood ine®#se depth of
flow in a channel, increasing the total shear strbat that the shear stress acting on the
bed decreases as wood density increases. Theinaedses the resistance, decreasing
the total shear stress available for bed or bao&i@n and reducing sediment transport.

Curran and Woh[2003] also concluded that step-forming wood dbntes more to total
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flow resistance than wood found as individual pgetteoughout the reachWilcox et al.
[2006] showed that grain roughness was greatlyaedionce steps or wood were
present. The flume study done W§icox et al.[2006] did not include the boulder steps
found in reaches in the current study and the rheterogeneous grain size distribution.
Variables related to grain roughn€B¥Dss andq’ ) and wood were both significant
explanatory variables (Table 3, Model 4b, and Si)e majority of the wood is found in
steps, therefore the significance of wood loadf asrelated to the significance of steps.
The greater heterogeneity in grain size and stegstyboulder and wood) probably
accounts for the greater significance of variabd¢sted to grain roughnes§ is a
significant explanatory variable in all regressiangl is another variable that is correlated
with both grain size and is slightly correlatediwitood (Figure 12). For all reaches,
except for ESL2, which has a significant amounivobd, wood load increases with
Most likely, this is related to an increase in sttgepness as log steps increase step
height, therefore creating steeper gradie@njiti et al.,2008]. The positive correlation
betweerns, and wood load is even greater in the channel tygeessions (Table 4),
thereforeS, is left out of regressions that include wood lo&dood load is positively
related withff and is a better explanatory variable in cascadehes versus step-pool
reaches. The cascade reaches have higher vayiabilhe amount of wood in each
reach and where the wood is located, which maywaddor the better relationship
between the wood load affd The step-pool reaches all have a large amounbofl,
except for ESL4 and FC1, and most of that woodusd in the steps. The wood load in

these reaches mainly represents the size of the,stdich is better representedRyH.
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There was not a significant difference in the aitity in ff between channel types
holding& constant (Model 11), signifying that grain, forndaspill resistance may vary
based on the channel type, but that tfitaairies in predictable ways wit and flow,
despite the differences between step-pool and daseaches. The differences between
individual reaches may be more significant thandifferences between channel types.
Also, channel type was found to only be significantegression models that includggd
and did not include wood, suggesting that charyps tannot be used as a proxySer
Gradient,Ry/Dg4, andff overlap for the cascade and step-pool reacheaubesome of
these reaches overlap in characteristics. Sortteeafascade reaches have steps and
pools, which may indicate that these reaches ansittonal between step-pool and
cascades rather than distinct cascading reachespit® similarities, Table 4 indicates
that different control variables explain a gregeaportion of the variability in step-pool
versus cascade reaches.

4.5.2 Relative grain submergence, dimensionless unit discharge, standard
deviation of bed elevation, relative step submergence and Darcy-Weislbac
Friction Factor
Relative grain submergence is a measure that isncoly equated with grain

resistance in a channé&Vjlcox et al, 2006]. | found thaR,/Dg,4 correlated positively with

(8/)°>, meaning that at high values &/Dg,, ff is at its lowest value in the channel.

There is significant correlation between theseakes, but the low adjustedR0.16)

indicates that the proportion of variability expled by the relationship is minimal. The

use ofRy/Dg4 in equations to estimate both the friction ancbery in a stream is based

on turbulent boundary layer theory, where the fiswffected by the friction at the
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boundary of the channel and varies with distanoe fthe boundaryHathurst 1993].
Many relations were developed that equR{®sg,to ff for lower gradient channels using
either the logarithmic law of the wall or an emgatli power-law equatiorkleulegan
1938;Bathurst 1993, 2002Katul et al, 2002]. Comiti et al.[2007], along with others
[Wiberg and Smith1991;Ferguson 2007], also found that for large-scale roughness,
which was defined a&,/Dg4 < 1.8, resistance equations based on the appoddch law
of the wall may be invalid. Most of the reacheshis study remain within the range of
large-scale roughness, therefore the ud/@fs, may be inappropriate for these reaches.
Lee and Fergusof2002] concluded that a power law gives the bésthien the
roughness heighkg, is estimated by the sté&p;, rather than a reach-average grain size.
The use of a reach-average grain size in this papgrbe another explanation for the
poor correlation betweeR,/Dg4 andff, particularly in the step-pool reaches (Table 4)
Baiamonte and Ferr§l997] showed that a scale parameter, size disioib parameter
and particle arrangement parameter should be ogethier to more appropriately
account for coarser bed elements. More work neebs tlone to determine if any of
these parameters would be appropriate for repriegegtain resistance in these reaches.
The relationship between {B/°> andR,/Dg, has a lot of scatter at all flows, but the
largest error is in the prediction of {8 for FC1 and FC2 at the August 2007 low flow
(Figure 11b).Ferguson[2007] showed that equations split between shaflows and
deep flows were the best predictors of velocitihalgh all submergence-based
equations had a high error in predicting the v&§ogarticularly at lower flowsR/Dg4 <
1). Bathurst [2002] found that the relationshipaEen (81)%° andR./Dss changed with

S. Model 4a (Table 3) shows that including bBtfDg, andSy together improves the
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regression, but the low adjusted-Rdicates that other combination of variables are
needed to explain a greater proportion of the Wi in (8/f)°>.

A model withR./Dg,4 is greatly improved by including wood load (Modél) 4
instead of channel type, suggesting that wood isadbetter predictor than channel type
(Model 4a). Wood is related to both form drag aundividual pieces and spill
resistance over step&yirran and Wohl2003]. The majority of the wood found in both
channel types is located in the steps, creatingtarrelationship between wood load and
bed morphology. There is also a slight positivatrenship between wood load afgl
(Figure 12), which is described in Section 4.5.1d&lata indicates th&,/Dg, is a poor
surrogate for flow (Figure 11b), but inclusion ofvaod parameter accounts for a much
larger proportion of the variability in total floresistanceBuffington and Montgomery
[1999] found that pool-riffle and plane-bed reacivih increased wood caused
increased hydraulic roughness and textural finiiip@ particle-size distribution. In the
current study, no significant relationship was foloetween wood load aridk,.

However, the reaches with the largest wood loa8%,2Fand FC3, have the smallest
particle size in both basins. The interrelatiopdtetween wood load, particle size &d
may account for the difficulty in describing theriadility in ESL2 and FC3. Localized
fining was also noted behind some of the largerdvsteps in ESL1, ESL8, ESL9 and
FC4, but these localized areas were not large dntmugoticeably influence the reach-
average values. The same effect of localizeddimas not observed upstream of
boulder steps. The wood load represents both &manspill resistance and together with

R./Dg4 the grain resistance is encompassed in the mailtggression.
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Figure 12: Wood load versuss, for step-pool and cascade channel types. Reachesval are linearly
correlated with S, except for ESL2.

Comiti et al.[2007], Aberle and Smaif2003], andRickenmani1991] proposed
using dimensionless unit dischargg) (in place ofRy/Ds. for steep gradient streams.
This approach was initially developed to relgtevith a dimensionless velocity (=
V/(gDs4)®?), but in this study, as well as the studyGymiti et al.[2007], it is used to
understand the variability iif. Model 9 (Table 3) demonstrates that this paramete
explains a greater proportion of the variabilityffithan eitheR,/Dg4 0r . Ferguson
[2007] also found thai has the lowest error for predicting velocity ireach. Figure
11c and Figure 11d demonstrate that includjngas a similar effect in predictirifjas
including a categorical variable for flow perioHeteforeq is effectively representing
the changes in roughness that occur as flow inesealdnfortunately, this parameter is
only useful if theQ is already known an¥ is being predicted. If bot® andV need to

be predicted, some other measure of the effedbwfvariation should be considered.
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Another measure of bed roughnd’gs,.q Was proposed b&berle and Smart
[2003] to be a more appropriate measure of thelmoesgs structure in a steep gradient
channel than the grain siz&berle and Smaif2003] argued that beds armored with the
same mean grain diameter may have a completebreift roughness structure.
Baiamonte and Ferr§l997] also showed the importance of the spatialrgement of
particles. Therefore, thggeqis used as a measure of the roughness strudtused a
similar methodology a€omiti et al.[2007] by regressing the two grain size parameters
(Ds4, Dso) ands,eq against velocity to determine which variable expdaa greater
proportion of the variability in velocity. Theseughness parameters are all on the same
order of magnitude as the water depth, thereforh esaexpected to have some
relationship withff. The most significant relationship was betwBgpand velocity.
There was no significant relationship betwsggand velocity, althougRy/s,eqwas
found to be a better measure for predicting flosisance thaf/Dgs or q (Table 3,
Models 4a, 6 and 9). Some spurious correlatiorst eetweerr, andff, sinceR; is used
in the calculation off, but that does not account for the high atljalRen relatindR/Soeq
to ff. AlthoughRy/s,eqis a significant variable and may be a preferradable for
developing an equation to predittthe physical significance of this relationship is
unclear sinc&,eqwas not found to be related¥oThe lack of correlation betweegq
andV may be because the measurement spacing was notvrerough (~15 to 20 cm).
Also, s,eqgrepresents the standard deviation of the bed tdevalong the thalweg and not

over the entire bedChurch and Zimmermaj2007] suggest that tlsg.q does not
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adequately describe how velocity may vary oveep-giool reach during lower flows.
The poor correlation betweag.qandff agrees wittComiti et al.’s[2007] analysis of
high gradient channels.

The multiple regressions in Table 4 indicate thgtesmter proportion of the
variability can be explained by including relatstep submergenc&{H) in step-pool
reaches and relative grain submergef#Dg,) in cascade reachesgf cannot be used.
These results suggest that, despite similaritiésand everg, the types of resistance
(i.e., grain, form, or spill) are sufficiently défent in these two channel types that other
control variables should be considered when attempod predicty. Comiti et al.[2009]
found in a flume study of step-pool channels thmatrder to predict total flow resistance,
there must be some differentiation between lowlagh flows or, in the step-pool
reaches, between nappe and skimming flows. Thetsesf the regression analysis in the
present study support that conclusion (TableR3JH can be a measure of flow regime;
as steps become more submerged, the flow will nfrove nappe to skimming flow.
Wood load is not used in a model wRhH because the two variables are interrelated
since wood load is related to step height.

Jarrett[1984] found tha&, is a better parameter thRyDg4 for predictingff in
high gradient channels. The results of the presteialy indicate that both relationships
are significant, but neither works better thandtteer, although a more appropriate flow
parameterd , flow period) and wood load can be coupled v@for an improved model.
4.5.3 Channel type and friction factor

A significant difference in totdf exists between the plane-bed reach and both

step-pool and cascade channel types (Figure Sy @ plane-bed reach is used in this

74



study and although it is significantly differentifn the two other channel types, more
work needs to be done to determine if this reagh@piately represents all plane-bed
reaches. The step-pool and cascade reaches wdorind to have significantly different
means. The step-pool and cascade channel typesowigrfound to be significantly
different while holding botl& constant together with a flow variable (Table 3).
Although cascade and step-pool channel types mayivderms ofS, andDg,, the
values of totaff are high for both of these channel types in tlégle-gradient streams.
The greatest variability between channel typebesype of flow resistance that
dominates and therefore the parameters that bpktiexhe variability irff differ.
R./Dgsbetter explains the variability iffiin cascade reaches versus step-pool reaches
(Figure 9 and Table 4). Many other researchers hated the lack of correlation
betweerR,/Dg4 andff in step-pool stream#perle and Smay2003;Church and
Zimmerman2007;Comiti et al, 2007;Wohl and Merritf 2008]. The correlation
betweerR,/Dg4 andff in the cascade reachesy indicate that grain roughness dominates
in these reaches, leading to the closer correlatina variable that includes the grain
size. Wood load is also a significant source ofality in these cascade reaches and
together with another grain submergence variapleexplains the largest proportion of
variability (Table 4, Model 15). Model 15 shows tfata givenq', wood load increases
with ff. Therefore, form resistance is still a significaource of resistance in these
cascade reaches.

Form and spill resistance most likely dominatehia $tep-pool reache€irran
and Woh| 2003;Church and Zimmermar2007;Ferguson 2007;Comiti et al.,2009],

thereforeR,/Dg4 is not appropriate for describing the variabiliyff in this channel type.
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Despite the dominance of form and spill resistaaadifferent form of grain roughness,
q, does work for step-pool reaches (Model 19). foelels that explain the greatest
proportion of variability irff in step-pool reaches are the ones with eféhé orq

(Table 4, Model 17 and 19R/H represents spill resistance over steps by repliagent
the height that the water falls over each stepggémavalues oR,/H mean that steps are
becoming more submerged and the drop from theliptép the pool is reduced, causing
a reduction in the contribution of spill resistamnceotal flow resistanceJomiti et al.,
2009]. Skimming flow occurred over a proportiortlé steps in each reach during high
flows, causing a reduction in spill resistance frinse steps. Form and grain resistance
would then begin to dominate at higher flowzmiti et al, 2009]. Wood load does not
greatly improve the explanatory power of any of skep-pool models (Table 4, Model 16
and 18). The high correlation between wood loati®nn step-pool reaches mean that
when$ is included in a regression, it also representsdioad. Therefore, the
regressions witlf andRy/H orq better explain the variability in step-pool reastiean
the regressions that include wood load (Table 4).

The step steepnedd/() is positively related t& through a power function,
meaning that aS increases thel increases in relation lo,. H/Lsrepresents the three
distinct sections that make up a step-pool chamvtetye velocity varies from critical to
supercritical to subcritical: the step lip, the p@nd the run. Flow over the step lip is
critical right before the water plunges into th@bpoln the pool, there is a sharp velocity
reduction as water goes from supercritical to gtibat [Leopold et al.1964].

Therefore, pools are dominated by hydraulic jump$eake turbulencéfohl and

Thompson2000;Church and Zimmermar2007]. The greatest amount of energy is
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dissipated as flow plunges over the steps and eletek in the pooldNohl and
Thompson2000]. The runs, also known as the step treadgharareas just upstream of
the step. Flow accelerates through the runs astdgiit plunges over the step lips,
reducing turbulence in these sectioltgohl and Thompsdi2000] concluded that the
higher average velocities in the runs means trahgesistance is not as effective an
energy dissipater as form drag around the stepsvakd-generated turbulence in the
pools. The relationship betwe&nandH/Ls means that at higher gradients there are
steeper steps with shorter runs and thus a hidgéeateon difference between the step lip
and the pool. Therefore, more energy may be dissiday the steps at these higher
gradients. In Model 18 the steepness fafitidks)/Swas not found to be significantly
related tdf in step-pool reaches, but wood loBJH andS, were both significant and
both are related to step geometry. No significalgtionship was found betweérand
individual step geometry variablded,(Ls, andH/Ly). These results suppd&urran and
Wohl's[2003] conclusion that step geometry may not bagpropriate measure for
estimatingff. ConverselyRy/H is significant in step-pool reaches, despite #uk bf
significance oH and, just likeRy/s,eq May still be an important variable when
considering developing a predictive equation irhfggadient channel&urthermore, the
regression results support the idea that eachesttbontrol variables represents a
different form of resistance in these reaches.réfoee, ifQ is unknown, thefff and
subsequently can be better approximated ByDg,4 in cascade reaches aRgH in

step-pool reaches.
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4.5.4 Other sources of variability

Bathurst[1985] noted that at-a-site variability fwas much greater than between-
site variability for his data. Figure 6 shows thege differences in at-a-site and between-
site variability in (87)°* for each channel type and in each drainage bagiere are
many other sources of variability in these chantteds are not accounted for with the
simple parameters tested in the above regresskmsinstance, expansions and
contractions of the channel banks can be an impiostaurce of resistancBéathurst
1985;Kean and SmitiR006]. The purpose of the above analysis wasitbdimple
reach-average variables that may eventually be tasdelvelop a predictive equation for
high-gradient streams, but these other sourcearadhility will be explored further in
subsequent analyses.
4.6 Conclusion

Past work suggests that gradient and dischargi@mominant controls difiin

steep mountain stream&, coupled with one or two other explanatory variaptgeatly
improved the proportion of variability explainedany model. It is important to
understand how is related tdf and other stream characteristics, since thisneic
that can be used to remotely predict these chaistats, as the resolution of remote data
improves with time\lWohl et al.,2007]. Further work needs to be completed to eup
the results of these regressions with developmieatpoedictive equation for high
gradient channels. The regression analysis supfh@tsonclusions d€omiti et al.

[2009] developed from a flume study on step-poa@lrstels, in that a parameter that
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represents the flow regime needs to be includeth®best predictive models fbf Both
q and flow period coupled witf had the greatest explanatory power and would most
likely have the best predictive capabilities.

The different forms of resistance that dominateanh channel type were
mirrored by the different independent variableg thare significant in the regressions for
each channel type. Ti/Dgs was thought to be an appropriate measure of beth t
variation in flow and the roughness created bydaggains in a channel and was found to
be a more appropriate measure of explaining thialty in total flow resistance in
cascade reaches. A more appropriate relative sig@mes control variable in step-pool
reaches i®/H. The significance oR,/Dg,4 in cascade reaches is most likely related to
the dominance of grain resistance in these reaalfesead’/H better represents spill
and form resistance in step-pool reaches.

Wood load is also a significant explanatory vdeaparticularly when combined
with § and flow period og’. There is some correlation between wood loadSnout
overall the variable wood load seems to represetft form drag and spill resistance that
is related to the amount of wood in each re&lrfan and Wohl2003;Comiti et al.,
2008]. The total wood load explains more of theaklity in ff in cascade reaches, most
likely because there is much larger variation irod/toad in these reaches versus step-
pool reaches.

Channel type is a significant explanatory variaiéy if flow period,q , andS
are held constant in the regression. Therefoneaudicular flows andy there are
significant differences between step-pool and aescaaches. The overall values of

total ff in step-pool reaches were higher than in casczatehes for a give® and flow
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period. The plane-bed reach was consistentlyreifiiefrom all other channel types.
These differences suggest that each channel typenesl to be accounted for separately
when developing equations to predict The interrelationship betwe&, Dgs, H/L,

wood load and channel type means thahay be used to remotely determine channel
features. Further work should be done to consfd®parate resistance equations could
then be applied to those channel types, deternfinedremote data.

Returning to the original, most general hypoth#sas predictable patterns of
relative magnitude of total resistance exist thtaug a channel network and that simple
variables such as gradient can be used to prédisetpatterns, | conclude that gradient is
a useful predictor of spatial variations in flovgistance at a given time (i.e., when flow
varies only spatially as a function of drainageaar&patial and temporal variations in

resistance are more effectively predicted by coibigradient withg” or flow period.
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CHAPTER 5 CONTROLS ON AT-A-STATION HYDRAULIC GEOMETRY
RELATIONSHIPS IN STEEP HEADWATER STREAMS
5.1 Abstract
At-a-station hydraulic geometry can be used to owprour understanding of the

relationship between flow resistance and variationgelocity, width and depth with
discharge. Detailed hydraulic measurements wegerimanine step-pool reaches, five
cascade reaches, and one plane-bed reach in Ergssimental Forest, Colorado.
Water surface, bed and velocity measurements veer@ucted at four different stages in
each reach using a laser theodolite, LIDAR (Ligktéztion and Ranging), and
Rhodamine WT dye tracer. Average values for at#iest hydraulic geometry
exponentsm (0.49),f (0.39), and(0.16), were well within the range found by other
researchers working in steep gradient channelBrircipal Component Analysis (PCA)
is used to compare the combined variations irhadled exponents against five potential
control variables: wood)gs, grain size distributionos{), coefficient of variation of pool
volume, average roughness area (projected wetta) and bed gradient. The gradient
and average roughness area were found to be smmiiy related to the PCA Axis
scores, indicating that both driving and resistmges influence the rates of change of
velocity, depth and width changes with dischargarther analysis of the exponents
showed that reaches with> b + f are most likely dominated by grain resistance and

reaches below this value are dominated by fornstasce.
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5.2 Introduction

At-a-station hydraulic geometry (AHG) characterihesv changes in discharge
affect specific hydraulic variables such as widlpth, velocity and frictionLeopold
and MaddocK1953] first coined the term “hydraulic geometty’describe systematic

changes both downstream and at a cross-secti@abbr of the above hydraulic

variables. They proposed three power relatiorgeszribe how Widt|’(W: aQb), depth

(d =cQ' ) and velocity(v= ka) vary with discharge both downstream and at a given
cross-section in a channel, wh€es dischargey is water-surface widthd is mean

depth; and/ is velocity. These power relations are boundhgydontinuity equation

(Q = de), indicating that the coefficients ¢, andk have a product equal to one and the

exponentd, f, andm sum to onelLeopold and MaddocK.953] found that the rates of
width, depth and velocity changes with dischargeewelated to the shape of the
channel, the slope of the water surface, and thghmoess of the wetted perimeter. They
also found the sediment load to be an importantroban the rates of change of both
velocity and depthljeopold and MaddogKL953].

Subsequent investigators have confirmed that gessenal shape and flow
resistance are significant in determining how wialtidl velocity vary with depth
[Knighton 1974, 1975Richards 1976;Ferguson 1986;Ridenour and Giardinol995;
Wohl 2007]. Ferguson1986] showed that depth would increase faster tidth in a
rectangular channel, but in a more triangular celnidth may increase faster than
depth. The variation in velocity with depth isateld to the frictional characteristics of

the channel. In a channel where increasing floptldguickly drowns out the effects of
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roughness elements, velocity would increase quiekily depth. Knighton[1975]
proposed that a channel dominated by grain resistaould have the highest rates of
decrease in resistance as discharge increases.

Park [1977] found that a wide range of the three hylicageometry exponents
exists throughout the world, which suggests thelieean improved understanding of
the sources of variation. Other controls on atagéien values that have been identified
include differences between braided, meanderind) stnaight reache&highton 1975;
Ferguson 1986]; differences based on bank compositiimighton 1974]; variations
between pool and riffle sectionsrjighton 1975;Richards 1976]; and differences based
on irregularities in resistance in relation to stfigichards 1976;Ferguson 1986].
Ferguson[1986] also noted that at-a-station hydraulic getgnmay vary over the course
of a flood cycle as both scour and fill occur dgrthis time period.

The use of power relations in hydraulic geometiyased on empirical evidence
and does not have a solid foundation in theBark, 1977;Richards 1973;Ferguson
1986]. Further work has been done using extremabtineses to develop a theoretical
framework for predicting AHG valuet§ngbein 1964;Huang and Nansqr2000; Singh
and Zhang, 2008a]Langbein[1964] proposed the minimum variance hypothesis in
which the most probable state is found by miningime variance of the dependent
variables (width, depth, and velocityjluang and Nansof2000] proposed combining
the maximum sediment transporting capadityKby, 1977;White et al. 1982],
minimum unit stream powelpng 1976] and minimum stream pow&Hang 1980]
into the principle of least action to describe atelradjustment in alluvial riversSingh

and Zhand2008a] took the concepts of minimum energy desgm rate and the
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principle of maximum entropy to derive AHG valu&singh and Zhanf2008a] propose

a weighting factor to represent the unequal distidm of stream power among the
variables width, depth, velocity, roughness ange|avhich all adjust with increasing
discharge. In alluvial rivers, they found that tienge in stream power is most often
accomplished with a change in width and flow deptid to a lesser extent the change in
roughness$ingh and Zhan@008b]. Although these extremal hypothesesrapoitant

in the attempts to predict AHG, the objective a$thaper is to describe and understand
differences in AHG among reaches and not to preéldectictual values.

Ferguson1986], Lawrence[2007] andSingh and Zhanf2008b] all emphasize
the importance of the change in depth and charnaglesin their analyses of AHGsingh
and Zhand2008b] describe a channel shape faatdpm(hich is most sensitive fav.d <
10. If w:d > 10, then channels can be approximated as rade@mgached-erguson
[1986] points out that the shape of the channel,tharefore the rate of change of width
and depth with discharge, is largely controlledhwy last flood. This may be particularly
true in higher gradient streams where the bedaranered and the channel form is
thought to have developed during large eve@tafit et al, 1990;Church and
Zimmerman2007]. Ferguson[1986] argues that width, depth and velocity witly
vary with discharge as power laws if width variaghvdepth and velocity varies with
depth as power laws. In AHG the rate of changmedn velocity with water depth is
controlled by hydraulic laws and frictional chaexgdtics, which may not follow power-
law trends Ferguson 1986]. Fergusonconcludes that the wide scatter in AHG is related
to the wide variety of channel shapes and fricti@eharacteristicsLawrence2007]

further support&erguson’g1986] work by showing that an exponent whicheefs
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cross-section form (r) and depth in a hydrauliatieh drives the values for the AHG
exponents.Lawrence[2007] concludes that the values of the coeffitsetepend on a
combination of the physical characteristics ofghetion including width, depth,

hydraulic conductance and energy slope. Otheasstal models have been proposed for
representing AHG including a log-quadratic modichards 1973]and piecewise linear
regression approacBates 1990], but neither of these is as widely usethagpower law
relations. Unfortunately, statistical models angited by the range of data used, and
cannot often be extended outside that range. Bedmse drawbacks, these models can
be used to further understand differences in AH@esand to find previously
unrecognized relationships between variabRisoads 1992].

Few studies have reported AHG values for steep tagunhannelsllee and
Ferguson 2002;Reid 2005;Comiti et al, 2007]. A better understanding of at-a-station
changes in each of the above hydraulic variablesmarove our understanding of the
sources and magnitude of hydraulic roughness setbbannels, which tend to have
values of flow resistance, as reflected in Mannimys Darcy-Weisbacff, that are
much higher than values for channel reaches wabignt < 1% Jarrett, 1984;Bathurst
1985, 1993].

Steep mountain channels are divided into cascéglep®ol and plane-bed
channel morphologieMontgomery and Buffingtori997]. Cascade morphologies are
characterized by tumbling flow over individual ramaly arranged clasts and form3t>
0.06 m/m (wher& is bed gradient). Step-pools have a consisteptastd pool
morphology (0.03 & < 0.10 m/m) and plane-bed channels (0.(& < 0.03) have no

distinctive variations in the befontgomery and Buffingtori997]. Many at-a-station
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studies have focused on lower gradient pool-rgftannels, which have significantly
different hydraulic relations between pools anfla¥f [Richards 1976]. Few studies have
focused specifically on differences between cascstép-pool and plane-bed reaches,
which might be expected to exhibit differencesthia-atation relations because of the

differences in channel configuration and primaryrse of roughness.
The relationship between resistance and s(zﬁfge oQX) is also important in

understanding how width, depth and velocity varthvgitage.Leopold et al[1960]
showed that resistance may not vary continuoudly discharge Knighton[1974] and
Richards[1976] suggest that the sources of resistanceimaay irregular cross-section
as point bars and island deposits are inundatddimgteasing discharge. Others have
reported inflection points in data: as flow incremand water begins to spill over bars
[Hogan and Church1989]; where the bed begins to mobilikaighton 1998;Hickin,
1995]; and when larger grains are submerged, daog#ow resistancel{nighton
1998;Bathurst 1982]. Wohl[2007] found a decreased rate of change in vel@eid
water-surface gradient at higher discharges incpifle channel and surmised that the
inflection point reflected a transition from decsigy grain roughness to increasing form
roughness. Therefore, resistance does not netgssay as a power relationship with
discharge.

Sources of resistance in step-pool and cascadkagawclude wood, individual
grains, and the channel form. Resistance in tbleaenels is most often subdivided into
spill, form and grain resistanceédrguson 2007;Wilcox and WohI2006]. Spill
resistance is created from sharp flow transitiafaav plunges over steps or from wave

drag over elements protruding above the water sarf&rain resistance is from skin
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friction and form drag around individual grainsorfa resistance is created from dunes,
steps and bars in the channélilcox and WohI2006]. Each of these types of resistance
varies as discharge varies in a reach. At higbersf, protruding grains occupy a smaller
proportion of the total flow depth and form resmta may become the dominant type of
resistance. Spill resistance is significant ahbotv flows, when the step heights are the
largest, and high flows, when larger waves causatgr energy dissipatio@fmiti et al,
2009;Church and Zimmermar2007]. Resistance associated with wood can tie bo
from grain resistance around individual logs aminfoesistance around larger log jams
and steps. Wood in the channels may also be ineddda different flow levels, causing
the amount of resistance associated with the woeany with discharge. Therefore, the
rate of change of resistance depends on the wepth dnd the different forms of
resistance at that cross-sectigmighton 1975]. Changes in width, depth and velocity at
a cross section are intertwined with these vamatio resistance; therefore, examining
at-a-station hydraulic geometry is essential toanstnding the interactions between all
five variables (wood load, sediment size, pool,sizadient, roughness area (Figure 13))

and flow.
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Figure 13: Example of a rough cross-section and splified cross-section for ESL2. The shaded area
is the roughness area, used in the statistical aryais.
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Ridenour and Giarding1991] proposed that because hydraulic geometiy @&
unit-sum constrained, they should be analyzedasrosition in order to understand
how other parameters such as wood influence thdédicw@u variations in the three
hydraulic geometry exponents. Compositional degbast represented by ternary
diagrams, which were simultaneously introducedPbyk [1977] andRhoded1977].
The exponentd, f, andm are all dependent on each other, thereRidenour and
Giardino [1991] argue that they should be analyzed simatiasly. Therefore, | use
principal component analysis to describe the coetbnates of change of width, depth
and velocity for each segment of channel, and hus@xis scores in a multiple regression
analysis to better understand what influences énability in these exponents.

Another method of understanding the simultaneougabitity in the hydraulic
exponents is by analyzing the ternary diagraRkodeg41977] proposed five
subdivisions of the diagram which represented wad#jth ratio I =f), competencen( =
f), Froude numbemg =f /2), velocity-cross-sectional area rati € b +f), and slope-
roughness rationg = 2/3f). The latter two subdivisions are related toDiaecy-
Weisbach friction factorff) and Manning equatiom), respectively.Rhodes[1977] five
divisions delineated ten areas in the diagram whach point plotted in similar areas
would experience similar responses to changessthdrge.Park[1977], on the other
hand, found a large range of AHG values over vargiimatic regions.Park[1977]
concluded that local controls may have a largduamice on AHG values than climatic
controls.

The objectives of this study are to 1) report-atation values for cascading, step-

pool and plane-bed reaches and determine whethier #ne significantly different values
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for cascade versus step-pool reaches (plane-badatatled in statistical comparison
since sample size = 1); and 2) explore what infbesrthe variability in the rate of change
of width, depth and velocity with discharge. Thebgectives can be separated into two
hypotheses: i) there is a significant differencenveen hydraulic geometry exponents for
cascade versus step-pool reaches; and ii) thebileisian the hydraulic geometry
exponents are significantly related to the follogvpotential control variables: bed
gradient, channel roughness, wood, and pools. AH® for the single plane-bed reach
is used for comparison with data collected frormptaed reaches in British Columbia
[Reid 2005].
5.3 Statistical Methods

A Principal Component Analysis (PCA) was used in tialiate Statistical
Package (MVSP)Hovach Computing Syste@002]. Principal Component Analysis
(PCA) is an ordination technique that rearrangeditita into a smaller set of composite
variables McCune and Grage2002]. This method uses an orthogonal linear
transformation of the data, in which the greatestation in the data lies on the first axis,
or principal component. Each principal componeimimizes the total residual sum of
squares of the eigenvector (taken from the coveeamatrix), after passing through the
means of the eigenvalues. The greatest amountiatioa in the data set is found in the
first few principal component$/cCune and Grage2002].

A best subsets regression was performed usingrtigggon R R Core
Development Tean2007;Kutner et al, 2005] to determine which independent variables
best explained the variability in hydraulic expotgenThe roughness area, gradient,

coefficient of variation of the pool volume (CVP®9) pool volume/m of reach, wood
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volume/nt of reach Dg,, bed material size distribution)(and standard deviation of bed
elevation (Table 5) were all regressed againsPtbA Axis 1 scores in a best subsets
regressionA best subsets was also used in a regressiondondlividual exponents and
each of the above explanatory variables, to expldrether the same explanatory
variables are significantly related to individuapenents. A Tukey HSD method was
used to test for significant differences betweemamsan the ANOVAs comparing the
exponents for step-pool versus cascade reachesTukey HSD method adjusts for
differences in sample sizes, so appropriate cormasican be made between meé&hs |
Core Development Tear2007].

Ternary diagrams are used as a means of compaerexponentsn, f, b for
each reach and each channel type. The AHG vabweslfin this study are compared
against the AHG values found Beid’s[2005] study on streams in British Columbia.
All three AHG exponents are interrelated, theretbeeternary diagram has been found
to be a useful format for investigating simultangeeariations in the exponent3drk,
1977;Rhodes1977]. The sum of the exponents do not equafana majority of the
reaches, therefore the values were equally adjsstelat all reaches could be plotted on
the diagram.

Roughness area was calculated using a macro in 84éitrexcel. For each cross-
section during each flow period, a simplified, oraothed, cross-section was created by
finding the maximum slope between points in thessreection (Figure 13). The macro
was then used to find the area between the smoothed section and the rough cross

section by subtracting the cross-sectional area tree simplified cross-sectional area.
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Table 5: Summary table showing significant reach aaraged values for each reach.

Avg. CV of Avg. cv W t
* . + ood Pool CV~ of Pool

Reach Channel Type Q Gradient Dg; o Ri/Dgs Roxg:gess Roughness Volume/Area Volume/Area Volume

(mfs) (m/m) (m) () (mm?) (m¥m?)
ESL1 step-pool 0.34 0.09 0.16 0.51 0.36 0.51 0.80 .0051 0.27 0.06
ESL2 step-pool 0.37 0.09 0.07 0.85 0.19 0.37 0.62 .0169 0.22 0.35
ESL3 cascade 0.40 0.13 0.13 0.34 0.12 0.77 0.56 018.0 0.05 0.33
ESL4 step-pool 0.38 0.12 0.17 0.39 0.20 0.33 0.90 .00y 0.22 0.28
ESL5 cascade 0.39 0.14 0.14 0.45 0.21 0.52 0.86 098.0 0.09 0.31
ESL6 plane-bed 0.88 0.02 0.09 0.65 0.24 0.11 0.56 .0028 - --
ESL7 cascade 0.41 0.09 0.17 0.33 0.23 0.29 0.65 080.0 - -
ESL8 step-pool 0.36 0.09 0.17 0.39 0.16 0.37 0.88 .0118 0.13 0.07
ESL9 step-pool 0.33 0.11 0.15 0.40 0.16 0.37 0.72 .008Y 0.24 0.10
FC1 step-pool 0.12 0.06 0.08 0.43 0.39 0.07 0.72 ooar. 0.09 0.28
FC2 step-pool 0.10 0.07 0.08 0.43 0.43 0.08 0.67 002® 0.12 0.59
FC3 step-pool 0.09 0.09 0.05 0.70 0.41 0.15 0.86 009m 0.08 0.89
FC4 step-pool 0.13 0.13 0.10 0.30 0.37 0.21 0.67 0033 0.12 0.37
FC5 cascade 0.04 0.16 0.09 0.48 0.38 0.06 111 79.00 0.03 0.14
FC6 cascade 0.04 0.18 0.09 0.26 0.35 0.06 0.92 06.00 0.04 0.29

" ESL = East St. Louis Creek and FC = Fool Creek,JEshd FC1 are both the furthest downstream readtESL9 and FC6 are the furthest upstream
o= logDs4/Dsg) = bed material size distribution
* CV = coefficient of variatiot



5.4 Results

At-a-station hydraulic geometry is not significandifferent among step-pool,
cascade and plane-bed reaches at East St. Louoah@reeks (Figure 14, Figure 15,
Figure 16, and Table 6). These results do not@ipipe hypothesis that there is a
significant difference in hydraulic exponents fascade and step-pool reaches. For all
reaches except two, the at-a-station values shaimth f > b (Table 6 and Figure 16).
Therefore, the rate of change of velocity with dege is greater than the rate of change
of width or depth. The mean values of 0.49rp0.35 forf and 0.16 fob are within the
mean and range found IBomiti et al.[2007] and other researchetegf and Fergusgn
2002;Bathurst 1993] who have studied step-pool and cascadisigs)ys. The at-a-
station values are significantly related to avenayghness area and the bed gradient in
each reach (Table 7), supporting the second hypistkieat channel roughness and bed
gradient explain the variability in at-a-statiodues. A more detailed presentation of the
results follows in three sections: i) a summaryhef at-a-station values found in these
reaches; ii) channel type versus at-a-station lwdrgeometry; and iii) controls on at-a-

station hydraulic geometry.
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5.4.1 Summary of At-A-Station Hydraulic Geometry

The mean values of each of the exponents are 6r48, 0.35 forf and for 0.16
for b (Table 6). All exponents were significant at the 0.05 level except for tHevalue
in FC6. All regressions were significant at the 0.05 level, but some of the intercepts
were not significant. Most likely the lack of sifjpance of some of the coefficients is
related to the low degrees of freedom in each ssgpa. Because of the lack of
significance of many of the coefficients, theseauweot analyzed separately. Despite the
low degrees of freedom, the coefficient of deteation is high for almost all the
regressions, indicating a good fit of the data (Fegl4 and Figure 15). In most cases
+f + b does not equal 1, but this is most likely an actifsf using average reach cross-
sections rather than individual cross-sectiongHeranalysis.

The mean, standard deviation and range of values &ye similar to the values
found for step-pool and cascade reaches in th&€Brdon Comiti et al, 2007] and other
step-pool and cascade streainsd and Fergusqr2002;Bathurst 1993]. The range of
values found in Colorado was also similar to thegeafound by Reid (2005) for lower
gradient step-pool, cascade and plane-bed reacligrtish Columbia (Figure 16a),
although there was a larger amount of scatter id’'®data and the means differed £
0.51,f = 0.29,b = 0.20).

Differences in the rate of change of depth andhwdth discharge may be
related to differences in channel shape and rowgghnEor ESL2, ESL6, FC1, FC4, FC5,
and FC6mis greater thab + f, indicating that the velocity is increasing fagtean the

flow area in these reaches. The width exponentfigrthat there is not a large variation
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in width between low and high flows for a majoritfthe reaches despite changes in
some reaches because of bank undercutting.

The at-a-station values indicate that for a majasftthe reaches > f > b.
Therefore, the velocity increases faster with dasgh than does depth, and depth
increases faster than width for all reaches exe&h3 (b > m>f) and ESL7 (> m>Db).
ESL3 is the only reach that has a width:depth &b increases with discharge (Table
6). The shape of the channel is very differentnfthe other reaches because of a bar the
length of the reach which has large boulders aeth seame herbaceous vegetation that
splits the flow. The left bank of this reach is@ahoticeably steep and unstable, with
most of the wood being input from this bank. Aargasing width:depth ratio with
discharge means that the flow is primarily accomated by an increase in width rather
than an increase in depth in this reach.

All reaches except ESL7 hawe> f, which can be interpreted as increasing
stream competence with increasing dischaRjefes1977;Reid 2005]. However, this
subdivision is related to low-gradient streams does not account for bed armoring in
these higher gradient channels. ESL7 is the adgh that has depth increasing faster
with discharge than velocity. The increase in depay be related to increased
roughness from wood as discharge increases imgach. Much of the roughness
associated with wood in this reach is from overlagpgranches that become submerged
at higher flows. The channel shape in this readlso different from the other reaches,
with nearly vertical banks on both sides that eckastage changes with increasing

discharge.
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Table 6: Summary table showing the power relationsps betweenQ vs.w (Wz aQb) ,Qvs.d (d = CQf ) Qvs.v (V = ka), and Q vs.ff

(ff = OQX). The minimum and maximum values ofwv:d, ff, and R,/Dg, that were found over the four flow periods of measrement. The

number of cross-sections used to determine averagalues for width and depth are also shown. The nuber of cross-sections varied based on
reach lengths. For all the measured values from eh flow period see Appendix A.

Width” Depth Velocity Friction Factor No. of
Reach Channel Type a b RP ¢ f R?  k m R o X RZ wd  ff Rn/Dgs  Cross-
Sections

843 423 162
ESL1 step-pool 3.13 0.16 0.99 042 0.39 0.99 0.76 0.45 0.99 3.98 -0.53 0.90 1403 1632 075 27

995 435 351
ESL2 step-pool 3.33 0.12 0.97 0.35 0.29 0.98 0.26 0.56 0.98 2.64 -0.82 0.95 13.71 1684 218 18

1554 3.75 1.39
ESL3 cascade 430 0.31 098 0.25 0.18 0.99 0.86 0.44 0.99 3.00 -0.62 0.98 1334 915 107 13

8.22 517 152
ESL4 step-pool 3.04 0.15 0.99 0.40 0.37 0.97 0.15 0.49 098 4.09 -0.62 0.98 11.07 1315 0.99 15

13.40 10.66 1.66
ESL5 cascade 437 0.16 0.99 036 0.37 099 0.66 0.49 0.98 7.80 -0.53 0.94 1826 22.85 1.03 16

9.88 0.10 3.04
ESL6 plane-bed 2.86 0.05 0.96 0.27 0.24 0.99 1.33 0.69 0.99 0.20 -1.22 0.96 1599 131 175 9

9.32 334 145
ESL7 cascade 324 0.15 0.96 0.38 044 0.98 0.78 0.36 0.92 345 -0.27 0.58 1356 526 086 17

10.84 422 1.35
ESL8 step-pool 3.48 0.17 0.99 0.36 0.36 0.99 0.80 0.44 0.99 3.09 -0.54 0.99 1344 805 093 20

845 560 164
ESL9 step-pool 3.09 0.16 098 0.41 0.36 0.99 0.79 047 099 454 -0.52 0.88 1093 1078 111 16

10.21 1.07 1.95
FC1 step-pool 236 0.15 0.97 0.28 0.34 0.97 153 0.53 0.99 0.50 -0.72 0.98 1846 758 1.15 22

691 223 216
FC2 step-pool 191 0.11 098 0.37 0.37 0.96 1.08 040 0.90 1.35 -0.46 0.71 1637 959 074 14

811 7.24 3.83
FC3 step-pool 253 0.14 097 043 036 097 0.82 0.44 0.97 291 -0.58 0.86 16.14 4213 1.44 15

550 382 214
FC4 step-pool 183 0.09 096 0.41 035 0.99 1.28 056 0.99 1.76 -0.81 0.99 11.18 3989 095 17

6.23 4.64 1.43
FC5 cascade 166 0.16 090 0.45 0.40 0.90 2.32 0.61 0.96 0.76 -0.83 0.99 1211 3922 059 15

6.59 473 1.22
FC6 cascade 1.68 0.18 0.77 0.42 0.39 091 2.82 0.64 0.96 0.63 -0.86 0.98 10.97 3616 052 19

" Numbers in bold are significant at the levebof 0.05
T The values for W:Df andR/Dg, are the values at high flow (top) and low flowtbm) for each reac
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Table 7: Results of best subsets regressions for R@xis 1 scores, the velocity exponentr() and friction exponent (x) versus significant
explanatory variables. There were no significantegressions found using the width and depth exponent

Dependent Variables Independent Variables

Roughness . CV of .
Intercept Gradient Pool Dgs p-value adj. R
Area +
Volume
PCA Axis 1 Scores 0.14 -0.05 0.36 n.s. n.s. 0.0007 0.68
Velocity Exponent (m) ™ 0.42 n.s. 1.60 n.s. -0.82 0.005 0.59
Friction Exponent (&) -0.65 0.43 n.s. -0.67 n.s. 0.04 0.59

" No significant regressions were found using thdtvand depth exponents (b, f) as dependent vagabl
" Wood Volume/r, log(Ds4/Dso) andw:d were all not significant in any regressions

* CV = Coefficient of Variation of Pool Volume

8 ESL3 and ESL6 both removed from regression aseosit!

“ FC1 and FC3 may have high leverage in this remessd could be driving the results

"™ESL1, ESL7, FC2 excluded because exponents nuifisant in at-a-station regressions. ESL6 and E€8uded because both are outliers and have

high leverage on regression.



The rate of change of the friction factor withatiarge X) is higher than all other
exponent valuex( m>f >Db). The values of the friction factor exponents eveot
significant for ESL1, ESL7 and FC2, therefore taterof change of friction factor with
discharge may not be the same power relationshithése three reaches as for the other
12 reaches (Figure 14 and Figure 15). The rathahge of the friction factor is highest
for the plane-bed reach and lowest for ESL5 andEStigure 14 and Figure 15 and the
ternary diagrams (Figure 16b) indicate a relatignSletween the rate of change of the
friction factor and the combined hydraulic geometxponents. In particular, as the rate
of change of velocity and depth increase, theifmicfactor decreases more rapidly.

Figure 16c¢ and Figure 16d, respectively, shonGWeof R/Dg4 and theW:D for
the same reaches. The CVRIDg,is used as a measure of the variability in the
protrusion of roughness elements over the four flewods. Generally, reaches with
lower variability (CV ofR/Dgs < 0.17) plotted below thie + f = mline, but reaches with a
higher coefficient of variation (CV d®/Ds4 > 0.20) plotted over a larger range. In Figure
16d, reaches with similA#:D generally plotted together, but there was no palr
trend for where those plotted on the ternary diagra
5.4.2 Channel Type and At-A-Station Hydraulic Geometry

The ternary diagrams (Figure 16), PCA (Figure 1iQ) boxplots (Figure 18)
indicate that there is no significant differenceoagy hydraulic exponents between step-
pool and cascade channel types. The width expdhgig significantly different between
step-pool and cascade reaches. In all probalfigyvidth exponents are significantly

different because of the much larger rate of charigedth with discharge for ESL3.
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Therefore, these results do not support the fypbthesis that the hydraulic geometry
exponents are significantly different between siept and cascade reaches.
5.4.3 Potential Controls on At-A-Station Hydraulic Geometry

A principal component analysis (PCA) was conductsidg the three at-a-station
hydraulic geometry exponents. The axis scoregedcoh reach represent the combined
width, depth and velocity exponents for that readrhe scores on Axis 1 (Figure 17)
explain the majority of the variability in the daéd (~97%) and are mainly related to the
velocity and depth exponent. Very little of theiadility is explained by the width
exponent.

The regression of PCA Axis 1 scores shows thathregs area and gradient are
significantly related to the rates of change oftijalepth and velocity with discharge
(Table 7). ESL3 and ESL6 were consistently owgleand removed from the regression.

The individual exponents were examined in sepaegessions to determine
whether individual exponents were similarly relatedhe explanatory variables (Table
7). Roughness area is also significantly relatetth¢ friction exponent. Wood
volume/nf of reach is not significant in any regression.e D, particle size and
gradient are both significantly related to the eélpexponent. These results support the
hypothesis that the exponent values are signifizaalated to control variables that
represent both resisting forces (roughness arehfliaving forces (gradient).

Table 7 also shows that the friction exponentgsi§icantly related to roughness area
and the variability in pool volume (CVPoolV). Tleesegressions indicate that roughness
area may be a better measure of bed roughnesgrhiarsize. PCA Axis 1 scores were

also significantly related to the friction exponéRigure 19). The rate of change of the
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friction exponent is larger for higher PCA Axis doses, which is related to higher
values. Although there may be differences in teiationship based on the differences
between basins or channel types (Figure 19), maseade reaches would need to be
included in the analysis to determine whether tieene fact a significantly different
relationship. The steeper slope for both the @scaaches and the Fool Creek reaches
in the scatter plot is probably related to the meegradient of both FC5 and FCB6.
Scatter plots (Figure 20) of PCA Axis 1 versus fmggs area, wood volume/m

coefficient of variation oRy/Dg4, and CVPoolV show that the relationships betweshe
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variable and the PCA axis scores may not be bpetsented by a log-linear regression.
As the roughness area increases, the variabillBGA Axisl scores decreases (Figure
20a). Therefore, there is more variability in thees of change at a lower average
roughness area. The relationship between the cesffiof variation oR/Dgsand PCA
Axis 1 is positive for the East St. Louis reachesept for ESL1, and negative for the
Fool Creek reaches (Figure 20b). The coefficiémaniation is much higher for the Fool
Creek reaches than for the East St. Louis reachieis. means that there is a larger
standard deviation and lower mean value of relaidamergence over the four flow
periods in Fool Creek than in East St. Louis.

The coefficient of variation of pool volume repraetgethe variability in pool size
as flow changes for each reach. There is no signif relationship between this variable
and PCA Axis1 score (Figure 20c), although a refesthip may exist between CVPoolV
and the Fool Creek reaches. Both Figure 20b agur&i20c underscore the differences
between basins and the variability in these ratatigps even in adjacent basins.

The variability in PCA Axisl1 scores is reduced ighler values of wood
volume/nf (Figure 20d); for both low values of roughnessaard wood volume/m
there is much higher variability in rates of chaof@elocity and depth with discharge.
At higher values the total friction factor increasend the velocity and depth do not vary
as much between low and high flows. In reaches hiigher values of wood volume?m
the roughness would increase with flow, as moreraace wood becomes submerged.
Therefore, the contribution of roughness from waowa either increase, or remain the

same between low and high flows.
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Figure 21 shows each of these variables in a loaf@l a better understanding of
the magnitude of differences among reaches. Thlwaad and pool volumefmvary
the most among reaches, with FC1 through FC4 harmdgar values of pool
volume/nf. The average gradient gradually increases mayistream from FC1 to
FC6. The ESL reaches do not follow such a congistend and are much more similar
in gradients except for the one plane-bed reach@ESTheDg, is similar for most of the
FC reaches except for FC3. The same is true &EBL reaches, except for ESL2 and
ESL6. These bar plots and a correlation matribbl@ &) also help in understanding the
interactions between these variables. The twdesam each basin with the highest
wood load (ESL2, FC3) also have the lowest valdid3gp Table 8 displays a slight
correlation between wood load and pool volunfe/ifhe majority of the wood found in
the step-pool reaches is located in the stepsceS&iach pool is associated with a step, it
is expected that there would be some interrelatignisetween pools, steps and wood.
There is also a slight correlation between poolir@/nf andDss, but no correlation

exists betweeg, and wood volume per channel area.
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5.5 Discussion

There are systematic variations of width, deptlpaity and friction factor with
discharge in each of the study reaches, but teare significant difference between
channel types. The first hypothesis was baseti®urderstanding that controls on
roughness, which presumably influences width, degotld velocity, may vary based on
the channel type. Cascade reaches generally besfges gradients and the major source
of resistance is large boulders protruding in tbe/f There are often some pools in a
cascade channel, but these are not as well-devkbypm a step-pool reach (Figure 21).
The resistance is mainly related to skin frictiowd dorm drag around large boulders.
Wood is present in both cascade and step-pool esgéhigure 21). The major source of
energy dissipation in a step-pool reach occurs viloentumbles over each step and
enters into the pooWilcox and WohI2006;Curran and Wohl2003]. Wood is present
in the steps and as individual pieces along thehredhe amount of wood in each of
these reaches varies depending on the flow de&poime of the wood is present as
branches that reach down into the channel likenabcol hypothesized that these various
sources of resistance would contribute to diffeesria the rates of change of velocity,
width and depth in each of the channel reacheghleu¢ was not a significant difference
between channel types.cancluded in Chapter 4 that total resistance ih la@tst St.
Louis and Fool Creek is significantly related tadjent, wood load, and temporal
variations in discharge. In cascade reachesjvelstibmergence of grainR.(Dss) was
a significant explanatory variable, but in stepdp@aches relative submergence of steps
(R/H) was the significant explanatory variable, indicgta difference in the type of

resistance that dominates in these channel typksough different forms of resistance
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may dominate in each channel type, the rates oftug| width and depth change with
discharge are related to a number of variablesatganot solely dependent on channel
type and the type of resistance present.

Richards[1976] found a significant difference in exponeatues between pools
and riffles, but an analogous difference does ppetar to be present for reach-averaged
values of different steep channel morphologiese fEnary diagram (Figure 16) and the
PCA (Figure 17) indicate that the plane-bed readfifferent from the other channel
types, but once the data from British Columbia wecbuded, the plane-bed reaches did
not plot together. The plane-bed reach in thisys{&&5L6) has the highest increase in
both velocity and friction factor with dischargeafdle 6) and was most closely related to
FC1, FC4, FC5, FC6, and ESL2. These six reachetotled above then=b +f line in
the ternary diagram, indicating that for thesersaches the velocity is increasing faster
than the flow areaRhodes1977;Reid 2005]. All six of these reaches also have a high
rate of decreasing resistance with increasing digghand velocityKnighton[1975]
found that the highest rates of decrease in remistavere related to cross-sections where
grain resistance dominated. Therefore, graintasie is probably the dominant form of
resistance in these six reaches in relation todateeof change of width, depth and
velocity with discharge. For the step-pool reachias form resistance may control the
value of total resistance, but the contributioricoin resistance to total resistance
probably does not change over all four flows. €betribution of grain resistance
drastically decreases with increasing discharganing that grain resistance actually has

a larger influence on the rate of change of wid#pth and velocity with discharge.
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5.5.1 At-a-station hydraulic geometry and flow resistance

The flow resistance characteristics were repreddmnyeoughness area, wood
load, coefficient of variation of pool volume, sedint sorting¢), sediment sizellg,),
standard deviation of bed elevation, and width:degatio. Bothf andm are expected to
be dependent on flow resistance characteristiceredib is dependent on channel shape
[Ferguson 1986;Bathurst 1993]. The only resistance characteristic tex
significantly related to the PCA Axis 1 scores \las average roughness area. The
roughness area can include both boulders and tagsrtake up part of the bed as well as
portions of the overhanging bank that become supedkeas flow increases.

It is expected that smaller roughness elementsdvoetome submerged at higher
flows, allowing a marked decrease in resistanceaamdich higher velocitynighton
1975]. At lower flows, water is forced around baers where form drag is high. As
discharge increases, the boulders become submangiefdrm drag decreases and mean
velocity increases rapidiBthurst 1993]. If the boulders are an equivalent heaght
the flow at all flows, then they are never submdrged form drag will remain dominant
in that reach. This is whyg, andR/Dg4 are commonly found to be good representations
of roughness in a reacB4thurst 1993]. Sediment size and sediment sorting cayn gl
role in influencing the velocity profild/fiberg and Smithil991], but in these streams
neither was found to be significantly related te ktydraulic exponentd-erguson[1986]
showed theoretically that hydraulic geometry shaay with bed particle size, but
Ridenour and Giardin$1995] found no correlation between median grae and
hydraulic geometry for pool-riffle channels. Theukls of this study agree witRidenour

and Giardino[1995], in that there is no significant relatioishetween the PCA Axis
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scores andDg, or sediment sorting for cascade and step-poolredan In Chapter 4, bed
material size distribution was shown to not be ificemtly related to resistance
throughout the channel network in East St. LouiBawl. Bathurst[1985] established
that the relative roughness area (roughness argaifsed cross-sectional area) was
significantly related to the relative submergeriR¢dss). There was no such
relationship here, but the average roughness amsdomnd to better represent the bed
topography relation to flow resistanckeee and Ferguso[2002] found that the velocity
exponent i) was related to the proportion of bankfull widkfat is occupied by
protruding clasts at low flow. The velocity expohém) was found to be significantly
related to thég, and gradient for this study. Areas with protrggatasts cause the flow
field to separate and wake turbulence to incredsedischarge increases, the smaller
clasts become submerged and skimming flow may dpw@ter the tops of the boulders.
Table 7 shows thah is smaller in reaches with a larger range of dasds. At high
flows the boulders are probably not submerged, taisimg a similar structure to the
flow field over all flows and causing the rate dlange of velocity with discharge to be
much lower.

There are six reaches that have high friction egptsrand have velocity
exponents greater thant f. Four of these are step-pool reaches, but thatsaadicate
that these are still dominated by grain resistgkoeghton 1975]. All the reaches are at
different gradients, but have similar valuegf. ESL2 has localized sections of very
shallow gradients behind the large log step inréaeh (Figure 22). The high wood load
is related to this large log step, which is prolgdhe cause for the local reduction in

gradient and deposition of fine sedimeBtffington and Montgomery999]. The log
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step most likely increases the total friction ie tleach, but is never completely
submerged, so the rates of change of velocity,hwadid depth are not altered with
discharge. On the other hand, the finer sedintegtiend the step are quickly submerged
at high flows, meaning that the values of the exmts are influenced mainly by the
grain size. There is also a small amount of bddexposed in the upstream portion of
this reach. FC1 and FC4 are both step-pool reaahesll, but they are narrow reaches
with local reductions in gradient and grain sizat téwe quickly submerged as discharge
increases. FC5 and FC6 are narrow, somewhat grdtarcascade reaches (Figure 23).
The high wood load in FC5 is related to one log th@mbedded in the channel bottom
and creates one large step in the reach. Agaregistance related to this step probably
does not change with discharge since it is not guged at the higher flows. As flow
increases in both reaches, the larger clasts acklggubmerged, allowing velocity to
increase and resistance to decrease quickly wstthdrge. Figure 23 shows how quickly
the flow submerges the roughness elements in dlaefir these two reaches versus
ESL7.

ESLG is the last reach in this category. The plaee reach is already expected to
be dominated by grain resistance, although planerégches frorReid’sstudy [2005]
did not necessarily plot in the same part of theary diagram. The reachesReid’s
[2005] study had some previous modification, whichy be why there was so much
variability in this channel type.

The regression with the velocity exponent as thpeddent variable (Table 7) was
included to show that gradient is significant wiegtthe PCA axis scores or the

individual exponents are used. Because the valuie exponents are interrelated, it is
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more appropriate to use some value that reprea#ittsee exponents rather than
analyzing them individuallyRidenour and Giardino1991].

The relative submergenci(Ds4) has been shown to be an important
representation of grain resistance, particularlganol-riffle channels and boulder bed
streams with gradients < 49Bdthurst 1993;Bathurst 2002;Reid and Hickin2008].

The average relative submergence was not found significantly related to the PCA
axis scores, but Figure 20b shows the complexithefelationship betwedRDg, and

the axis scores. Except for ESL1, there is a imibetween the Fool Creek reaches and
the East St. Louis reaches around a value of Dh axis scores of East St. Louis
reaches increase with increasing C\RDg, and the Fool Creek axis scores decrease.
The differences here may represent a different®iih channel shape and resistance in
the Fool Creek reaches.

Ridenour and Giarding1995] found that Manning’s roughness, drag resisa
and median grain size were not correlated withgdraulic exponents. They conclude
that although roughness elements are related ¢xityeland depth, this does not mean
that the rates of change of velocity and depth disicharge are related to these same
roughness elementRidenour and Giardinol995]. Alternatively, the rates of change of
velocity and depth were found to be significandiated to the rate of change of the
friction factor (Figure 19)Richards 1973;Ridenour and Giardinol995]. The results of
this study indicate tha is negatively correlated with Again, the reaches that are
probably dominated by grain resistance have thledsigvalues af [Knighton 1975].
Reaches that have boulders or logs the same drdegnitude as the flow depth do not

have as high a rate of change in resistance ociglith depth. The differences
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between reaches that are dominated by grain reses&nd those dominated by form or
spill resistance may also indicate a need to etalie controls on the hydraulic
exponents for these reaches separately.

Wood is an important source of flow resistance taat affect the hydraulics and
geometry at both a cross-sectional and reach EGahpel et al, 1996;Buffington and
Montgomery 1999;Manga and Kirchner2000;Hygelund and Manga&003;Wilcox and
Wohl 2006;Manners et a].2007]. The wood volume perfraf channel was used to
determine whether there was a significant relatignbetween wood and the at-a-station
hydraulic exponents, but no significant relatiopsivas found (Table 7). The lack of
significance in the regression could be eitherteeléo the complexity of the relationship
or to the fact that, although wood is probablytedao velocity in the reach, it is not
necessarily related to the rate of change of vl¢Bidenour and Giardinol995].
Another possibility is that wood load does not mightly characterize the effect of wood
in the reach on the overall roughness.

Variability in the value of the exponents appearddcrease with increasing wood
load (Figure 20d). This suggests that when theeeesmaller amount of wood in the
reach the exponent values vary more, but at highgghness the rates of change of
velocity and depth with discharge may be limit&tle expect that wood would reduce
the average velocity and locally elevate the waiteface, but the interaction between
wood, other roughness elements such as bouldetsharhydraulic exponents is
probably very complexWilcox and Woh[2006] found that interactions between steps,

grains and wood have a significant effect on hosistance varies with discharge in step-
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pool streams, so we expect that the same intersctndluence how velocity and depth

vary with discharge in these same streams.
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The friction exponentd) was not significantly related to the wood loaalfle 7).
The lack of a relationship is probably becausanbe/idual pieces of wood need to be
categorized differentlyWilcox and Woh|]2006] found that the position of wood in the
channel can have a greater effect on resistanoettieadensity. Wood located at step
lips increased the height of the step and dammefldlv. Another important
characteristic is the size of the debris relatovevater depthGippel et al, 1996]. The
resistance may not change around a large loggtsatimerged at all flows, but as a
smaller log becomes submerged it may cause a chiamggistance as flow increases.
Also, a log that was not within the water columroat flow may change the resistance
characteristics as it becomes submerged at highes.f Hygelund and Mangf2003]
found that drag did not vary with depth around Itgg had diameters greater than one-
third the channel depth. Therefore, large indiaicaieces in the flow would not have a
large effect on how friction and velocity changehadischarge. Reaches that had large
single pieces of wood in the flow include ESL5, BSEC1 and FC5. FC1 and FC5 both
have one large log in the flow, which probably dnescause a significant difference in
drag between low and high flows.

ESL5 and ESL9 both have larger log jams associaiédarge steps in the reach.
Manners et al[2007] found that the frontal area and surfaca afea jam have an
important effect on the amount of drag relatechjam. Manners et al[2007] found
that debris jams are highly porous and treatingiths a single non-porous object greatly
changes the quantification of drag force aroundljima. The reaches with the largest
and most complex jams are ESL1, ESL2, ESL5 and AHERESL?2, the jam created a

reduced water surface slope, causing a reductigalatity and textural fining (Figure
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22). The velocity increases at one of the fasteasrin ESL2r = 0.56) because as
discharge increases these finer sediments arelguickmerged, reducing friction and
increasing velocity. This is also related to theaBer rate of change of depth=0.29).
As the roughness elements become more submergedatbr can pass through more
quickly and the depth does not change as muchdisttharge. FC3 is slightly different
because a larger portion of the reach is belovatye log jam and more steps developed
from other log jams. ESL2 has only one step thatlated to a log jam and the others
are related to boulders. The influence of wood sediment sorting on the at-a-station
exponents may be better understood by differenggatie reaches that are dominated by
grain resistance (Figure 24).

Wood,R/Dg4, bed material size distribution, CVPoolV, and age roughness
area are all variables that represent roughnesaahn reach from clasts, wood and
bedforms. Average roughness area is a variablentegrates grain and form roughness,

which is probably why it is the variable signifitan the regression with the PCA axis
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5.5.2 Hydraulic exponents vs. gradient

The second significant variable in the multipleresgion with the PCA axis 1
scores is gradient (Table 7). Gradient partly gose¢he amount of energy available for
transporting material or eroding the bed and bafleschannel. Previous studies have
shown the importance of gradient in controlling h@sistance varies with discharge
throughout a channel networkdthurst 1993;Comiti et al, 2007;(CHAPTER 4)]. As
gradient increases along Axisrtiandf increase. Gradient increases with each reach for
FC1 through FC6 (Figure 21). The bed gradienhis tase also represents the average
water-surface gradient, which is not significardliferent from the average bed gradient.
Therefore, as the water surface steepens, thefrateange of velocity with discharge
increases, holding constant for roughness adreapold and MaddocKL953] also found
in their original hydraulic geometry study that tia¢es of change of width, depth and
velocity are controlled by the slope of the wataface. Wohl[2007] determined that an
inflection point in the rate of change of the wagarface gradient with discharge
indicated the point between where grain resistamckform resistance dominated. No
inflection points were found in the at-a-statioajus, but this may be because of the low
sample size for each reach.
5.5.3 Problems with using reach-averaged hydraulic geometry

This study used reach-averaged values of widghthdend velocity to compare at-
a-station hydraulic geometry. The use of reachramexl values meant that the exponents
did not always sum to unity for every rea®tewardsori2005] proposed using the
coefficient of variation of the width, depth ando@ty to characterize the cross-sectional

hydraulic geometry of a river reach, but theseti@mha were not found to be significantly
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related to discharge. The use of reach-averagedvanay reduce the variability in the
hydraulic exponentslpwett 1998;Lamouroux and Capre2002;Stewardson2005], but
the use of the coefficient of variation of thespaxents may not be practicable for these
steeper streams. It is also possible that theseawack of relationship because the study
was only done over four flow periods. There ishhigriability between cross-sections in
each of these reaches, but the good fit betweethydeépth and velocity with discharge
is thought to show how well these power relatiarischaracterize these reaches.
5.6 Conclusion

At-a-station hydraulic geometry is an importantl tmouse to help in our
understanding of resistance in steep mountainraged he hydraulic exponents at the
East St. Louis and Fool Creek sites were all witharange of values found by other
researchers studying step-pool, cascade and pktheshches. The exponents could not
be used to delineate a difference between the tir@enel types, but may be useful in
determining which reaches are dominated by graistance versus form resistance.
For most study reacheas,> f > b, indicating that the rate of change of velocitytwi
discharge is greater than the rate of change dhwvaddepth. This reflects the fact that
increasing discharge in these steep, laterallyiocedfstreams results mainly in reduced
effective hydraulic resistance as sources of grashform roughness occupy a
progressively smaller portion of the flow. Averaggonent values for low gradient
streams indicate that a larger proportion of thenge in discharge is compensated by
increasing flow widthl§ = 0.4 — 0.5), with lower rates of change in degatld velocity

[Park, 1977]. In contrast, increasing flow in steep maimstreams primarily alters the
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effective hydraulic resistance, as reflected iesaif change of velocity and flow depth.
These effects increase with gradient, as refleictégherm andf values at steeper
slopes for the East St. Louis and Fool Creek resache

These relations are illuminated by PCA analysi®e @tia-station values are
significantly related to average roughness arealaatbed gradient in each reach.
Localized reductions in gradient, sediment size @rahnel shape explain the
connections between cascade and step-pool reaches basins with high values of
andx. Further work needs to be done to understandheghe¢aches witm>f + b are
all dominated by grain resistance and whether otsin these reaches should be
evaluated separately from controls in reachesntiagtbe dominated by form resistance.
However, the results from this study suggest thase reaches are dominated by grain
resistance and that those reaches dominated byrésistance create one population with

respect to at-a-station hydraulic geometry relation
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CHAPTER 6 COMPARITIVE ANALYSIS OF BED RESISTANCE
PARTITIONING IN HIGH GRADIENT STREAMS
6.1 Abstract
Total flow resistance can be partitioned into gswponents of grairffain), form
(ffstep, WoOd €fwood), and spill {fspir) resistance. Methods for partitioning flow rearste
are based on methods developed for low gradiesdusis, including an additive approach
that usually leaves the unmeasured component dartiesst component. A detailed
examination of developed methods for calculatintheamponent of resistance along
with the limitations of these methods is undertakgmsing data gathered from 15 high
gradient (0.02 & < 0.195) step-pool, cascade and plane-bed reacl@aser
Experimental Forest. Each reach was characteugied) a combination of a laser
theodolite to gather bed and water-surface elewatia tripod-mounted LIDAR to obtain
channel geometry and wood data, and Rhodamine W& Trdger to determine reach-
average velocity. Grain resistance was calculasgtg three equations that relate the
relative submergenc®(Dy,) to ffyrain as well as using an additive drag approach. The
drag approach was also used for calculaffiagq andffsiep, The %fyain was found to
contribute the smallest amount towards all reached flows, although the value varied
based on the method used. Rarker and Petersofl980] equation, usinBgo, was
determined to best represéfgt.in at high flows, whereas théeulegan1938] equation,
usingDsg, characterizetfy.in at base flows. The results from the analysis e$¢h
methods indicated th#f.in may be better represented if two grain sizes se€ to

calculate this component of resistance. Methodsdtaulating wood resistance were
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found to overestimate the significance of individiegs in the channel. Wood and
boulders in steps were considered part of thefstep and included in the value fifie,
A method was proposed for evaluating the contrdsutifffsep, Which significantly
decreased the contribution by, particularly at higher discharges. Potentialtoula
and interactions between each component of resistarre also analyzed. Gradient and
discharge both were significant controls on eacifof resistance except flfg.e, Step
resistance was only significant at high flows, aading thaffsp still dominates at lower
flows. Grain resistance decreased significantiwasd volume increased, indicating that
different forms of resistance interact, thus denratigg that it is unsuitable to use the
additive approach to evaluate component resistance.
6.2 Introduction

Quantifying flow resistance is essential to undgerding the hydraulics of
streams. Interactions between stream flow andredoundaries dissipate energy as
water moves around and over bed irregularitieewHResistance is created by viscous
skin friction around objects as well as form/pressirag created from differential
pressures around objectefguson 2007]. The total value of the frictional losses e

represented with the dimensionless Darcy-Weisbactoh factor:

_ 8gR,S;

\72

ff (6.1)

where ff = Darcy-Weisbach friction factog = acceleration due to gravity (rysR, =
hydraulic radius (m)& = friction slope (m/m)y = mean velocity (m/s).

There are a number of sources of error in the tation offf for steep channels.
Each parametei(, &, R,) has error associated with the measurement methbe.use

of ff, along with Manning’s), nonetheless remains the most common approach to
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guantifying resistance in steep streams despiteatidns that the Manning’s equation in
particular is poorly suited to steep streams wihthllsw flows [Ferguson 2010].

Einstein and Barbarosgd 952] proposed that despite interactions of déffe
components of resistance, the individual componenitd be quantified and summed.
Theffioa IS Mmost often partitioned into its components r@diig, form and spill resistance:
ff ., = ff .. +ff

+ ff (6.2)

total grain form spill
where,ffqrain = viscous friction and form drag around grainshie &bsence of bedforms;
ffrorm = form drag around bedforms, which should notd&fwesed with the individual
component of form drag around other objects sudfoailersffs,i = energy dissipation
from flow acceleration and deceleration, usuallgrosteps.Shields and GippglL995]
also proposed partitionirf§into the components from woofl,og, banks ffrankg and
bends ffvenad. EXxtensive effort has been devoted to quantifyiregrelative importance of
different components df during the past few decades, yet no consensusdeas
reached regarding the most important componeritseamost appropriate method to
calculate individual components. In this chapt@valuate several methods for
partitioningff and identify the limitations of these methods wheplied to steep
streams.

Additive approaches have been used to investigatedntribution of grains
[Einstein and Barbarossd952;Parker and Petersqri980,Millar and Quick 1994;
Millar, 1999], wood and spill resistancghields and Gippell995;Curran and Woh|
2003], and bar resistance in gravel-bed rivBarker and Petersqri980;Prestegaard

1983]. Wilcox et al[2006] demonstrated, however, that the unmeaseiahponent

was always the largest contributor to total resisa so that an additive approach inflates
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the leftover component. Thus, quantifying the re&atontribution of different sources of
resistance remains a primary challenge to undetstgrilow resistance in streams.

A second primary challenge is to quantify theltéfitan steep streams where the
roughness elements are on the same order of mdgratuthe flow depth, creating
frequent wakes, jets and standing waves, as weslilgesistance where local
acceleration and deceleration occur. As dischaxgeases, elements may be
submerged, allowing velocity to increase much fasith discharge than in low-gradient
channelsllee and Fergusqr2002]. Relative submergence of a charactemgtm size
(Ry/Dgg) is commonly used to preditf, [Keulegan 1938;Limerinos 1970;Hey, 1979;
Bathurst 1985, 1993], although this approach can have éigir rates when applied to
steep mountain streamBHorne and Zevenberget985]. A dimensionless hydraulic
geometry approach has been proposed as a morelsuntathod for predicting velocity
in place of using a flow resistance equation irhtggadient stream®jckenmann1991,
Ferguson 2007;Zimmerman2010], but it remains useful to employ a partitrani
method to understand how different objects in thenoel affect total flow resistance.

Mountain streams with gradier#0.02 m/m have distinctive channel
morphologies consisting of step-pools, cascadepbamd-bed reacheMpntgomery and
Buffington 1997]. Spill resistance contributes a major propo of flow resistance in
step-pool reache®\prahams et al.1995]. As for steep streams in general,
understanding the relative contribution of diffarsaurces of resistance is challenging
for step-pool channels. Most approaches are basbdwrdary layer theory, which
assumes a semi-logarithmic velocity profile, altijothe profile in steep streams more

closely resembles an s-shapélperg and Smith1991].
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Steps create flow resistance via viscous frictieardarge particles, but the
hydraulics of step-pool reaches indicate thafffthg is a function of more than just the
relative submergence of a representative grain[see and Fergusor2002; Aberle and
Smart 2003]. Deviations from the relative submergeegeations are related to bed
material size distribution, shape and orientat®athurst 2002] as well as step geometry
[Maxwell and Papanicolaqu2001].

Step geometry is particularly important becauspssteeate flow resistance by
form drag {fsiep from pressure differences around the upstreandansstream sides of
the step and spill resistand& ;) from flow acceleration and deceleration oversteps
[Chartrand and Whiting2000]. Form drag varies with step geometry andpmsition,
longitudinal step spacing, and stageimerman and Chur¢l2001;Wilcox and Wohl
2006]. Spill resistance varies with step geometrgod density and orientatio@pmiti
et al, 1999;Curran and Wohl2003;Wilcox and WohI2006;Comiti et al, 2008].

The contribution of spill versus form resistanceel®ds on the submergence of
the step. The flow regime over a step is genecdlgracterized as nappe flow, transition
flow, or skimming flow Chanson 1994;Church and Zimmermar2007;Comiti et al,
2009]. Nappe flow occurs when water free fallsrevstep and alternates between
subcritical and supercritical flow. Nappe flow vk submerged jet is affected by the
downstream tailwateJomiti et al.,2009]. Energy is dissipated by the breakup and
mixing of the jet on the step tread and from wakerference flow and turbulence
generation in the downstream podlgdhl and Thompsor2000]. Skimming flow is
characterized by supercritical flow over completaiypmerged steps and is dominated by

form resistance in the cavity recirculatiddhfanson and Toombe&)02]. The flow is
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cushioned by a re-circulating fluid trapped betw#ensteps. In a skimming flow
regime, early steps do not have air entrainmentfltny becomes rapidly aerated
downstream because of turbulence at the bound&remson 1994]. Chanson1994]
found that the re-circulating vortices play a maje in dissipating energy in step-pool
channels, buiilcox and Woh|]2006] point out that the smoother water surfaue a
submergence of steps will dramatically decrease fesistance in comparison with
nappe flows.Comiti et al.[2009] concluded that the flow regime must be gjgeLin

any attempt to predict total resistance in step-pbannels. Once skimming flow
occurs, spill resistance disappears and graintaesis becomes increasingly significant.
Skimming flow did not occur over the majority oktkteps at the measured high flow
during the study summarized here, therefore ibtsconsidered in detail.

Despite the large contribution i in high gradient streams, the average Froude
number Er) is consistently measured as subcritical in segegams, even at bank-filling
and flood flows Jarrett, 1984;Wilcox and Wohl2007;Magirl et al., 2009]. Skimming
flow is rarely observed in step-pool syster@siniti et al.,2009].Grant[1997]
hypothesized that the tendency for the flow to kreée in high gradient streams is
counterbalanced by the bedforms, which offsettdmslency by dissipating energy.
Regardless of local increases in velocities, tlag d@round boulders, bedforms, and wood
maintains a subcritical range across most of a gigdient mountain stream.

Form resistancdfg) around steps and pools is the form drag createtieo
adverse pressure gradients around the bedfornedtép. BottWohl and Iked4§1998]
andCanovaro et al[2007] found that transverse ribs dissipate energgh more

effectively than longitudinal ribs. There are #n@mponents to a step-pool reach where
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velocity and hence form drag and skin friction fliate: the step tread, step lip and pool.
A fourth component are small runs, or cascadinfj@es; between the steps. The
downstream pool has high velocity fluctuations lseaof a mid-profile shear layer that
develops from wake turbulence, creating adversespre gradientd§ohl and
Thompson2000]. Backwater effects and increased turb@emeate adverse pressure
gradients on step treads as willdhl and Thompser2000]. Higher velocity over step
lips and in runs dampens turbulence, creating tblerpressure gradients and allowing
velocity profiles to be dominated by bed-generatedulence. These results were
similar toWilcox and Woh[2007], who also found increased turbulence ab#mse of
steps, in pools, and in cascading sections antivelalow turbulence on runs upstream
of steps and near step lipg/ilcox and Woh]2007] established that there is a significant
three-dimensional contribution to velocity from tieal and cross-stream components,
which increased turbulence in the reach. The adveressure gradients mean that form
drag dominates on step treads and in pools, whekaagriction will dominate over the
step lip and in longer step treads where runs devellarger clasts on the step treads and
runs increase turbulence, causing an increasenmdoag WWohl and Thomps@r2000].
Hence, the larger grain size on step treads magase the contribution @ffy.i, to total
resistance in step-pool reaches, but the adveessyme gradients in the step treads and
pools will lead to an increase fifgiep

Step spacing may also play a role in the effecegsrofffsep,andffsp to dissipate
energy. More closely spaced steps significantlygasedf;, in a flume study done by
Wilcox and Woh|J2006]. They hypothesized that this increase asssolely to an

increase irffspi with a decrease in step spacing. Velocity ina@sasuch faster with
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discharge than either width or depBhjodes1977;Lee and Fergusqr2002] as the flow
regime changes with submergence of the larger roegghelements. Step-pool streams
tend to maximize flow resistance with a spacing of 10 for the step lengthd) to step
height Hs) ratio [Wohl and lkedal1998;Canovaro and Solari2006;Canovaro et al
2007]. If elements are more closely spaced, themtake of one element interferes with
another, reducing the dissipative abilities of thlament.

Wood resistance in step-pool channels is relatede@ffect of individual pieces
(ffwood and to wood as part of the step foffifgd) [Curran and Wohl2003]. Parameters
such as spatial density of wood, orientation, lepnghd position significantly affect the
drag coefficientYoung 1991;Gippel et al, 1992;Wallerstein et al 2002] and the
contribution of wood to total resistance, whiclalso influenced by discharg@/[lcox
and Woh| 2006]. In-channel wood can change the flow hyfilta, creating localized
areas of scour and deposition. Steps that inchabe are higher, with larger pools and
lower gradient reaches upstream of the diégHarlane and WohI2003]. Curran and
Wohl[2003] found that steps with wood have a muchdangfluence on flow resistance
than boulder steps, and hypothesized that thisoeeause of an increasefig,.. Gippel
et al.[1992] andYoung[1991] both established that wood orientationckéme effect,
spacing and density all had a significant effectlendrag coefficient. Both also found
that the length to diameter ratio and the posiéibave the bed was not significant. On
the other hand/Vallerstein et al[2002] determined that wood near the water surfeck
higher drag coefficients because of the effectswface wave formationwilcox and
Wohl[2006] also found théfi. Will increase with wood density to a point. Theaunt

that wood resistance contributes to total resigtamenediated by discharg&Vilcox and
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Wohl[2006] showed that higher discharges caused thangpeffects of each type of
roughness to be reduced. Once density is suffigibigh, the wake interference
between pieces of wood will reduce the drag forceach piece, similar to closely
spaced boulderLfanovaro et al.2007]

Wood position and arrangement have a large effeth® influence of wood on
total resistanceWilcox and Wohl2006]. Wilcox and Woh]2006] demonstrated that
wood along step lips caused values$fgf, to be nearly double compared to when wood
was placed on the step treads. Additionally, woedr step lips dammed the flow
upstream, causing a larger backwater effect bytanbally decreasing the velocity.
Wood also interacted with slope, so that therede@easing effect of wood density on
ffiota @S Slope decreases.

In quantifying grain resistance, most studies wseesform of the&keulegan

[1938] equation:

ff gain = {2.0\?409(12'{(2"?h ﬂ (6.3)

S

whereks = a multiple of a characteristic grain diamet&he values foks are
typically some multiple oDso, Dgs Or Dgo [€.9.,Parker and Petersori,980; Griffiths,
1989;Millar, 1999]. Bray [1982] found no significant difference betweenmgdDso, Dga,
andDyp as the characteristic grain diametsfillar [1999] showed that values G
(from ks = Cs0Ds0) could range between 0.4 and 55.7. AlthoWjberg and Smitfil991]
showed that the values kfandCsg increased as the bed became more poorly sorted, no
such relationship was found Billar [1999]. Grain resistance is most often defined as

the viscous friction around grains, but in highdyeat channels, where boulders are on
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the same order of magnitude as flow depth, thengrean contribute significantly to form
drag and spill resistancgiimmerman2010]. Grain resistance is defined here as the
combined flow resistance (i.e., form drag, skiotfan, spill resistance) that results from
the presence of the grains in the flow.

In boulder-dominated step-pool reaches, the gesistance has been found to
contribute as much as 20 to 40% of the total flegistance. On the other hand, in
streams with significant amounts of wood, grainstesice was found to be about 10% of
total resistanceurran and Wohl2003]. Wilcox and Woh]2006] found that discharge
had the greatest effect on the individual companehtesistance, as well as the
interaction between components. They determinatdgiain resistance was minor in
comparison to other types of resistance and tleetedf grain resistance decreased with
discharge.

Baiamonte and Ferr@l997] suggest that total resistance is a funabidfr, the
Reynolds numberRe), concentration of coarser elemerity, Shield§1936] parameter
('), and measures of longitudinal and transversamtist between roughness elements.

The concentration of coarser elements is foundgusin

_ NerDg
ANL

r (6.4)

where,Ns = number of boulders on the chute placed oveetttee surface of the chute;
Dg = median size of boulders. Analogous to step sigaapatial density of boulders
maximizes flow resistance at a concentration batve®5 and 0.40House 1965;
Canovaro et aJ.2007] and can be the main factor affecting flesistanceRagiliara

and Chiavaccini2006]. Bathurst[1982a] andludd and Petersofi969] both suggested
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that theffioia IS a function of the roughness concentration efiied elements in boulder-
bed streams, which was calculated using the equatio
n
2 A
1

A=
Abed

(6.5)

where,Ar = frontal cross-sectional area of an elem@piy= planimetric bed area;=
number of roughness elements. Once roughness mieare of the same order of
magnitude as the flow depth, the flow resistanaiminated by wall effects and can be
determined by the combined form drag of each ofdlighness elementBathurst
1982a]. Pagiliara and Chiavaccinj2006] established thatwas the main factor
affecting flow resistance. The boulders have ta lsefficient distance from each other
for the wake from one element not to interfere wiitl wake from the next element. As
long as that holds true, the total drag force ésshm of the individual values. When
wakes interact together, then the dissipation ftloah object decreases. According to
Pagliara and Chiavaccinj2006] and_awrence[2000], a concentration under 50%
means that the boulders are sufficiently spaceehdBm arrangements of boulders have
been shown to produce much smaller increaségdnthan boulders found in rows
transverse to the flow directioRdgliara and Chiavaccini2006]. Baiamonte and Ferro
[1997] showed dependence between flow resistart¢h@boulder concentration.

As noted above in the discussion on steps, theaeship betweelrr and drag
around an object is complex, depending on theivelasubmergence of the objedir is
related to the drag coefficienEr, combined with the size and spacing of the rougbne
elements, influences the relative contributionhef free surface drag. Peak drag occurs

whenFr is between 0.5 and 0.6 and the relative submeegergreater than 0.8
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[Bathurst 1982a]. The relationship betweeénand total drag on the bed means that the
boulder concentration is needed to represent fesistance from bed elemenBathurst
1982a].ffiota IS inversely related tbr [Ferro, 2003].

The Reynolds numbeR§ is significantly related to the drag force apglte
large bed elementdBathurst[1982a] demonstrated that in boulder-bed streafuya
turbulent boundary layer may only be attaineRet 2 x 1§ andLawrence[1997]
found that the effects dteare negligible above 10 For flows in the transitional region
(3 x 1¢f < Re< 2 x 10), the flow resistance is a function of both theneént shape and
the structure of the flow. The more concentrateddlements and the rougher the
surface, the lower the critical numb&athurst 1982a]. Above the critic®enumber,
an increase iRewill cause a decrease in flow resistance as thg doefficient
decreases.

Understanding the contributions of different sogroéroughness in steep streams
will improve our ability to calculatéfi.iy in these channels, which is essential for the
prediction of velocity and discharge. Velocity aidcharge predictions are in turn used
by engineers and managers for fish-habitat assegsnstream rehabilitation projects,
flood estimation and sediment routing mod@&athurst 2002;Ferguson 2007]. Despite
some success in using dimensionless hydraulic gepmguations to predict velocity
and discharge in high gradient streag@isimerman2010], we need to improve our
understanding of how individual components affaetftow. Consequently, the
following analysis focuses on the most commonlydusethods for partitioning flow

resistance. The primary objectives of this chaaterto:
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1) Evaluate methods for calculatiffgain, ffwoos andffsepusing a dataset from 15
steep stream reaches with step-pool, cascade Jametped morphology.
2) ldentify limitations in the existing methods of calating total and component
resistance when these methods are applied to stegms.
3) Analyze interrelationships among component rest&taamd other independent
variables such as stage and discharge.
The analyses presented here ignore bank roughndsssaociated resistance. Although
this may be an important source of resistancea@psstreams, these analyses follow the
precedent of earlier papers in focusing on bedigardtion.
6.3 Methods
6.3.1 Field Methods

Fifteen channel reaches on ESL and FC were selbetgetl on visual assessment
of morphology; 9 step-pool, 5 cascade, and 1 platereach. Upper and lower
boundaries of each reach were chosen to ensurestnsnorphology and gradient
within the reach. Reaches are labeled in orden filownstream to upstream on each
basin (Figure 1). The measurements made in tlediel used for calculation are
described in detail in CHAPTER 3.

The step-forming material of boulders or wood wadenitified for each step in the
step-pool reaches: a boulder grouping indicateg lomlilders; Wood1 indicates wood
surrounding a keystone boulder; Wood2 indicateg walod with no evident keystone
boulder (Figure 25). The majority of wood was fdun the steps in almost every reach,

except for four of the cascade reaches (ESL3, EBC%, FC6) and the plane-bed reach
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(ESL6). Individual pieces made up a small amoditbh® wood found in each reach. As
the stage went down, many of these logs were ngelowithin the flow, further reducing

the contribution offyooq to ffiotal.

ESL4 - Boulder Step FC1 - Boulder Step

R i 7

| 7 3 .
ESL1 - Wood1

Figure 25: Example of large and small boulder stepm ESL4 and FC1. Example of what is
characterized as a Wood1 step in ESL1 and a Wood2 ptin FC3.

Cascade reaches were selected based on visuarasse®f tumbling flows over
irregularly spaced clasts, with no regular sequenéesteps and pools. Each cascade
reach, except for ESL7, has one or two steps iedwdthin the reach. Although there
are individual steps and pools, the sequence wagolar enough to categorize the
reach as a step-pool. Also, pools were small aggrideveloped in the majority of the
cases. ESL3 has the largest difference from ther @ascade reaches because of the

large boulder deposit or bar in the middle of te&ch. During high flow periods, the
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flow is nearly split in half around the boulder bakt lower flows, the flow is

concentrated towards the left bank and on thesidé of the boulder bar. ESL8 also has

an area where the surface area increases becall®w diverted around wood. Again,
at lower flows the majority of the flow remainstime main channel and the diversion
contains water moving at very low velocities. F@tl FC6 are high in the drainage
basin and have a smaller wetted width and depthahg of the other reaches.

Wood length and diameter were measured for eaehgdlriod using a

combination of the LIDAR scans, a tin created &f Water surface in Cyclone 5.8.1, and

photographs. The wood volume was calculated fluesd measurements and divided by

the plan area of the readhAw). The wood volume includes pieces of wood found a
single unattached pieces in the reach as well teeisteps. ESL2 and FC3 have the
largest wood load of any of the reaches.

6.3.2 Partitioning Methods

Einstein and Barbarosgd 952] introduced the concept of dividing sheaess

into the two components of shear applied to grairehannels without bedformsc(')

and shear applied to bedform%"():

! ”

Ty =7, +7, (6.6)
wherer, = total boundary shear stress. The Darcy-Weisbhastion factor can then be

related to the above equation by:

ff = 3{_\‘?//'0] (6.7)
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where,v = mean flow velocityp = density of water. Each component of shear stres
(Equation 6.6) can be substituted into Equation® yield the component value bf
The values of the component friction factor arenthebstituted back into Equation 6.2.
The shear stress applied to each object can berdeé&sl by considering the drag force
applied to grains, wood or steps in the channéle tbtal drag force includes both

viscous and form effects:

V2
Fo=Con— A (6:8)

where,Fp = drag forceCp = coefficient of dragAr = frontal area of object in flow. The
shear applied to that object is then found by dngdhe drag force by the area the force

is applied over:

Ty = Fo (6.9)
Abhannel

where,Achannel= Surface area force applied over.

ff _ 8 _4CpA (6.10)

NZ WL
whereW = width,L = length that force is applied over.

The total friction factorffi) is calculated using Equation 6.1 and substituting
water surface slop&() for friction slope §&). The water surface slope was calculated
using the slope of the regression line of the luagnal survey of the thalweg. The error
associated with the method used to calculate therwarface slope is investigated in
Section 6.4.4. The following sections review diéiet equations developed for
guantifying the resistance created by three spetyifies of boundary roughness; grain,

wood, and form.
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6.3.3 Grain Resistance
Of several methods for predicting the portion @liseance related to grains, the
most commonly used is tiMillar and Quick[1994] adaptation of thkeulegan1938]

equation, which usd3sg as the characteristic grain size:

ff grain =8*{2.5In(12|'32'RhH (6.11)

50

This equation provides a lower bound for grainstsice Millar, 1999]. Variants on

Equation 6.11 include those developedlayker and Petersofil980],

ff yan = 8% {Z.SIn(ljR" H (6.12)
2D

90

and a power law relation Bathurst[2002],

o i 093772
ffgrain—8 {3.][[)84] ] (6.13)

For this dataset, the averdge, as well as the step treBdo, were used to analyze the
effect of grain resistance and to evaluate seitgit the results to sampling location.
Because the steps are assumed to create theiroomrof resistance, the st&g, was not
used to calculatiyain

Additive partitioning can only be used if bouldarg sufficiently far apart that
the wake of one boulder does not interfere withrigxet boulder fFerro, 2003]. When
depth is on the same order of magnitude as theragerial heightR/Ds4 < 4), flow
resistance has to be determined from drag forcdmalders rather than from the
boundary layer theoryBathurst,1993]. Therefore, the drag force approach, desdrib

above, was used for individual boulders. Signiftaglasts were identified as those above
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the water surface at low flows, which were thududed in the LIDAR scans. If the
boulders were too closely spaced (length to hemfid < 9.0 Wohl and 1kedal1998]), so
that wake interference occurred between bouldeeswidth and representative height of
clusters of boulders were used in place of indialcdwulders. Although the drag
coefficient may be closer to 0.Bi¢lson et al 1993] in streams with large relative
roughness, a drag coefficient of 0.4 was useddoh éoulder as well as clusters of
boulders based on the classic Reynolds numberrdlatipnship that represents a sphere
in a free stream\/iberg and Smith1991;Lawrence 2000]. The Reynolds number
remained between {@nd 168 for all flow periods in all streams except for FEEE5,

and FC6 at low flow. Because the Reynolds numimdicates fully turbulent flows in all
reaches except the three Fool Creek reaches, e diag coefficient is used at both low
and high flows. FC3, FC5, and FC6 are given aevalil0.6 for the drag coefficient
based on the Reynolds number at low flows. Thetlers the lengthl() between
boulders, and the width\) is the wetted width of the cross-section wheeelitbulders
were located (Equation 6.10). The frontal areaaféully submerged hemispherical
particle isAr = 1/2tk?, wherek is the radius of the particle. The frontal aréa partially
submerged particle B =2kh,whereh is flow depth[Lawrence 1997]. At low flow the
wake effect between particles was not considerdx tas large, therefore a valudfghin
based on the drag force approach was calculateshfiir individual particle rather than
for clusters of clasts. This method was usedragsans of comparing the additive
partitioning of the drag force for individual larged elements against the other methods
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Grain resistance is commonly calculated using @ fof theKeulegan[1938]
equation (Egs. 6.11 and 6.12), which is based emsisumption that velocity varies with
depth in a logarithmic fashiomfiberg and Smith1991;Bathurst 2002]. TheBathurst
[2002] equation (Eqg. 6.13) is the only equationdgdsere that is based on a power law
relation rather than assuming a logarithmic velodistribution. The three equations
(Bathurst, Parker and Peterson, Keuleyane tested against an additive drag force
approach. Errors associated with the calculatfayrain resistance involve accurately
measuring the hydraulic radius and the grain sizebble counts were used to calculate
reach averagBss, Dso, andDgg as well as values for the steps, step treadsademsy
sections and upstream and downstream pools. Betaei®bjective is to separate grain
resistance fronffsiep | assume that the grains on the step treadsthawgreatest
influence on grain resistance and best charactdrefé,..;» in the step-pool reaches. The
step grain size may be appropriate for predictotgl resistance in a step-pool channel
[Lee and Fergusqr2002], but here the step-forming grains are a®red part offsep
andffspn. The cascade reaches did not have step treadsfaireetheDgs andDsg were
split into cascade sections and pool sections.rdbeemean-square-error (RMSE) was
used to evaluate the goodness of fit between tdigiedff based on the different grain
sizes for the reach and the step tread.

Each of the above methods was further evaluateednessindfy.in against the
value offfy.in from the drag approach. The total resistaffeg,§ was transformed using

the square root to meet regression assumptionsmbscedacitylutner et al, 2005].
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6.3.4 Wood Resistanceffwood)

Here,ffwooq represents individual pieces of wood in the chativeg are not part of
steps (Figure 26). The majority of wood in steplgeaches is found within the steps
(~90%), but that wood is considered part of the tem and its contribution s IS
considered a part dffsiep andffspi.

The contribution of individual pieces of wood wasdatlated using the method
outlined byWilcox et al[2006]. The major assumption is that the dragtem by wood
is similar to the drag measured around cylindes filaime Gippel et al, 1992;Shields

and Gippel 1995;Gippel et al.,1996]. The drag force around wood is

g2 A sing

F =
b 2

(6.14)

where, C*P = apparent drag coefficient (measured for a spesét of geometric and

hydraulic conditions and corrected for the blockaffect of LWD);v = depth-averaged
approach velocityA,, = submerged cross-sectional area of the wood jpeexk) = angle
of the wood piece relative to downstream flow digt The apparent drag coefficient is

then:

Cq
a[l-BJ°

app _
CP =

(6.15)

where Cy = drag coefficient in flow without boundary effepad andb = empirically
derived coefficient and exponel®;= blockage ratio. For values Bfbetween 0.03 and

0.4, the values dd andb have been found to equal 1 and 2, respectively.
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~25m

Figure 26: Example of wood as individual piece (13nd wood as part of step (2). Leftis a planform
view of ESL1 showing individual wood piece (1) andiood jam that is part of a step (2). All pictures
are looking upstream except for the top right photo Yellow arrows are pointing to the same location
in photos going from left to right.

The blockage ratio is the ratio of the frontal aséan object to the cross-sectional area

of flow and for a cylindrical piece of wood it iefihed as:

d 2
L'd,,00q SINO + 7{“2""} cosd

B= (6.16)

A

flow
where,L’ = is piece lengthd,..q= submerged cylinder diamete¥;,,, = cross-sectional
area of the flow. Once the drag force is deterohiiog an individual piece of wood, then

the shear stress can be calculated using Equ&idn)(

app 2
_ pCD \ dwood (617)

Twood - 2 X

where X = distance between logs. Equation (6.18) can lieemsed to calculate the

component offiy related to individual pieces of wood:
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_ 8‘l-wood — 4clgppdwood (618)

wood —2 X

oV

ff

This method allows the approach velocities todiecelled out, therefore eliminating the

need to measure approach velocities. The minimmamaaximum values used in each
reach forCp, C;™, B, a andb and the resultarif,ooqare shown in Table 9. The values of
B exceed the range evaluated®ippel et al[1992] in a few cases. The values of the
coefficientsa andb in Equation (6.15) were determined based on thga®fB

measured bippel et al[1992], and were generally 0.997 and 2.06, resgeygt

Table 9: Minimum and Maximum values used for eachdg in each reach.

Reach Name Cb B a b Co™  ffuood

Min. 0.6 0.01 0.997 206 0.63 0.05

ESLL Max. 0.9 0.38 1.02 325 243 443
ESL2 Min. 0.6 0.03 0.997 2.06 0.88 0.05
Max. 0.9 0.63 0.997 2.06 4.75 224
ESL3 Min. 0.6 0.00 0.997 2.06 0.62 0.02
Max. 0.9 0.14 0.997 206 124 1.49
ESL4 Min. 0.6 0.00 0.997 206 0.61 0.03
Max. 0.9 0.08 0.997 2.06 1.05 0.74
ESL5 Min. 0.5 0.00 0.997 206 051 0.03
Max. 0.9 0.26 0.997 206 1.69 1.17
ESL6 Min. 1.0 0.01 0.997 206 106 0.02
Max. 1.0 0.11 0.997 2.06 1.27 0.09
ESL7 Min. 0.6 0.00 0.997 206 0.60 0.02
Max. 0.9 046 0.997 206 325 1.74
ESLS Min. 0.4 0.00 0.997 206 040 0.01
Max. 0.9 0.49 0.997 206 3.64 1.29
ESL9 Min. 0.9 0.00 0.997 206 090 0.22
Max. 0.9 0.38 0.997 206 242 091
EC1 Min. 0.8 0.27 0997 206 151 0.37
Max. 0.8 0.27 0.997 206 151 0.37
EC2 Min. 0.2 0.01 0.997 206 0.20 0.01
Max. 0.6 0.18 0.997 2.06 091 1.14
EC3 Min. 0.6 0.01 0.997 206 0.63 0.07
Max. 0.9 0.07 0.997 2.06 1.04 0.48
ECa Min. 0.3 0.01 0.997 206 0.31 0.09
Max. 0.9 0.18 0.997 2.06 136 0.50
ECs Min. 09 005 099 206 101 0.03
Max. 0.9 0.11 0.997 280 128 0.14
£C6 Min. 0.9 0.03 0.997 206 095 0.04

Max. 0.9 0.18 0.997 2.06 134 1.13
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6.3.5 Form Resistance {fep)

Because the main bedforms in the steep streamasa&stamined here are steps
and pools, the form resistance is denoteffsasrather tharffi,m. Other sources of form
resistance are considered separateffas andffsyi. Form resistance related to banks,
bends, and sinuosity is important, but is not dated here since the primary focus is the
contribution from bed roughness towards total flesistance. Other components of
resistance are folded into spill resistarftg;().

Much of the energy loss associated with steps aotsps related to the flow
acceleration and deceleration as water spills thesstep lip into the pool (Figure 27).
During nappe flow, the majority of the energy lssfrom flow re-circulation in the pool.
If the drop is not shear, a hydraulic jump dissgahe energy. As a step becomes
submerged during higher flows, the step shapd its&y also create losses from form
resistance. The step submergence can be evalgtepthe ratio of critical deptind) to
drop heightZ). Comiti et al.[2009] found a transition in the significance odig
resistance versus spill resistance at a valig/pbf 1.2. Consequently, | hypothesize
that steps with a value bf/z> 1.2 should also have a form resistance compdffes)
related to the step shape. | evaluated step sgfemes based on longitudinal profiles
and photographs. The portionfbfelated to steps can be calculated using a melihgyglo

similar to calculating drag around in-channel wood:

4CD Astep

ff step =
Abhannel

(6.19)

where,Cp = drag coefficient of step#iiep= frontal area of ste@channe= surface area of
step. The frontal area of the step was the proofutte upstream pool deptR) and

width (Py). A schematic of a step-pool channel is showniguie 27.
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a) ldealized schematic
of a step-pool reach
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Figure 27: Schematic of a wood and boulder step-pboeach.

Drag coefficients of steps were estimated basethi@step composition; i.e.,

boulder, wood1 or wood2. Values were based orltssom flumes @ippel et al.,

1992;Hygelund and Mang&003]for individual cylinders (between 0.4 to 4.5) and

results for a wood jam (between 2.6 to 9Nafhners et al 2007]. Because drag
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coefficients increase with dimensionless wood sgrfarealflanners et al 2007], initial
values for the drag coefficient were assigned base¢alues of wood surface
area/channel surface area (Figure 28). Bouldpsstere given an initial value of 1.0 for
Cp; woodl and wood2 steps were given initial valuetsveen 2.8 and 1.4. A limitation
of this method is the lack of measured drag caefiits around wood and boulder steps.
Because the drag coefficients were unknown, a t@hsanalysis was performed. The
initial value ofCp was assigned for each step as described abovéhemeach drag
coefficient was increased by 0.2 in five incremeatsalculate six different values of
ffsiep Starting with a conservative estimate for thegdraefficients. The value @l

was calculated for each individual step that isvseifged according to the valuelgfz
using the drag force approach described above (Bgué.6 — 6.10) and then summed to
give the total value dfsepfor each reach. The cascade reaches typicallydad one or
two steps within the reach, but only a few of theteps were sufficiently submerged to

have values foffsepas well.
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Figure 28: Dimensionless surface area for each stspowing divisions of the drag coefficient for
steps.
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6.4 Results
6.4.1 Grain Resistance ffqain

The variety and distribution of grain sizes canénavarge effect on grain
resistance, particularly in step-pool reaches, deing on where grains are measured
within a reach. The step-pool reaches tend to haweh larger variability in grain size
than the cascade reaches (Figure 29), probablybead the larger range in gradient and
morphology. The variability iDso between sections of a reach was much larger tiean t
variability in Dg4, indicating thaDg4 may better represent average grains protruding
above the bed for the entire reach. The grainisigge downstream pools and on the
steps varied the most from the red&xz) (Figure 29). The variety and distribution of
grain sizes can have a large effect on the valdleofirain resistance, particularly in the
step-pool reaches, depending on what portion ofdheh grains were measured. The
downstream pools are commonly assumed to haverthkest grains, but the pools just
downstream of a plunging step often contained sange boulders in the middle. Figure
30 shows a sensitivity analysis of each of theetlgmin resistance equations uding,

Ds4, andDq, for the characteristic grain size.

Because in this case the objective is to sepanatgrain resistance froffiep, |
assume that the grains on the step treads haveghest influence on grain resistance
and best characterize tfig.in in the step-pool reaches. The value§g@fi, using a reach
grain size are compared against the values usthguacteristic grain size for the step
tread. The cascade reaches did not have stestthadefore th®g, andDso were split
up into cascade sections and pool sections, whesressary. The values for FC5 and FC6

could not be split up this way because the smahannel size made cross-section
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portion of the bed measured. Stefpg, RMSE

Upstream PoolDgy RMSE

0.079;

0.061; Downstream PoodDg, RMSE

0.045; Step Treadg, RMSE = 0.025. StefDs, RMSE = 0.014:

0.018; Upstream PooDsg RMSE = 0.018; Step Treadso RMSE

Downstream PoolDsg RMSE

0.010
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surveys impractical. The root-mean-square-errdi$E) was used to evaluate the
goodness of fit. ThBarker and Peterso[1980] equation varies the least (RMSE =
0.06), whereas thBathurst[2002] equation varies the most (RMSE = 0.115F& 30).
Results from th&eulegan1938] equation using botbsg andDg, are fairly similar
(RMSE = 0.012 and 0.018, respectively).

Figure 31 illustrates the percent contributiorifgfin to ffior for each equation at
low and high flows. The June 2008 mean valudffgy, calculated with any of the
equations and using either the step tread or r@aetage grain size was always
significantly less than the August 2007 mean valuiéy.in (Figure 32). Therefore, in the
following analysis, comparisons focus on differenbetween June 2008 and August
2007 flows. ffyain calculated from th&euleganequation contributes the smallest amount
towardsffioia at both low and high flows, indicating that it gs/a lower bound of grain
resistance. The percent contributiorffghin is largest when calculated using fParker
and Petersorequation at high flows and tlBathurstequation at low flows. These
equations are similar, since each uses a largezgeptative grain size and calculates an
average value dfgain. TheKeuleganequation calculates slightly larger valuesfghin
based org,4 instead oDsg (Figure 30), but not as large as BParker and Petersoar
Bathurstrelations.

ffgrain calculated with th@arker and Petersoaquation occasionally contributes
up to 100% of total resistance at high flows inphene-bed reach (ESL6; Figure 31).
Since thdf,xogalso increases at high flow in this reach andrdauties toffio,, the
Parker and Petersorquation is likely inflating the value .. Therefore, th@arker

and Petersomquation may be an overestimatdfgfin at high flows.
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As grains become submerged, it is expected thatahtibution offfy.in to total
resistance will decrease. Although the valueifyaf, do increase at lower flows (Figure
32), the contribution dffgain to ffioral is much smaller at low flows for each of the three
equations except for the drag force approach (Ei§d). The means vary between 0.11
and 0.08 from low to high, respectively, for tReuleganequation and from 0.58 to 0.24
for theParker and Petersoaquation. In no case do the valiffgsi, go above 2.0 when
using any of the three equations, despite drasti®ases iffiiy Up to 42.0 during low
flows. Therefore, many of these equations mayraerestimatindfy.in at all flows, but
more specifically at low flows.

Figure 31 also displays the results of the addtirse approach for individual
boulders. The percent contributionf@yfain to ffiora is much larger whefiyain is
calculated in this manner for both the June 200&4land the August 2007 flows. ESL7
has a percent df greater than 100 for the drag approach, indicdtiagjthis value is
unrealistic. The high values in ESL7, ESL8 and &&veal problems with using the
drag approach during lower flows. Each of theseeheaches has the largest number of
boulders (23 to 28) compared to other reachesthigthad 5 or 6. The additive
approach causes the significancéf@fi, to be inflated because of the number of
boulders. Both ESL8 and ESL9 are step-pool reatttagswill have a large contribution
from ffsiep ffwoos @andffoanks Therefore, the percent contributionfigfain is too high for
these reaches once other sources of resistancerselered from field observations and
the analysis below. Alternatively, the high valoé$fy.in calculated around individual
grains that are not step-forming grains revealffgat, may be greatly underestimated in

these reaches by using one of Kelegan Bathurst or Parker and Petersoaquations.
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Figure 32: Boxplot of grain resistance equations aanst step type, flow period and channel type. Step
categories: Boulder = reaches with only boulder spes, Mixed = reaches with both wood and boulder
steps, None = reaches with no steps (only ESL6 aB&L7), Wood = reaches with only wood steps.
Lower case letters, a, b, and ¢ show which meanseasignificantly different from each other based on
Tukey HSD test in an ANOVA.

Each of the above methods was further evaluateedrgssindfyrin againstfial
and the value dfy.in from the drag approach (Table 10 and Table 11k total
resistance was transformed using the square rooe&t normality assumptions. The
Parker and PetersoandKeuleganequations usin®qo and step treaDs, respectively,
explained the most variability in the data set.ifdtations except two showed a
significant difference irffyain between June 2008 and August 2007 flows. Althaugh
regression analysis reveals which equation expkiasger percentage of the variability

in ffiora, it does not necessarily reveal which equation tasulatesfyrain.
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Each method was evaluated against the drag apprassiming that the drag

approach can show precise trends in the data withewalues necessarily being

accurate. The trends may be more precise witdrdg approach because every large

bed element above the surface during the August #06@&s was accounted for.

Table 10: Regression foffim vS.ffy.in. Regressed against sqriff) to meet normality assumptions
(df =53). FC3 July 2008 was an outlier and remodefrom regression. Additionally FC3 August 2007
and FC6 August 2007 were found to be outliers ford@ker and Peterson equation and removed from

those regressions. Parker and Peterson = 51 df= 0.05 **; o = 0.10*

Keul- Keul- Keul- Keul- Parker Parker Bath- Bath-

egan egan egan egan and and urst urst

(Dso) (tread (Dgy) (tread Peterso Peterso (Dgs) (tread

Dso) Dgy) n(Dg) N (tread Dega)
Dgo)

Intercept 1.92%  1.69** 1.24* 1.88** 0.94* 1.66** 2.49** 2.59*
fforain 16.25** 18.80** 11.25**  9.35** 5.28** 3.92** 1.65** 1.50**
August 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2007
July 2007  -0.63 -0.58 -0.37 -0.70* -0.04 -0.26 -0.30 -0.37
July 2008  -0.43 -0.59 -0.13 -0.66 0.06 -0.18 -0.07 -0.13
June 2008 -1.21** -1.16** -0.79* -1.19** -0.24* -0.64 -0.81 0.90*
R? 0.39 0.46 042 0.42 0.53 0.43 0.39 0.38
adj-R? 0.34 0.42 0.37 0.37 0.49 0.39 0.34 0.33
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 .00D <O0.001

Table 11: Each grain resistance equation véq.q. ESL3 and ESL4 outliers for Bathurst (tread). ESL4
removed as outlier in Keulegan (ST). In every regrssion ESL3, ESL4 and FC4 seem to have higher
leverage than other reaches. For August 2007 reggsions ESL9 and FC6 were outliers.

June 2008 Keul- Keulegan Keul- Keul- Parker  Parker  Bathurs Bathurs
egan (tread egan egan and and t (Dgs) t (tread
(Dso) Dso) (Dgy) (tread Peterso Peterso Dgy)
sqrt(fd  sqrt(fdrag Dsy) N (Dgg) n (tread
rag) ) Do)
Intercept -0.05 0.08 -0.55 -0.46 -0.40 0.36 0.19 0.10
fforain 9.34* 7.82** 8.15** 7.88** 4.13** 1.69 1.99 3.15**
R? 0.42 0.34 0.30 0.31 0.37 0.20 0.19 0.40
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 2.42 2.90* 3.09**
ffgrain 6.17 7.92** 8.15** 0.75 2.47 0.76 -0.14 -0.38
R? 0.16 0.27 0.30 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
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The regression analysis shows thatfthg, values from thé&euleganrelations using the
Dso, step treadDso, andDgs were all significantly related to tHgy.in values from the drag
approach during the June 2008 flows. None ofrkercepts were significant in any of
the regressions. Only tikeuleganstep treadDso andKeuleganDg4 were significantly
related tdfgrag at low flows.

Despite these differences in values, Kieeilegan BathurstandParker and
Petersorrelations show similar trends (Figure 32). Eagbhation was evaluated looking
for significant differences in the value f&f.in among channel types, flow period and
dominant step type in the reach. Figure 32 shawplbts using théfy.in equation with
the minimum valueseulegan[1938]) and théfy.in, equation with the maximum values
(Parker and Petersof1980]). TheKeulegarequations (using both reach average and
step tread values f@sp andDg,) indicate that reaches with mixed boulder and wood
steps have a higher grain resistance than readtiesmy boulder, only wood, or no
steps. Both thBathurst[2002] andParker and Petersof1980] equations show no
significant difference based on step type. Thiedéhce ifffyain based on the dominant
step type may be related to differences in stegedsions based on step composition
(Figure 33). Steps that are a mixture of wood lamalders tend to have a larger drop
height, step height, pool depth and step width.

The value offyain Wwas evaluated against flow period and channel agpeell
(Figure 32). All the equations, including using tlrag force approach, showed
significantly higher values dfg.in in August 2007 versus June 2008. The drag force
approach also indicated significantly higher valag.i» for reaches with mixed step

types versus boulder step types in both August 20@7June 2008. All equations,
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except for the drag force approach, indicatedttiatalues offy.in are significantly
higher in cascade reaches versus step-pool and-pkohreaches, probably because
cascade reaches tend to be on steeper slopesméatlesvalues oR/Dg,4 (between 0.5
and 1.7).

In summary, estimates of percent contribution afrgresistance tfhy are quite
sensitive to the equation used for this purposeging in some channel reaches from
32% to 96% at high flows and 3% to 15% at low flowshigh flows, theParker and
Petersorequation consistently produces the highest estsratd thé&euleganequation
consistently produces the lowest estimate§,af.. At low flows, theBathurstequation
or drag approach produce the highest estimatethattuleganequation produces the
lowest estimates dfgyain, indicating, as has been previously suggestedibgr [1999],

that theKeuleganserves as a lower bound for grain resistance.
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Figure 33: Boxplot of step dimensions for every indidual step in every reach based on step
composition. Boulder = steps only made up of larggrains, Wood1 = steps made up of a keystone
boulder and wood, Wood2 = steps only made up of woodower case letters a and b indicate which
means are significantly different from each other sing a Tukey HSD test in an ANOVA.
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6.4.2 Wood Resistanceffyood

Wood resistance was calculated using3heelds and GippglL995] approach.
There are many potential sources of error in thg@ach, including the measurement of
X (distance between logs), calculationGf*”, and determination of which pieces
constitute significant in-channel wood. The protgewith determining values for each
of these variables are discussed in more det&ekntion 6.4.4.3. The valuesf@food
ranged between 0.01 and 4.43 (Table 9), makingwwlaere from 0 to 87% of th&

in individual reaches. Although the results in GMPFER 4 indicate that the wood

density using individual logs E Surface Area of Individual LoyReach Surface Arga

was not significantly related o1, wood is significantly related tifit Once the wood
in steps is included as part of the wood densityerefore, an additive drag approach
may be overestimating the influence of individuagd that are not part of steps on total
flow resistance. In some cases, inclusion ofiakk@s of wood caused the valudf@foq

to be more than double the measured valud&.gf.

Complexly shaped wood pieces also created uncert&sL5 had a log that was
primarily a bridge with branches hanging down itite flow (Figure 34). Branches
increase the surface area of a log, but also create flow separation and turbulence
[Hygelund and Mang&003]. Hence, the area increases but the drag tiwes not, so
that the apparent drag coefficient decreasesd Bietervations reveal that the log in
ESLS5 affects the velocity and depth near the baoktheShields and GippglLl995]
eqguation does not provide a way of accurately diyamg that effect. Similarly, a log
along the left bank of ESL6 helped to create flepagation and a backwater area, but

this area was no longer in the major portion offtbe (Figure 34). The values f,o0q
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calculated for these individual pieces inflated dlctual effect these logs were having on
the majority of the flow. Therefore, the only pgeiocluded in ESL6 was an individual
log that lay across the reach (Figure 34). Thaevalff,,.oqwas still calculated to
contribute 50% tdf,. During high flows this log helped create a srhatiraulic jump
and caused the flow depth to increase behind theblat the value dff,,00q SEEMS OVerly
large. This problem was observed in many reagreeticularly when logs contained

branches and were not necessarily in the thalwegyére obviously responsible for

creating flow separation and backwaters.

Figure 34: Example of wood in ESL 5 (a - ¢) and ESB (d - f). a) Picture of log in ESL5 during high
flow. b and c) Plan view of ESL5 showing locationfdogs and LIiDAR scan of ESL5. d and e) Plan
view of ESL6 showing logs and LIiDAR scan with meased thalweg in the center. f) Photograph of
ESL6 in July 2008.
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Wood resistance was found to contribute anywhetwd®n 0 to 87% dfffiota
using theShields and GippdlL995] drag approach. The contributiorfigf.q was not
found to vary in any significant fashion witl,,. More likely the relationship between
the two variables is much more complex, becausgarsfches and interactions between
in-channel wood and other large roughness elensewts as steps and boulders.
6.4.3 Step Resistanceffge, and g

Steps likely contribute the greatest proportiomesistance in step-pool channels
from both spill and form resistanc€lirran and WohI2003;Wilcox et al, 2006]. Form
resistance relates to energy losses from circulaticghe pools, but as steps become
submerged, the step shape can also contributertolésses. We calculated form
resistance around steps using a drag force apprd@ataus€, is unknown, we
performed a sensitivity analysis for one cascadktan step-pool reaches (Figure 35).
The percent contribution dfse to ffiora can vary from 1 to 63% within a reach,
depending on the values of the drag coefficierite ore conservative lower values of
ffsiep USING the smallest values ©f, were compared to the other components because the
larger values sometimes exceeffed, when added together with the other components
of resistanceThe contribution offseto ffiora tended to be highest during the high flows,
since these were the times that the steps had sithenerged or skimming flow over the
step. Smart et al[2002] argued that bedforms are not significargtreams where other
bed elements are on the same order of magnitutte d®w depth, but my results
suggest that the adverse pressure gradient aradidrins may become increasingly

important as flow increases despite the presenoéhef bed elements on the same order
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Figure 35: Example of sensitivity analysis foffse,. Each number in the key (1 — 6) indicates that a
different drag coefficient was used for each iterabn. One is related to the smallest values @ used
and six are the max values. Depending on the readte larger drag coefficients could double the
percent contribution of ffge: ESL9 ranged from 28 to 52% at high flows and 18 t82% at low flows.
FC3 went from 61 to 89% at high flows to 5 to 7% atdw flows, FC6 goes from 33 to 66% at high and
7 to 14% at low flows.
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of magnitude as flow depth. At lower dischardégy may dominate with higher drop
heights and smaller pools. Table 12 shows thiight flowsffsepis significantly related
to ffi,ia @S @ power function.

Table 12: Linear regression offfi,, vS.ffgen for June 2008 flows. The relationship is a power
function with 10 degrees of freedom.

Estimate p-value R° p-value

Interceptfy 3.63 <0.001 0.330.05
ffstep: 0.52 0.05

6.4.4 Limitations in calculating total and component resistance in steep steens
6.4.4.1 Limitations in calculating ffia

There are a number of sources of error in theutaion offf,. Each parameter
(v, S, Ry) has error associated with the method used fosumgwy it. The friction slope
is not directly measured and is not steady or umfm mountain channels. The water
surface slope is used as an approximatidd fufr calculatingffioa. The water surface
slope &) was approximated using a linear regression oftimeey points (Figure 36).
Typically the water surface slope is not directlgasured, in which case the bed slope
(S) is used to approximat®. Figure 36 shows that at high flows (June 20885, and
S are close approximations of each other. At higvg$ the water surface tends to
submerge many of the roughness elements, causmfpét much smoother than at low
flows. During the August 2007 flows, there is egkx difference betwee®, andS,. The
changes in the gradient throughout the reach achsliarper. The RMSE for the
difference inffio based on using, andS, during the June 2008 flows is 0.207 and this
can go up to 0.635 for the August 2007 flows. Tkmults in over- or under-estimation
of point-specifics by as much as 2.0%, which can in turn introducersras great as
2.0% inffioi. Many reaches followed this trend, where theesgjon line had a better fit

at high flow versus low flows.
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ESL2 Thalweg - August 2007 Bed
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Figure 36: Example of water surface and bed slopeegression lines for ESL2.

Seven methods of calculating slope were analyzddtaneffects on calculating
ffiotal @re evaluated in Figure 37: (1 and¢)was calculated simply by taking the
difference between the upstream and downstreanrt satiace elevation, as w&s (3)
S was approximated by calculating the change irtdted head ¢H) over the reach

length @x). The total head is equivalent to:
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V2
H=z+d+— (6.20)
29

where,z = bed elevationg = local flow depth (m)y = local velocity (m/s)g =
acceleration due to gravity (Ms The local velocity was calculated using thetirority
equation. This calculation & was not used in the final version of the equatorifio
because of problems with estimating the local viglo(4) The regression line was
calculated foiS,. (5) A step gradient was calculated. (6) An dffechydraulic radius
was calculated. (7) The thalweg water surface slogeaveraged with the right and left
bank water surface slopes.

Another major source of error relates to the datean of the hydraulic radius
using the average cross-sectional area and wettadgier. The reach-average velocity
was measured in each reach using tracers. Thmuaiptequation was then used to
calculate discharge by using the average crosgeattarea and the reach-average
velocity. Discharge was also measured using tmest&ervice gages that were located
just below ESL1, FC1, and FC5. There are no majarts or outputs between each
reach and the nearest gage. Therefore, the gageadge should measure the reach
discharge. Velocities for each reach were esathéitbm the gage discharge by using
the reach-average cross-sectional area. Figusb@8s that the tracer velocities are
systematically higher than the gage velocitiesis Thparticularly true at the higher
flows, which correlate with the higher velocitiehe discrepancy between the two may
reflect error in the calculation of reach-averagess-sectional area. Field observations
revealed that there were areas of significant #epwaration in each reach and backwater
areas, particularly at high flow. Therefore, tihhess-sectional area may be overestimated

in each reach and an effective cross-sectionalardaffective hydraulic radius should
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Figure 37: Sensitivity analysis for calculatingf,,y. The y-axis shows the values 6f,, used all other
analyses, the x-axis shows values fff,, calculated using other methodsRMSE for S, regression =
0.406; RMSES, calc = 1.103; RMSE forS, calc = 1.451; RMSE step gradient = 8.513; RMSE fdRs
= 3.642; RMSE forS = 2.061; RMSE forS,, avg = 1.263.

be used for the calculation fif,,. These effective areas represent the cross-sacttio

area and hydraulic radius that the majority offtb& moves through and ignores the
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backwater areas along the banks with a large secprtculation component. Using

the gage discharge and tracer velocity, a new geersss-sectional area was calculated
for each reach. The new cross-sectional areasaveaserage 32% smaller for the June
2008 high flows, 23% smaller for the July flows &% smaller for the August 2007
flows. The percent difference between the meastn@sk-sectional area and the
effective cross-sectional area was used to cakalatew hydraulic radiug{q) for each
reach. The effectivR was then used to calculate a rféyy, (Figure 37). Using thBe
causes th#fi,i, to be smaller than the values with the t&®alThe error betweeétfiy
calculated usingR vs. Ress was one of the highest at 3.642. The lowest eves related

to using the regression lines f&y versusS, (RMSE = 0.406).
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Figure 38: Comparison of velocities measured usintgacer and velocities calculated from gage
discharge. Gray dotted line is 1:1 line. RMSE foall data = 0.235; RMSE for Step-pool = 0.120;
RMSE for Cascade = 0.149; RMSE for Plane-bed = 0.6
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6.4.4.2 Limitations in calculating ffgain

The major limitation for calculating grain resistans that, because there is no
absolute or widely accepted measure against whicbrmpare varying methods of
estimation, it is difficult to find a way to evaligawhich equation is capturing the actual
value offfgain. Many studies have assumed that the value id amdithe remaining
resistance is related to the unaccounted souraesigtance, builcox et al.[2006]
showed in their flume study that both BathurstandParker and Petersoaquations
commonly underestimafé.in. In a natural setting, it is difficult to find appropriate
measure to compare each equation against, to deeewhich method accurately
characterizes grain resistandeagliara and Chiavaccinj2006] found that an increase in
flow resistance due to the presence of bouldesgrsficantly related to the boulder
concentrationI{). Each of these methods should represent the enesgjpated as flow
moves around and over the larger bed elementgftirerthe boulder concentratian) (
was used to evaluate how well each equation repiesiee grain resistance at both low
and high flows (Figure 39). Table 13 indicateg thiaile holdingQ constantffig IS
significantly related td". Therefore, | assumed that this is an appropvat@&able to use
for comparing eacffy..in €equation and assessing the ability of each equétiaccurately
predictffyrain.

Table 13: Multiple regression for log {f), 52 df.

Estimate p-value R® p-value

Interceptfo 2.40 <0.001 0.56<0.001
log(Q) -0.44 <0.001
log(I") 0.36 < 0.001

Each equation was evaluated using the reach ckasdict grain size as well as the step

tread grain size, which represent both th8 &) and 84 (Dg4) percentile of a
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cumulative grain distribution. The results in Fig@9 indicate that all four equations are
significantly related to boulder concentration gihhflows, but only th&Keulegan

equation using botbso andDg, is significantly related at low flows. The boutde
concentration only changes slightly with flow, ibioé submergence of the boulders
changes. The significant relationship betweendutoncentration and each equation at
high flow exists because the boulders are almasiptetely submerged. As flow
decreases the water begins to flow around the boajldather than over, and the
characteristics of the flow change. Therefore labelder concentration may not be an
appropriate measure of evaluating thgi, equations at low flows, or each of the
equations do not capture valuedfgk, at low flows.

The value offgain found by using the drag force approach was atgufgantly
related to the boulder concentration (Figure 4®)ictvis expected since a drag force is
calculated around each boulder. The drag arowhdster of boulders was calculated as
a single object when the boulder length to heighibrwas greater than 9.Wphl and
Ikedg 1998] because such closely spaced boulders halke wterference between them,
which makes an additive method unrealistic. Figlireshows a schematic of water
moving over boulders at high flow and around bordde low flow. Although the wake
is probably reduced at low flow, there is stileage amount of error because of the
disruption of the surface flow and constant divageand convergence of flow lines.
Also, the values ofp are usually calculated for submerged objectspadially
submerged grains.

Therefore, the lack of any relationship betweenld&uconcentration and either

the Bathurstor Parker and Petersoaquation during the August 2007 flows indicates
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that neither of these equations represtgts at these flows. Thikeuleganrelation
using the step treddso was the most significant regression with boulderaentration,
indicating that this equation may provide a loweutd toffyin at low flows despite

problems with the mathematical validity of the etiaat low flows.
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Figure 39: ffy.in regressed against boulder concentration for highJune 2008) and low (August 2007)
flows as a measure of evaluating applicability ofach grain resistance method. Bottom two
regression lines are foilKeulegan Dsy, and Keulegan Dg,, respectively, in each plot. Top two lines are
for Bathurst and Parker and Peterson, respectively, for the June 2008 flows and the opgite for the
August 2007 flows. Neither the Parker and Petersoequation nor the Bathurst equation is
significant at the lower flows ata = 0.05. ESL3 is excluded because it is an outlieith a much larger
boulder concentration than any other reach (~0.20).
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Legend

Boulder

“= b Flow
A~ Flow Lines

@ Wake

Figure 41: Flow moving over boulders in a cascadesach (ESL7) at high (a) and low (b) flows. The
side and plan view are idealized versions of howofv is moving around boulders in the photograph
above and does not actually represent the locatiasf boulders in ESL7.

6.4.4.3 Limitations in calculating ffyood

There are many potential sources of error whergusie drag force approach for
calculatingffyoos First, wood in steps were considered part otep form and thus
were not considered as partfiyfo¢ Each parameter in Equations 6.14 through 6.18 has
potential error associated with it based on measene errors as well as estimating
unknowns such as the drag coefficiedg), The diameter and length of each log were
measured using the LIDAR scans of each reach.LiID®R scans were done during the
lowest flows (August 2007) so that a larger projpaorbf the bed was exposed, but
anything under the August water surface was nauceg by the scans. Some of the log

diameters may be smaller than the actual diam#tttrs bottom of the log was below the
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August water surface. Therefore, the frontal afehe log may be underestimated for
all flows. The piece length may also be underestaah if part of the log was completely
submerged beneath the water surface during Aubtpvesf Most of the log diameters
were larger than the water depth during the lowlesis, therefore it is unlikely that the
entire length of the log was not captured. Coneetily, the largest error in measuring
the log size is probably related to the diameter.

The drag coefficient and empirically derived valdera andb are most likely the
largest source of error in the calculatiorffgfos TheCp was estimated using flume-
derived values fronsippel et al[1992]. Gippel et al[1992] showed that the drag
coefficient changed based on the angle of flowdiktance between cylinders, the
Froude number, and the blockage ratio. They dlsaved that cylinders that included
branches had relatively lower drag coefficientsitbg@inders without branches as well as
varying less with rotation relative to the flowlygelund and Mangf003] determined
that if a log’s diameter is greater than one-ttivel channel depth, then the drag on the
log does not vary with depth. They propose thatdépth-averaged velocity is most
important for determining drag around large logeermeas the local velocity is most
important for determining drag around smaller logygelund and Mangf003] also
showed that branches cause flow separation andlémde, reducing the apparent drag
because the area increases, but the drag forcendbe3 he drag coefficients in the
current study were determined based on all theeboteria. Mainly, the graphs in
Gippel et al[1992] were used to pick appropriate value€gf Figure 42 shows the
range ofCp values versus the range of orientation of the togke flow and the blockage

ratio. There is no apparent correlation betweesdlvariables, because of the
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combination of factors that was considered wherrdahing an appropriate value for
Cp. The blockage ratio is above the maximum valué) (Dvestigated bgippel et al.
[1992], but the main determination of the drag @ioeint was angle, distance between
logs (X), blockage ratio, and depth of log in relatiorthie flow depth. The reaches with
high blockage ratios > 0.4 are ESL2, one log in 3ind one log in ESL7. The logs
that were bridges over the reach with branchesihgrapwn into the flow were given
very low values oCp, since the frontal area used was probably latgger the actual
frontal area of each individual branch.

The values of th€p were kept under 1.0 because any higher value® ledlues
of ffwoog that exceeded calculated valuedfgf,. Figure 43 shows a sensitivity analysis
for calculatingffyooq fOr two step-pool reaches (ESL1 and ESL4). fihgqcalculated
using different drag coefficients for each log lthea the parameters described above is
compared against using a minim@syp of 0.6 for all logs and a maximu@ of 2.0.

This range of values agrees with the values usafitppx et al[2006] andGippel et al.
[1992]. Any value ofCp greater than 2.0 was found to cause the valdiggfito exceed
the value offiy. Figure 43 indicates that the larger the valui,@fq the greater the
error associated with choosing a valu€gf In the case of ESL1,&, of 2.0 causes

ffwood t0 exceed values oo over all flows.
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Figure 42: Drag coefficient versus the log orientén and the blockage ratio. These plots indicate
that drag coefficient, as calculated here, is noessitive to angle or blockage ratio.

Figure 43 also shows that the valudfgf,scan in some cases be smaller during
the high flow period. Most commonlif,.oqincreased as flow increased because more
logs were being submerged as the stage rose. Ua,B% value off,..qdecreased for
one log, because the spacing between the log anakttt object upstream increased as
flow increased. The distance between objectseisitixt variable that was a large source
of error. The valuX in Equation (15) is most often the distance beiwegs, but in the

case of these high gradient mountain streams wegs not the only objects significantly
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affecting the flow and creating wakes that afféet drag around individual logs.
Therefore X was determined to be the distance between thgsetsbwhich included
steps and large boulders that were observed toméhe formation of wave drag.
Boulders were considered significant as long ag were considered large-scale
roughness witll/D, < 1 Dy = boulder diameter). In some ca¥ewould be the distance
between a piece of wood and a step, in other ¢hseadistance between the log and a
large boulder. Occasionally, smaller valueXafausedf,,.qto be too large and exceed
the value offi,,. Figure 44 shows how the valueXthanges in ESL4 based on the
flow. As flow increased in this reach, the areawmthe majority of the water passes
over and around the log changed. In August 20@/water flows around a large boulder
before approaching a small portion of the log. Bgtigh flow, the momentum of the
water pushes the flow between two boulders befppecaching a larger portion of the
log that is submerged at higher flow depths, tleeethe upstream distance to the next

object was increased to be the distance betwedodlend a boulder step upstream.

The value ofC"was calculated using Equation (6.14), with val@gmg
between 0.20 and 4.75. This range is wider thanfdund byHygelund and Manga
[2003] andManga and Kirchnef2000]. Equation (6.14) assumes tiG" is dependent
on the blockage effect, althougtygelund and Mangf003] showed no such
relationship existed betwed’™ andB. They propose that the pressure on the
upstream side of the log is proportional to theming velocity, therefore the value of
C2P is dominated by the upstream velocity. Sinceldbal velocities were not

measured in the field and it was determined thattntinuity equation did not give

appropriate velocities at each cross-section, tbhegalure outlined bgippel et al.
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[1996] andShields and GippdlL995] was followed. The values for the coeffitia and
the exponenb are also unknowns and were experimentally derbye@ippel et al.
[1992]. Mainly, values of 0.997 and 2.06 were ysedpectively, unless the logs were
stacked, in which case 1.02 and 3.25 were usedselvalues are another potential

source of error in the calculation@f™.

Wood resistance from individual logs in the reaas found to contribute a
significant amount tdf;,:5 at high flows, but the importance of wood actudkgreases
as flow decreases because most of the wood isngeian the flow during the August
2007 flows. The major contribution from wood dgritmese flows is probably from the

wood steps. There are a number of sources of iercalculating values dfyooq
including determining a suitable value@f andC:*. Further work needs to be

conducted in a flume, as well as making specifiosiey measurements around wood in

a natural setting, to determine realistic valuethese drag coefficients. Large roughness
elements, such as steps and large boulders, catgtlee equation for calculating the
drag force around these logs since these elemantsreate a wake that reduces drag
around the in-channel wood. Branches are ano#iogorfthat is difficult to account for
with the current formulae, particularly brancheattteach down into the channel and
create more flow separation and wave drag at hayt fMost likely there are not

enough individual logs in these reaches to berfsignt source of resistance, as is
indicated in the regression analysis done in CHAR®E Therefore, it would also be
interesting to examine how much wood is neededreaeah as individual pieces before it

becomes a significant source of roughness, in casgrato the wood found in the steps.
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Figure 44: Measuring distance, X, between logs armather objects in ESL4. a) Plan view of ESL4
showing June 2008 bank outline and thalweg. The aoiv points in the direction of flow and the white
bars indicate the location of in-channel wood. b) IDAR scan of ESL4 showing the June distance (X)
between the log and the next log object upstream drthe August distance (between the log and the
boulder). c) Photograph of June 2008 flow in ESL4Black circle shows where log in question is
submerged in water. d) Photograph of July 2008 fle; circled area shows boulder and log. ) August
2007 flow in ESL4; circled area shows boulder andb.

6.4.5 Overview of total and component resistance

The results of the additive partitioningf€ain, ffwooa ffstep andffspin are shown in
Figure 45a for the step-pool reaches and FigurediSihe cascade and plane-bed reach.
TheKeuleganequation was used to calculate grain resistanog g, since this
eguation seemed to better represent values at ftaves than the other equations. The
same equation was used for both low and high fleavihat another source of variability
is not introduced at this stage by including m&wantone grain-resistance equation. The

wood and step components were calculated usindrigeapproach outlined above.
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Figure 45: Contribution of partitioned friction fac tor to total.

between reaches. Th#, were made to be zero where negative values existbgcause additive
components exceeded the value ffy,. Figure shows partitioned values for each reachver each

flow period. a) Step-pool reaches b) Cascade reaehand plane bed reach
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Spill resistance was estimated as the componergingmy after all other components
were subtracted frorfi,y, although the term spill also incorporates anpth
unmeasured form of resistance such as bank resestdfach component of resistance
most likely interacts with other components, sokbalfiects may also be included in the
step, wood, or grain component. In the additiveragch, some of the added values of
total resistance frorfigaintffuwood + ffstep €XCeededfioa, therefore these reaches are not
shown to contain anffspi because of the overestimate of one or all of thero
componentsGrain resistance contributed the smallest amourdlfdhe reaches,
including the plane-bed reach. Wood resistanceributéd a large proportion of the total
resistance at high flows and progressively smaleounts as discharge decreased and
logs were no longer submerged. Conversely, th&ibotions offfs, increased
progressively as discharge decreased (Figure 3)p resistance is related to discharge
in that it was calculated only for steps that mspeacific submergence criterion. Spill
andffsiepcontributed the greatest amount to total resigtat@ll flows for a majority of
the reaches, except for four reaches during hmghidl Two of these reaches do not
include any steps and all four have a large woadpmment at high flows.

The cascade reaches had a smaller contributionffegpto ffioia, therefore the
unmeasured componefftts§i) contributed the most in these reaches. Howeher,
unmeasured component of spill resistance was natyal the largest proportion of the
total resistance in every reach (Figure 45). Botgobf the percent contribution of each
component of resistance for cascade versus stdpgauhes (Figure 47) indicate that the
only significant difference in the percent conttibn is fromffs.pduring high flows.

There are significantly higher valuesff.in in the cascade reaches (Figure 32), but
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overall the %fg.in is not different for these reaches versus thegtep reaches. There is
more variability in %fg.in in the step-pool reaches during low flows and grea
variability in the %f,,00qfor cascade reaches during high flows, despiteia of
significant differences between the means (Figije Zhe contribution from each
component of resistance also varied with the stepposition (Figure 48). The percent
contribution offfyain andffweod Was significantly higher for reaches without atgps than
for the reaches with steps. The reaches dominatéoidder steps had a higheffYain

than reaches with only wood steps.
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Figure 46: Boxplots of percentage contribution of ach component of resistance for each flow period.
ESL3 is excluded from the boxplots. Boxes with theame letter (a, b, ¢) have means similar at=
0.05.
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On average, the major contributions towdfdg, are fromffyooq andffspin. As
noted in the flume byVilcox et al[2006], the contribution frorffs; is reduced during
high flows (Figure 46). Otherwise, the contribuatiaf each componentfyooq ffstep

ffgrain) IS significantly larger during high flows.
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6.4.6 Relationship of ffgain, ffsin, and ffge to Q, and S, and wood as well as
interrelationship between components
Multiple regressions were used to evaluate theiogiship betweefffy.,in and
other control variables such &andQ. ffq.in Was found to be significantly related@
S and wood volume as well as wood surface arealmernel surface area (Table 14).
The value offyain decreases with increasi@and increases with increasifg The
grain resistance decreases with the amount of wothte reach. Wood increases the
backwater in a reach, probably increasing the suppemee of grains and thus decreasing
grain resistance. The combined wood and boul@gssire larger and increase the
backwater and storage of finer sediments. Angtbssibility is that the inclusion of
wood in a reach causes finer sediment to be dephdédading to increaséfy,,oqand
causing a smaller amount fiifiain because of the increased fines. This interacizon
also be seen in Figure 48, where thig;% is much smaller in reaches that contain only

wood steps.

Table 14: Multiple Regression forffy,n, N=59, df = 55, discharge log transformed to meebrmality
assumptions.

Estimate p-value R° p-value

Interceptfo 0.056 <0.001 0.58<0.001
log(Q) -0.008 < 0.001

S 0.327 < 0.001

Total Wood Volume -0.051 <0.001

Estimate p-value R® p-value

Interceptfo 0.057 <0.001 0.67<0.001
log(Q) -0.011 <0.001
S 0.300 <0.001

Wood Surface Area/Reach Surface Are@.130 <0.001
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ffsiepwas found to be significantly related to wood dgn@ able 15) and to slope
while holding wood density and discharge const@able 16). It was not significantly
related to discharge or grain size.

Spill resistance is the unmeasured component.vahe of spill resistance may
also contain other unmeasured components suchhégdsistance and bends. The
multiple regression in

Table 17 indicates théftp is significantly related t@ and total wood volume at
thea = 0.10 level. Théfs,) was not found to be significantly related to thepsgrain
size. Sincdfsp is the unmeasured component and is arrived atiliyescting the other
components, it tends to mirrti, and the significant relationships found when

evaluatingffiota.

Table 15: Linear regression forffse; vS. wood density (wood surface area/reach surfaceea).

Estimate p-value R® p-value

Interceptpy  1.12 <0.001 0.280.001
Wood Density 3.23 0.001

Table 16: Multiple regression offfsq,. Reaches without steps are excluded (ESL6, ESLMAESL3

Estimate p-value R® p-value

Interceptfy -0.14 0.78 0.42 0.001
Wood Density 2.83 0.003

S 14.4 0.009

Q -0.25 0.66

Table 17: Multiple regression forffs, (all reaches included, n=59)

Estimate p-value R®° p-value

Interceptfo -6.75 0.02 0.60<0.001
log(Q) -5.53 < 0.001

S 34.61 0.14

Total Wood Volume 8.07 0.10

StepDgy -10.99 0.48
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The multiple regression df,..qindicates that the values are relate@tandS
(Table 18). As both increase, the valudf@f,qincreases. The value ffq.qincreases
with Q because as discharge increases more logs becomerged.

Wood resistance also seems to have a complexarghip with the grain size.
Just as the submergence of grains may be incrégstbe presence of wood, the reverse
can hold true as well. Larger boulders may causeep of wood to become submerged
at lower flows by increasing roughness, decreagahggcity and thus increasing depth,
causing higher values #ff,o0¢ Also, large boulders can create backwater anbase
depth is increased and wood becomes submergedreF§ shows that this may be true
at higher flows, but at low flows there does na@rsdo be any relationship between grain
size andfyeos Most likely because the lower flows have deptlesshallow to cause

sufficient backwaters to submerge logs.

Table 18: Multiple regression withff,..q (all reaches included, n=59)

Estimate p-value R° p-value

Interceptfo 1.20 <0.001 0.32<0.001
log(Q) 0.45 <0.001
S 7.14 < 0.001
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6.5 Discussion

Ability to quantify the effects of each componehtotal resistance remains
limited by the available methods. The methodswdised here assume that each
component of resistance affects the total in ismta&nd that the individual components
can be added to calculdfg, [Wilcox et al, 2006]. The unmeasured component

remained the largest in most of our study reagbeasicularly at lower flows. The
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unmeasured component is assumed to be relatég;taalthough it could also be related
to bank resistance, which was neglected in thidystlihe results suggest that the current
additive approach is not appropriate and that threaasured component tends to be large
because individual sources of resistance interacbimplex fashions that effectively alter
the resistance associated with any individual cameporelative to the resistance of that
component in isolation. Yet, the additive approectld be greatly improved if the error
associated with many of the variables (633°*") used to calculatiyain, ffwoos OF ffsiep

was reduced.

6.5.1 Methods for calculating ff4.n and associated limitations

Each of the current methods used for calculdfigig, may be appropriate for
high flows, where the majority of the grains arbreerged, but appear to completely
underestimate the contribution ., during low flows. Low flows are distinct from
other stages by having a majority of the larger toederial only partially inundated and a
relative roughnesR/Dg, < 1. Although researchers have defined shallowdlagR/Ds,
< 4 [Ferguson 2007], the reaches in this study are all belaat Both high and low
flows. Divisions forR/Dg4 should also vary based on gradient (CHAPTER 4 shiat,
for gradients closer to 0.10, the limit for shalléews might lie closer to 1.5-2.0.

During low flows, the values of grain resistancer@ase, but the contributions
towardsffiora decrease. Each of these equations is possibbresiimatindgfyain at low
flows because of the inherent unsuitability of gsam approach that assumes a
logarithmic velocity profile Wiberg and Smith1991;Katul et al, 2002]. Near-bed
velocities remain low up to a grain size®fs and increase rapidly when flow is above

the range oDsp andDg4 [Wiberg and Smithl991]
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Despite these differences, | still foubd, to be a representative length scale and
the relative roughness can be related to the naenionalized velocity\(/u’) by a log
linear curve. Summing the contribution of eaclgdagrain over the entire reach using
the drag force approach indicates that the corttdbdrom ffyain could be much larger
than calculated by these equations (Figure 3%ijcox et al.[2006] also found that both
theBathurstandParker and Petersoaquations consistently underestimated grain
resistance.

TheKeuleganequation, using botBsy andDg,, consistently underestimated
ffgrain, Which was determined by evaluating the contrinutf %fgrain to ffiora in the
plane-bed reach. At the lowest flow, when the oHueirces of resistance are reduced by
the lack of in-channel wood and reduced bank @scgt, théoffy.in was 4.9% (Figure
31). In contrast, the drag approach indicatesfthas makes up 33% dfioa. The drag
approach is probably also underestimatipgin since only a few larger grains were
exposed at low enough flows to be surveyed inrgrash using the LIDAR pointclouds.
Smaller grain sizes probably start to affect tb&fhs stage decreases, so these should be
accounted for in a drag approach. On the othed,itheKeuleganequation had a more
precise relationship witffiota andffgrag at all flows, particularly when using the stepatte
Dso, despite the assumed lack of a logarithmic vejqmibfile (Table 10 and Table 11).
The relationship between tieuleganandffyag indicates that even with the use of a
smaller grain size such &8s, theKeuleganstill captures a portion of the form drag
component around the grains.

Flow accelerates on the step tread as it appesaitie step lipWohl and

Thompson2000;Wilcox and Wohl2007]. An interaction of processes is evidemeha
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larger step causes a larger backwater area, aljpg@position of finer material and
greater difference in flow acceleration between &wl high flows. Reaches with large
wood steps have finer material and larger ratehahge of velocity with discharge
(CHAPTER 5). Both grain resistance and pondingsageificant at low flows and can
drastically reduce velocity. The effect of gra@sistance at those lower stages is not
easily quantified by equations based on the lath@fwvall and a large characteristic grain
diameter. There are two levels of resistanceedltd the presence of grains in the flow:
1) water flowing around large boulders creatingaaref flow separation and
reattachment; and 2) water flowing over smalleirgrareating small surface waves and
hydraulic jumps, which can also be defined as spdlistance over the grains. Since the
spill resistance is caused by the presence of gjraia still define it here as grain
resistance. Additionally, both levels include vigsakin friction around the grain. The
first type of grain resistance may be best reptteselny a large characteristic grain size,
Dgo. Parker and Petersos equation was significantly related to bouldenoentration at
high flows, indicating that a larger representativain size captures the combined form
drag and skin friction around individual bouldeflhe second grain resistance may be
best characterized s, since theKeuleganequation was significantly related to both
the values determined from the drag force equatimhthe boulder concentration. The
median grain size is more likely to remain submergielower flows.

Although sorting was not significantly relatedftg. (CHAPTER 4), the sorting
may have a significant effect on the valueffgfi, at low flow. The larger boulders and
smaller grains influence the overall hydraulicaivery different way at low flows. The

flow around the boulders is retarded by drag ahérotesistance effects, whereas the
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flow above the boulders can be unimpeded by thiésete depending on submergence
[Bathurst 1993]. The flow structure in streams with largaghness elements is
considered to be multilayere@&novaro et al.2007]. The lower layer of flow includes
constant interaction between flow and roughness@hs, thus causing the flow to slow
from loss of momentum from the drag force arounthedement. In the upper layer,
velocity increases at a higher rate with depth bseaf the reduction in shear stress
where particles are submerged (Figure 41). In seaehes, or particular sections of the
reach, the flow is constantly distorted by the mrsibn of boulders at low values of
relative submergence, meaning that the majorithefflow is in the lower layer (Figure
50). In both low and bank-filling flows in theseamhes, the roughness elements affect the
entire depth of flow in some form, either by thedmf momentum around the element or
in the creation of surface wave drag and wakefertence with other elements. Most
studies focus on finding one representative grizié and determining a multiplier for

that grain size to fit it into some type lKéulegan1938] relation Hey, 1979;Reid and
Hickin, 2008]. In mountain streams, it is possible that values offy.in should be
estimated from two different representative grazes (e.g.Dso andDgg), as suggested

by Ferguson[2007].

The spatial density and planform arrangement ofdews were found to be
significantly related to flow resistance in a flustedy Ferro, 2003;Pagliara and
Chiavaccini,2006;Canovaro et al.2007].Canovaro et al[2007] found that the flow
resistance was maximized when the spatial derisjtwéas between 0.20 and 0.40. All
the reaches, except ESL3, had a boulder concemtratd.10. This may be because in

some reaches the boulders were concentrated ihgsasémd the spatial density of each of
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these patches needed to be calculated separaiglyg>1). ESL9 and FC3 in Figure 51
show examples of one step-pool reach that hay &amnly distributed boulders and
another reach (FC3) that really only has one laajeh of boulders. Therefore, the value
of boulder concentration may represent ESL9 faudjl, but not FC3. More boulders
could be found in FC3 in the pools, but these werteexposed at low flows for the
LiIDAR scanner to pick them up. Also, the boulderpools may increase turbulence by
causing more flow separation and secondary cinomabut this does not necessarily

contribute to grain resistanc@agliara and Chiavaccinj2006] showed that the increase

Figure 50: FC6 at low (1 - 2) and high (3 -4) flowsPicture at top left shows reach outline with snih
lines to indicate location of boulders. Arrows inicate same location on each image. Photograph and
LiDAR image show exposure of more grains at low fles, as well as increased sinuosity of thalweg
(light yellow line in center of channel).
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in resistance because of boulders is related tov@ar of variables including boulder
concentrationl(), spatial arrangement, and surface roughnessudfiérs. Ferro [1999]
andLawrence[2000] found that” < 50% meant that the boulders were sufficiently
spaced so that the wake of one boulder did notferewith the wake of another. Since
the reach length and width were used to finth some cases the value may be smaller
than the actual spatial concentration of bouldeigute 51). All the macro-roughness
elements in FC3 are clustered together, indicahagthese elements will probably
interact with each other at both low and high floimsthe case of FC6 (Figure 50), the
roughness elements are spaced so closely togettiera so small in comparison to flow
depth that skimming flow probably occurs at highwfs. Also, resistance is increased at
lower flows as the thalweg becomes more sinuoune €effect of sinuosity was not
accounted for in this study, but could be signifiicgarticularly in small channels with
large macro-roughness elements that the flow hasdomvent. Therefore, the spacing
between boulders significantly effects the relateatribution of each boulder towards
total resistance and that spacing can be deternbydlae boulder concentration. In the
case of a natural channel, where boulders tentlister together and are not evenly
spaced, the boulder concentration may need tolbelated for individual sections of the
reach and then averaged.

Considering the drastic reductionffp in the plane-bed reach at high flows (13
times lower than August 2007 value), it is evidiuatt grain resistance plays a much
larger role at low flows than is calculated by afiyhe three relation¥Kgeulegan
Bathurst Parker and Petersgn Lawrence[2000] noted that the value of tkip

increased substantially when elements were onlygtigrsubmerged. The values Gf
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Figure 51: Boulders and wood on FC3 (1) and ESL9 J2 Boulders are shown in white and wood in
grey. Banks and thalweg also shown in grey. THe= 0.008 for FC3 and 0.083 for ESL9.

ranged between 4.5 and 0.19. With higher valugeafent cover, and essentially higher
values off", the drag coefficients were significantly smalleawrence[2000] concluded
that form drag alone could not account for the ctidn in Cp when objects were
partially inundated.Lawrence[2000] showed that greater boulder concentragontd
more disturbance of the surface, with higher wanag deading to increased energy
dissipation in overland flow. Thgp is also related to other parameters such as #ygesh
of the object, thé&r, andReparticle numberThorne and Zevenbergé¢h985] showed
that although there is a significant differenceasistance around blocks versus
hemispheres, the bed material is much more simnilshape in a channel, therefore the
differences between objects in a reach would ndatge based on shape.

Based on the analyses presented above, | recommsargitheParker and

Petersor{1980] approach to calculatf.in in steep streams during bank-filling flows.
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This approach is the least sensitive to morpholidaration of the pebble count because
it uses such a large characteristic grain sizeitlbakes a much larger sample size pebble
count to estimat®gowith the same accuracy Bgo. Also, the values dfyi, for the
Parker and Petersoaquation were most significantly related to thalbder
concentration at high discharges. At low flodesuleganmight be the better approach,
despite being dependent on a logarithmic veloaitfile. At low flows, the values of
relative submergenc®(Dg4) approach zero, with values ranging between 0ng22a18.
Using a smaller characteristic grain size at law8 will improve the validity of these
equations. Also, the predictions at low flow mayilmproved by developing an equation
that uses two characteristic grain sizes. Onegriae should represent the larger bed
elements that are only partially inundated and edls flow to move around rather than
over the objects. The second should represergrties that are submerged but still
cause distortions in the flow field. The differermetween high and low flows is related
to the relative submergends,, andRe The combined approach may be best utilized by
adding the drag force component around bouldelsrgs as th®go. TheKeulegan
equation can be used for calculating the grairstasce related to skin friction and form
drag along smaller, submerged grains. In step-maahes, the step tread grain size
should be used to account only for grain resistaii@ins that are part of the actual step
should be included as tfffig,ii andffs.epcomponents.
6.5.2 Methods for calculating ff,.g and associated limitations

The Shields and GippglL995] approach of calculatirf§,,.q was found to
commonly overestimate the total valuefafos Although the values of the, were well

within the range found b@ippel et al.[1992], there is still some question as to what
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appropriate values are in the field. The blockag® exceeded the range tested by
Gippel et al[1992], meaning that the empirically derived valaé the coefficienta, and
exponentp, used in Equation (6.14) may not be correct fes¢hstreams. In other
studies th&Cp has ranged from 1.2anga and Kirchner2000;Hygelund and Manga
2003] to 6.0 Curran and Wohl2003], but Figure 43 shows that values over ft€hded
to values offyooqthat exceedettory.

There are a number of problems with this approagbaled in this analysis.
First, theShields and GippdlL995] approach assumes thfgt.q can be calculated for
each individual log and then added to estimatd thi{as Second, the drag force

approach does not account well for logs with brasabr for the position of the log in the
water column. ThirdiHygelund and Mangf003] found thaiC:™ scaled with depth

ratio (a measure of the relative depth of the tagye than with blockage ratio. Field
observations indicate that logs near the surfao&iboited to surface wave drag. Also,
logs on the channel bed and with diameters onla s6t&h the water depth locally
increased water depth and created a significarkviter effect. Conversely, logs that
were near the water surface and only in the floingduhigh flow conditions may create a
large increase in velocity beneath the log anddadulic jump above the log, causing
localized supercritical flow (Figure 52). Fourthe drag force approach did not do well
in capturing the wake effect from upstream objestsich may reduce the effect of the
log downstream. Fifth, the distance between objectis difficult to determine since
there is no standardized approach for evaluainglso, the more closely spaced objects

were, the higher the value fif,0,¢ This approach assumes that the drag force isedpp
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over a short distance, but does not account foetieet of the wake interference from
the upstream object, which could cause reducedatralje downstream object (Figure

44).

Figure 52: Examples of individual pieces of wood ithe study reaches. Note that these pieces are only
in the flow during high flow. a) ESL5 June 2008 —dg that crosses over stream and creates a slight
backwater on left bank side of log. b) ESL5 Augus2007 — same log, but now water goes completely
underneath the wood. c) ESL2 June 2008 — broken lagith water cascading over the top. d) ESL2
August 2007 — same log, but water now flows compldy underneath.

6.5.3 Methods for calculating ffse, and associated limitations

Many researchers have found that step height amgiHeare both significantly
related to thdfi, in step-pool channelg\prahams et al.1995;Maxwell and
Papanicolaou2001], but botiHs andLs are assumed to only be relatedftgy. Smart et
al. [2002] argue that the form drag around bedformmotsas significant as form drag

around individual particles, since the individuakicles are of the same size as the flow
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depth. This may be true, depending on the sizeeobed elements relative to the flow
depth, but does not explain the paucity of datevaiuating the form drag around the
step and pool bedforms, rather than just the sgslstance. Random arrangements of
boulders dissipate much less energy than bouldsasged in rowsRagliara and
Chiavaccini,2006]. The results of an analysis of the dragdaround the step bedforms
indicate that as the bedform becomes increasingiynerged and the flow approaches a
skimming flow, a wake can develop around the bedfancreasing the form resistance
at higher flows (Figure 27 and Table 12). As gsan step treads and even in the pools
protrude further into the flow with decreasing gtatle effect of the bedforms may
disappear relative to the effect of the grainsfaoch nappe flow increasing spill
resistance over the step. The conflicting integirehs from previous studies suggest that
systematic evaluations of form drag around bedfammelation to varying stage are
needed, particularly when steps are more closelgesptogether.

The wood jams that make up a number of steps caglated drag depending on
the porosity of the jam. Increased porosity ldadscreased flow through the jam and
increased shear stress applied to the bed downsfremn the jam[lanners et al
2007]. The jam thd¥lanners et al[2007] studied did not create a step, as jams tiend
high gradient channels, but further work is neealethow flow through and over steps
varies the drag force and contribution of the $teffioi. Manners et al[2007] also
suggested that the jam geometry is inextricabkelthwith the drag coefficient, meaning
that a combined value needs to be calculated fdr gan. Since local velocities were
not measured, this was not attempted in these esablat may be important to consider

in future work.
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6.5.4 Methods for calculating ffi,y and associated limitations

The major sources of error in calculatiifig, are in the measurementfgf, Vv,
andS. Surveys become less precise with higher gradiesminels, although the LIiDAR
together with a detailed bed survey were useddoae the error as much as possible
[Ferguson 2007]. Reach-average velocity measurements made to reduce error in
measuring velocityWiberg and Smitil991] showed that, despite an s-shaped profile,
mean velocities could still be calculated with measents taken from 0.6 of the flow
depth. Comiti et al.[2007] also noted a large discrepancy (0.3 tor2$) between the
measured flow depth and the back-calculated floptld&gom continuity in steep
streams. The values for calculatiifig, were 20% larger when using reach-average
depths versus cross-section surveys. Grain sizeurgaents have high errors in boulder
bed streams where it is difficult to see the whgrlan. Ferguson[2007] reported that
errors could be anywhere from £10% to +20%.
6.5.5 Relationships betweerffyain, ffwood, ffsep, @and ffs and potential control

variables

The interrelationships between each componentsigteaice can be complex.
Wood in channels creates backwaters, particulanng high flows, increasing depth
and further reducing the influence of grain resisea On the other hand, larger grains
may cause a backwater effect that causes woodgsalbeerged and the effectf@fooqto
be reduced. Grain, step and spill resistance alefeund to be significantly related to
wood density. Grain and wood resistance were Sigtificantly related to discharge and
bed gradient, butse,was only significantly related to bed gradienack component of

resistance increases with bed gradient while hgldischarge or wood density constant.
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Step resistance is larger when there is a greatesity of wood in the channel.
Figure 33 shows that steps that include a comlnaif wood and boulders have
significantly higher drops and are significantlyder. The step dimensions are then
directly related to any drag force that is credigdhe bedform. In terms &y, the
drop height over the step is highest at low flomaximizing the effectiveness of the
steps Chin, 2003]. Therefore, the same steps with the highgg values at high flows
should also have the highest valuefgji at low flows. At lower flows it is expected
that the step bedform will become less significgatdtive to macro-roughness elements
on the step tread and in the pools, as well agasad thalweg sinuosity, ponding and
increasedfsp [Bathurst 1982b].

The August 2007 data for FC3, FC4, FC5, and FC&wemmonly found to be
outliers. AlthoughReandFr cannot be directly related tha,, because of inherent
interrelationships, these reaches stand out irthiegtall have the lowest values of both
ReandFr (Figure 53). The relationship betwe@gp and flow changes at lower values of
ReandFr. TheFr is used to account for energy losses from theudish of the free
surface when boulders protrude through the suiff@dathurst 1993]. Flammer et al.
[1970] found that for a relative submergence ©WéQp generally decreased with
increasing-r. Above relative submergence values of 4Ggedoes not vary with thEr.
Drag coefficient has also been found to signifiamary with Rebelow 1d for both
grains and woodShields and Gippell995]. Above 1%) drag coefficient remains fairly
constant. The relationship betweég, and theReandFr could not be tested because of

the inherent interrelationship between these viglbut for FC4, FC5 and FC6 the low
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calculated values dkeandFr may indicate that the error is much higher for the

calculation of drag force around objects and s&tpke lowest flows.

Largely ignored in this analysis are resistancateel to flow sinuosity and banks.

Each of these roughness elements are subsumeslffgyfitterm. At lower flows, the

thalweg becomes increasingly sinuous, which cam@dsise an increasefiga.
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and S, (b and d); a and ¢ show all the reaches during atheasured flows. The circled reaches have
the lowest value of bothr and Re during August 2007 flow period. Portions ¢ and disow reaches

only during August 2007 flows. The Rfor the best-fit line in a is 0.54 and in b is 0B
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6.6 Conclusion

The method of additive partitioning does not wark ligh gradient step-pool and
cascading streams. Problems were identified avémel calculation offf,q0qin the
smaller and less complicated plane-bed reach. E&thod for calculating each
component had many problems and limitations onpéeapto these steep streams with
large wood contributions. It was difficult to euate which method of calculatirfiyain
worked the best, since there is no standard to eacgrtpe values against. TRarker
and Petersorquation seemed to better represgnt, at high flows based on its
relationship to boulder concentration at highewfiaand the insensitivity of the equation
to the morphologic position of the grains. On t¢tieer hand, th&athurstequation is
more often preferred because it is based on a p@haronship and not a logarithmic
relationship. No correlation was found betweenRhgker and Petersoaquation and
boulder concentration fdfy.in from form drag at low flows. Thi€euleganequation
using bothDg, andDsp had the closest relationship with some of the mlayslescriptors
related to grain resistance, but could still bearadtimating the actual valuesfffain.
The values were always the smallest at both lowhagpld flows, but at low flows the
Keuleganequation was significantly related to both bouldencentration antlyain from
the drag approach. Tlkeuleganequation would therefore be a conservative lower
estimate offyin at low flows, but more work needs to be done temteine how best to
calculate grain resistance whiefDg, << 1.

The lower flow regime may create problems in caltinfy drag around objects
because of the variation in the drag coefficierthvi@e < 16. Low flows are identified

as those withR/Dgs < 1,Fr < 0.3, andRe< 1¢. The relative submergence of the step, in
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relation to nappe, submerged nappe, and skimmowgsflmay be significant when
determining separate contribution fréfge, andffsy,y. During low flows the effect of
ffspin just downstream of steps affgl.in On step treads may begin to domirfétey. Also,
at lower flows the drag coefficient can vary dreailly with small changes in both tke
andRe meaning that the use of a constant drag codftiarethe above calculations may
mean a higher error in valuesf@fain (from drag approachifsiep, andffwoos More work
needs to be done to understand how form drag arstepdoedforms contributes to flow
resistance.

The drag method for calculatirfig,,.q was applied to individual logs in the
channel, but the large number of variables in wiiare is uncertainty allows large
sources of error. The distance between I¥gshould be better defined for natural
channels where there are other large sourcesistarse. Nonetheless, the contribution
of %ffooq towardsffio Was higher than expected for many of the reachsedon field
observations. The value fif,,0q Was highly dependent on discharge, since at |G
very few logs were effectively within the flow. #9d, values o€, from low-gradient
flumes do not necessarily apply well to wood infagyadient channels. More work is
needed to measure valueGyfin the field. Physically-based methods for estingaspill
resistance and partitioning of resistance thatushelthe interactions among components
are also needed. Flume experiments may be patigilelpful in developing new
methods and numerical simulations applicable tbdggadient channels.

In quantifyingffia, there are large potential sources of error imtleasurement
of R, S andV. The tracer method is considered to be an apjatepnethod of obtaining

mean velocity with a low source of error, thereftms is not considered the largest
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source of error. There are a number of ways tteslope could be calculated and
surprisingly the RMSE was fairly low between thetinoels (from 0.46 to 2.061). The
highest RMSE was when an average step gradientiseas The step gradient was only
used to demonstrate how large the error can bendegeon the section of reach where
measurements are made. The second highest esaelated to the use of the effective
R.. The discharge measured in the gage just dovamsto each of these reaches was
often smaller than the discharge calculated ugiegbntinuity equation and the mean
reach velocity and cross-sectional area. Assutagthe error for the mean velocity
measurement is small, the error would then havwetm the reach average cross-
sectional area. Field observations showed a sgnif amount of flow separation and
backwater in these reaches, indicating that perbapfectiveR, should be used rather
than the measured averdge More work should be done in a step-pool reach wi
banks that regularly expand and contract downstréachetermine if there is an effective
flow area for whicHfi, Should be calculated rather than the whole flosaarAlso, for
the sake of comparison between research projestandard approach should be
determined for calculating§ based on field measurements. The water surfape sl

found from a reach regression line seemed to wairky/fwell and maintain a low error.
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CHAPTER 7 CONCLUSIONS

Gradient &) is a dominant channel characteristic that infagsnvariations ifff
among all the reaches. Gradient was found tosgraficant control in each component
of my study, controlling variations fffi,;) throughout the channel network, variations in
the rates of change of velocity with discharge-atadion, and variations in the values of
ffgrain ffstepandffuoos Gradient is related to all other potential cohwariables such as
grain size and channel type, but these other Vagakere not necessarily significantly
related tdf. It is important to understand hdyis related tdf and other stream
characteristics, since this is a metric that candesl to remotely predict these
characteristics as the resolution of remote dapaones with time\Wohl et al.,2007].
The values offiy Were found not to vary significantly between spg@! and cascade
channels, but were significantly different in plaved reaches. Therefore, even though
the components of resistance may vary based omehgipe, the overall values of the
combined flow resistance were not significantlyfetént based on channel type.

Similar toComiti et al.[2005] andFergusor[2007],q was found to be an
appropriate measure for evaluating variationsawftesistance with discharge. Each
relative submergence variablR/Dss, R/H, R/5¢9 was found to explain a significant
amount of variation ifif,iy. The significant relationship between each typelative
submergence variable differed based on channe] tlgpeoring the significance of the
calculated components of resistance. The relatibengrgence of the characteristic grain
size R/Dg4) was found to be significantly relatedffg, in cascade reaches, but not in

step-pool reaches. Alternatively, the relativersalgence of the step height was
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significant in step-pool reaches. These resultsomihe larger values dfyain found in
cascade reaches and larger valudgfin step-pool reaches, although the percent
contribution offfy.in towardsffiora Was not significantly different in cascade verstep-
pool reaches.

Methods for partitioning flow resistance into compats offfgrain, ffwoos ffstepand
ffspin were found to have high sources of error and tm lpeed of more detailed flume
and field studies to specify drag coefficientsgartially submerged bed elements. The
significance of different forms of resistance vdrigsed on step type and discharge.
Values for the lowest measured flows, in August2@@ere most often significantly
different from the highest, bank-filling flows (J&2008). The intermediate flows (July
2007 and July 2008) were often significantly simt@June or August flows, depending
on the variable being analyzed. The percent daution for each source of resistance
was determined to be significantly different foaches with boulder steps versus wood
steps.

The statistical analysis from CHAPTER 4 and thdipaning in CHAPTER 6
both showed how the different sources of resistameeacted. The inclusion of wood
commonly caused variations in the contribution thieo sources of resistance. Inclusion
of wood in a reach could increase roughness, cgasdecrease in velocity and a
corresponding increase in depth. This could tkead ko a decrease in grain resistance as
grains become submerged from the increase in (EHAPTER 6, Table 14). Also,
wood in steps causes higher and wider steps, ogelatiger dam pools as well as plunge
pools. In both cases, total flow resistance ireeeadecreasing the ability of the reach to

transport sediment and causing finer sediment welpesited, as well as causing overall
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values offfyain to be smaller in these reaches. The total woad é&xplained more of the
variability in ffiq In cascade reaches (Chapter 4), most likely becdngse is much
larger variation in wood load in these reachesusestep-pool reaches.

Channel type is a significant explanatory variaiéy if flow period,q , andS
are held constant in the regression (CHAPTER 4grdfore, at particular flows ar&
there are significant differences between step-padicascade reaches. The overall
values of totaff in step-pool reaches were higher than in cascatshes for a give®
and flow period. The plane-bed reach was condigtdifferent from all other channel
types. These differences suggest that each cheymeeinay need to be accounted for
separately when developing equations to prétlicthe interrelationship betweé&,

Ds4, H/Ls, wood load, and channel type means Sahay be able to be used to remotely
determine channel features. Further work shoulddme to consider whether separate
resistance equations could then be applied to ttiwsenel types determined from remote
data.

At-a-station hydraulic geometry is an important tmouse to help in our
understanding of resistance in steep mountainraged he hydraulic exponents at the
East St. Louis and Fool Creek sites were all withaarange of values found by other
researchers studying step-pool, cascade and pktheshches. The exponents could not
be used to delineate a difference between the tr@enel types, but may be useful in
determining which reaches are dominated by graistance versus form resistance. For
most study reaches) > f > b, indicating that the rate of change of velocityrwi
discharge is greater than the rate of change ahvaddepth. This reflects the fact that

increasing discharge in these steep, laterallyiocedfstreams results mainly in reduced
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effective hydraulic resistance as sources of grashform roughness occupy a
progressively smaller portion of the flow. Theaastation results show that there are 6
reaches wittm>f + b (ESL2, ESL6, FC1, FC4, FC5, FC6). | hypothesited these
reaches had similar values because they were @ilndded by grain resistance, although
further analysis indicates that the relationshify im@ more complex. The lower
gradients of ESL2, ESL6, FC1 and the smaller serfaea of FC5 and FC6 may mean
that skimming flows develop over the grains foundhese reaches, changing the
characteristic of flow resistance in these reacl#dso, FC4, FC5 and FC6 were found to
have much lower values BfeandFr at low flows than any other reaches, causing the
drag coefficient to vary with botReandFr, rather than remaining constant. The percent
contribution offfy.in and overall values dfy..in were not found to be significantly larger
in all of these reaches combined than in any atech, therefore | hypothesize that the
similarities are related to how the flow interasith bed elements.

On the other hand, it was difficult to evaluate ethmethod of calculatinfiyrain
worked best, since there is no standard againgthwtbicompare the values. TRarker
and Petersorquation seemed to better represgnt, at high flows, but no correlation
was found between this equation and boulder coratéon forffy.i, from form drag at
low flows. TheKeuleganequation using botBg, andDsp Seems to be a conservative
way to evaluate grain resistance in these typebafnels. The values were always the
smallest at both low and high flows, but at lownflotheKeuleganequation was
significantly related to both boulder concentrataonffy..in from the drag approach,

indicating that this equation may provide a loweuihd of grain resistance at all flows.
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Low flows are identified as those wiRfDgs < 1,Fr < 0.3, andRe< 1¢f. The low
flow regime also has distinct nappe flow with aswuimmerged jet over every step in the
reach. Each of these characteristics affects strakacteristic of flow resistance. The
nappe flow over a large step causes incretiggd Both theFr andReare related to the
drag coefficient. At low values &tethe drag coefficient changes wie meaning that
the use of a constant drag coefficient in the almakeulations may result in a higher
error in values offyain (from drag approachifse,andffuoos The effect of adverse
pressure gradients around the step bedform is likekt more significant at higher flows
when the bedform is submerged. During low flowsg, éffect offsy just downstream of
steps andffyain ON step treads may begin to domirféite,. More work needs to be done
to understand how form drag around the bedforrh@ftep contributes to flow
resistance. A flume study would probably be th&t beute, since other forms of
resistance can be controlled.

Therefore, gradient is the dominant controllingiadale influencing total
resistance over all channel types and componentsigtance. Discharge is also
significant in varying how different componentsresistance interact and controlling the
submergence of large bed elements by changingghiterns over boulders and logs
from flow lines forced to separate around the abj@eskimming flows over the object.
Changes in the submergence of larger elementsalse the relationship between the
drag force and each of these elements to changhef work needs to be done to
understand and quantify individual components sistance as well as understanding
how these components interact. Understandingeo€timponents will help in further

developing predictive equations for calculatffig, in steeper channels. Suggestions for
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future research are below.

7.1 Suggestions for Future Research

More flume studies are needed on both step-pabtascade channel types.
Much work seems to focus on averaging variables aches, whereas the spatial
variability may be the most significant charactigcisf these reaches. When considering
larger bed elements such as logs and bouldersedtinbat in some reaches these
elements seemed somewhat evenly spaced, wheretenreaches these elements were
clumped together in specific sections of the redekisting work on the effects of
individual logs more commonly spaces the logs guanbking it easy to calcula¥in a
flume, but difficult in the field. Therefore, fluenwork that specifically investigates the
effect of the heterogeneity of wood and bouldeatmn would be useful in further
understanding ho#f changes in a natural setting based on the spigitailbution of large
roughness elements.

The concentration of boulders was also averagedtbeeeach, but further
evaluation showed that a large boulder by itselfiddave a very different effect on the
flow than a cluster of boulders. A reach averaghis value tended to lead to small
numbers for the concentration (Appendix E). Furtherk should be done in the flume,
coupled with field work, to measure velocity andglforce at different flows.
Particularly, more work needs to be done to undacshow to calculate drag around a
partially submerged boulder.

Steps in a reach contribute a significant propartmthe total resistance from

bothffspin andffse, The pressure differential around the bedforrthefstep is typically
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ignored in favor of lumping the unmeasurable congmbintoffspy. Although the
importance of this may vary based on the step tsteg, spacing, and size of bed material
on the step tread, more work should be done taiatathis. Further work should be
done in a flume, using a smaller model of a fielghsured step-pool reach, to evaluate
whether the bedform without the grains contributettal resistance. There is still no
accepted method of calculatiffg,, So even in this setting it may be hard to separat
ffsiep from ffspn. However, a step-pool reach without an upstreaat fwith an adverse

bed gradient) can be compared to a step-pool tbatihas an upstream pool. The
channels should be compared at both low and hayissfto determine whether the value
of ffsiepbecomes less significant i, dominates at lower flows. Once these values are
measured in the flume, then grains should be atiddw step treads to evaluate the
effects of both large and small grainsft.. In this way the interaction betwefgain
andffsiepcan be assessed.

Another question to investigate in the flumes iageess the effect of large
boulders in the downstream plunge pools on turlw@gfy, andffia. The presence of
these boulders was noted in a number of plungespbat the overall effect on
turbulence has not been previously reported.

The effect of porosity of wood steps, versus reseti¢éh only boulder steps, is
another component that can be investigated morky @aa flume. Wood steps were
found to create more diverse flow paths and, pagrty at low flows, cause water to
flow through sections of the step rather than diyexver the step. At higher flows this
may not be as significant; where the water takstsaaghter path through the channel.

The intricate pathways during lower flows over #neteps may be part of the reason
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values offfi,io Were much higher in particular reaches with woeps (e.g., FC3). When
a reach contained a boulder step, flow generallyadmver the step in a similar manner
between low and high flows, although sometimes fioes diverged to move around
individual boulders rather than over them all. fEfiere, more work needs to be done to
investigate how the divergence of pathways overssééfects the total resistance. This
can be most easily done in a flume where diffeségp forms are created and discharge
can be held constant.

More work could also be completed with regard féedent methods of
calculatingffioia. Typically, methods of determinirf§yandR, are not reported in the
literature, but there can be large sources of elepending on the method used,
particularly in determining hydraulic radius. Thfare, | suggest flume work combined
with modeling work to further investigate the indival methods used to calculate the
variables in the Darcy-Weisbach equation.

Much work so far has focused on predictifig, at high flows, but understanding
variations inffi,o at base flows may be extremely important for streahabilitation
applications that are interested in maintainingthgaquatic ecosystems. Therefore,
even though the system appears to be much moreleompow flows and difficult to
characterize, much more work needs to be doneeinathge where the relative
submergence is much smaller than one and flow r® m@mmonly going around objects
than over them.

Additionally, the effect of banks, bends, and clemsmuosity on roughness was
ignored in this investigation. Further field wakould be conducted to investigate how

each of these components affdfts,. The interaction between the bed and banks may
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also be significant. A rougher bed may divert fimwards the banks, causing the banks
to become rougher, subsequently further decreasilogity in these channels.

Generally, high gradient channels have a much Iemerosity than low gradient
systems, but channel bends may still cause dissipat energy and a decrease in
velocity. Appendix F shows some preliminary da@icating that some of the reaches
were located along significantly larger bends i dlverall channel than others. Further

work needs to be done to understand the effedtseskt larger bends.
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9.1 Appendix A: Reach-average values of channel and hydraulic variable for eachaeh at each flow

Table 19: Summary of channel and hydraulic variable used for each reach, wherk, = reach length;S, = bed gradient; A = cross-sectional
area; R = hydraulic radius; L= step length;Dsq = grain size in which 50% is smallerDg, = grain size in which 84% are smaller)V = reach-
average velocity;Q = discharge;u* = shear velocity; Fr = Froude number; Re = Reynols number; ff = Darcy-Weisbach friction factor

Channel Flow L, S A R W H Ls Dsy Dgas \% Q u*

Reach  Type Peiod (M) (m/m) (M) (m) (m) (M) (m) (m) (m) (m/s) (m’s) (m/s) Fr Re f

ESL1  Step-Pool jyne2008 29.37 0.093 099 025 292 063 464 0ME6 066 0.66 049 036 15E+05 4.23
July2008 27.30 0.104 0.70 0.20 2.60 0.76 4.31 0036 041 029 046 025 7.3E+04 9.81
Aug2007 3157 0.086 0.29 0.12 201 0.62 4.97 0.03600.22 006 032 019 22E+04 16.32

ESL2  Step-Pool jyne2008 13.70 0.093 1.00 0.25 321 052 256 0MO7 063 0.63 048 035 14E+05 451
July2008 13.99 0.089 0.74 0.21 297 044 275 00D7 060 044 045 037 1.1E+05 4.35
July2007 13.95 0.095 0.68 0.20 2.86 0.35 258 00D7 046 031 042 029 B8.0E+04 6.60
Aug2007 14.04 0.092 045 0.15 257 0.46 278 0.0D700.25 0.11 038 018 3.4E+04 16.84

ESL3  Cascade jyne2008 10.24 0.140 0.87 0.18 3.63 051 077 0MG3 073 0.64 048 048 12E+05 3.75
July2008 10.69 0.124 0.80 0.17 354 048 1.30 0083 060 048 045 041 9.1E+04 5.02
July2007 10.69 0.131 061 0.15 3.03 048 157 0083 050 0.30 043 0.36 6.8E+04 6.34
Aug2007 11.32 0.131 042 0.14 241 048 103 0.08300.39 0.16 040 029 4.8E+04 9.15

ESL4  Step-Pool jyne2008 1557 0.128 099 0.26 2.86 053 2.22 0MI7 069 0.68 056 037 16E+05 5.17
July2008 16.31 0.110 0.78 0.23 2.69 0.60 2.64 0047 051 040 051 0.30 1.0E+05 7.56
July2007 15.75 0.121 057 0.18 248 055 2.87 0047 045 026 047 0.30 7.2E+04 8.85
Aug2007 16.54 0.102 050 0.17 2.32 0.47 249 0.04700.33 0.16 045 023 50E+04 13.15

ESL5  Cascade jyne2008 12.50 0.155 1.20 0.24 4.04 1.03 1.00 0®34 052 0.63 0.61 030 1.1E+05 10.66
July2008 13.89 0.130 1.09 0.22 395 0.70 340 0034 045 049 056 027 8.8E+04 11.22
July2007 1351 0.143 0.78 0.18 358 0.87 1.04 0034 038 029 051 026 59E+04 13.46
Aug2007 1511 0.123 059 0.15 325 0.88 1.18 0.03400.25 0.15 044 019 3.3E+04 22.85
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9.2 Appendix B: Gage Flow Data

East St. Louis 2007 Flow Data
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Figure 54: Daily mean flow and minimum and maximuminstantaneous flow for East St. Louis in
2007. Red, orange, and yellow indicate days data wmeecollected in the field.
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Lower Fool Creek Flow Data 2007

9
= Daily Mean Flow
8 —Max Inst. Flow
==Min. Inst. Flow
7 e=Fijeld_June
Field_July
Field_August
6 4
» S
a2
CA
o4
4
3 4
2 4
i M“M—.
0 ; ; ; ; ; ; ; ; ;
e 0B 5 X 0¥ 5 2 B &5 ¢
> 7 7 [ ) ) > 7 g 7
3 > z S < & = > o 8 o)
= ko] ) > = c «Q c @ - Is]
T 5 g ST g g8 Tz ST
~ o . !
N 3 ~ < ~ ~ 2 < ~

Time (Day/Month/Year)

Figure 55: Daily mean flow and minimum and maximumflow data for Lower Fool Creek in 2007.
Red, orange, and yellow indicate days field data we collected in stream.
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East St. Louis Creek Flow for 2008
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Figure 56: Daily mean flow and minimum and maximumflow for East St. Louis in 2008. Red,
yellow, and orange sections indicate days field wkmwas completed in the channel.
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Figure 57: Daily mean flow and minimum and maximumflow for Lower Fool Creek in 2008. Red

and orange sections indicate days field work was opleted in the stream.
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Discharge for Upper Fool Creek 2008
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Figure 58: Daily mean flow and minimum and maximumflow for Upper Fool Creek in 2008. Red
and orange dots indicate days that field work wasampleted in the channel.
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9.3 Appendix C: Detailed Pictures and Descriptions of Each Reach

June 10, 2008 August 2, 2007
Q =066 mi/s; V=066 m/s; Q=006 mi/s; V=0.22 m/s;
ff=16.32; S,_=0.086

July 22, 2008
Q =0.29 md¥/s; V =041 m/s;
f=9.81;5,=0.104

Figure 59: Photographs and summary of measured anchlculated hydraulic variables for ESL1.
Red arrow indicates same location in the reach inaeh photograph.
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ESL2: Step-pool

June 6, 2008
Q=063 mi/s; V=0.63 m/s;
ff=4.51; §,_=0.093

July 15, 2008

ff=4.35; 5, =0.089

Q = 044 md¥/s; V = 0.60 m/s;

August 9, 2007
Q=011 mi/s; V=0.25 m/s;
ff=16.84; §,_=0.092

July 9, 2007
Q=031 mi/s; V=046 m/s;
ff= 6.60; $,_=0.095

Figure 60: Photographs and measured and calculatedydraulic variables for each flow period in

ESL2. Red arrows indicate same location in each pltograph.
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ESL3: Cascade

June 7, 2008 August 9, 2007
Q =064 méfs; V=0.73 m/s; Q= 0.16 mi/s; V= 0.39 m/s;
ff=3.75; §,_.=0.140 ff=9.13; S,.=0.131

S

July 15, 2008 July 10, 2007
Q=048 méfs; V= 0.60 m/s; Q = 0.30 m3fs; V=0.50 m/s;
ff=5.02;5,_=0.124 f=6.34; S,.=0.131

Figure 61: Photographs and measured and calculatedydraulic variables for ESL3. Red arrows
indicate same location in each photograph.
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ESL4: Step-pool

June 7, 2008

Q = 0.68 m¥/s; V= 0.69 m/s;
ff=517,5,.=0.128

July 10, 2007

Q = 0.26 m’fs; V = 0.45 m/s;
ff=8.385, 5,.=0.121

August 6, 2007
Q= 0.16 mé/s; V=0.33 m/s;
ff=13.15; S,_=0.102

July 14, 2008
Q=040 m3fs; V¥ =0.51 m/s;
ff=7.56; 8,_=0.110

Figure 62: Photographs and measured and calculatddydraulic variables for ESL4. Red arrows
indicate same location in each photograph.
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ESL5: Cascade

June 9, 2008
Q = 0.63 mdfs; V=0.52 m/s;
ff=10.66; S,_=0.155

July 14, 2008
Q=049 m¥fs; V=045 mfs;
f=11.22; §,_=0.130

Figure 63: Photograph and measured and hydraulic vaables for ESL5. Red arrows indicate same

location in each photograph.
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Q=015 mifs; V=0.25 mis;
ff=22385; 85, =0.123

July 12, 2007
Q = 0.29 m¥/s; V=038 mis;
ff=13.46; 5,_=0.143




June 9, 2008
Q = 1.85 mi¥/s; V = 1.67 m/s;
f=0.16; 5, =0.018

August 8, 2007
Q = 0.18 n¥¥fs; V = 0.42 mis;
ff=1.31; §,.=0.023

July 14, 2008
Q=113 mi/s; V=143 m/s;
f=0.14; §,_=0.020

July 13, 2007
Q = 0.34 mdfs; V= 0.60 m/s;
ff=1.02; §,_=0.017

Figure 64: Photograph and measured and hydraulic vaables for ESL6. Red arrows indicate same

location in each photograph.
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June 8, 2008
Q=071 m¥s; V=073 mfs;

ff=3.34; 5, =0.099

July 15, 2008
Q=046 mé/s; V=0.04 mis;
ff=5.18; $,_=0.093

Figure 65: Photograph and measured and hydraulic vaables for ESL7. Red arrows indicate same

location in each photograph.
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August 4, 2007
Q=018 m¥/s; V=043 mis;

ff=5.23; 5,_=0.086

Q = 0.29 md/s; V=0.91 mis;

ff=4.74; 5, =0.094




June 9, 2008
Q =057 mi/s; V=0.62 m/s;

ff=4.22; 5, =0.099

July 16, 2008
Q=043 m¥/s; V=093 m/s;
ff=4.82; 5, =0.086

Figure 66: Photograph and measured and hydraulic waables for ESL8. Red arrows indicate same

location in each photograph.
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August 5, 2007
Q=017 mi/s; V=0.36 m/s;
ff= 8.05; §,_=0.082

July 11, 2007

Q = 0.27 md/s; V = 0.46 m/s;
ff=6.22; S5,_=0.091




June 4, 2008
Q = 0.57 m¥/s; V = 0.62 mfs;
ff=5.60; 5,_=0.115

August 6, 2007
Q = 0.16 md¥/s; V = 0.34 mis;
ff=10.78; 5, = 0.095

July 16, 2008
Q =033 md¥/s; V =0.46 m/s;
ff=8.68;S,_=0.111

Figure 67: Photograph and measured and hydraulic waables for ESL9. Red arrows indicate same

location in each photograph.
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July 11, 2007
Q= 0.16 md¥/s; V =0.34 mis;
ff=10.00; §5,_=0.117




FC1: Step-pool

I"F

June 11, 2008
Q =033 m¥/s; V =0.86 m/s;

f=1.07; 5,_=0.062

July 23, 2008
Q=005 mi/s; V=029 m/s;
ff=5.18; §,_ =0.060

Figure 68: Photograph and measured and hydraulic vaables for FC1. Red arrows indicate same

location in each photograph.
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August 12, 2007
Q = 0.02 md¥/s; V =0.20 mis;

ff=7.58; 5, =0.058

July 5, 2007
Q=008 mi/s; V=041 m/s;
ff=2.90; §,_=0.060




FC2: Step-pool

June 11, 2008 August 12, 2007
Q =026 méfs; V= 0.68 m/s; Q=001 mi/s; V=0.19 mfs;
ff=2.23; §,_=0.074 ff=9.39; §,_=0.071

No Photograph

July 23, 2008 July 7, 2007
Q = 0.05 mils; V= 0.25 m/s; Q = 0.07 mifs; V= 0.41 m/s;
ff=9.59; S,_=0.077 ff=3.49; 5, =0.073

Figure 69: Photograph and measured and hydraulic vaables for FC2. Red arrows indicate same
location in each photograph.
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June 12, 2008 August 11, 2007
Q =0.24 md/s; V = 0.43 mis; Q= 0.01 md¥/s; V=0.11 mis;
f=7.24;5, =0.093 ff=42.13; S,_=0.095

No Photograph

July 22, 2008 July 6, 2007
Q=004 mi/s; V=018 m/s; Q=006 mi/s; V=0.27 m/s;
ff=26.92; §,_=0.092 ff=10.04; S,_=0.079

Figure 70: Photograph and measured and hydraulic vaables for FC3. Red arrows indicate same
location in each photograph.
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FC4: Step-l

June 12, 2008
Q=037 m¥/s; V=0.73 m/s;

August 11, 2007
Q = 0.02 méls; V= 0.15 m/s;

ff=39.89; 5, =0.132

f=3.82;5,_=0.141

ATER
LY

%

No Photograph

July 21, 2008
Q=006 mi/s; V=027 m/s;
ff=16.20; 8,_=0.130

July 7, 2007
Q=006 mi/s; V=0.25 m/s;
ff=19.90; S,_=0.136

Figure 71: Photograph and measured and hydraulic vaables for FC4. Red arrows indicate same

location in each photograph.




FC5: ascade

= T

June 23, 2008
Q= 0.12 md¥/s; V = 0.60 m/s;
ff=4.64;5, =0.163

July 17, 2008
Q=002 mi/s; V=024 m/s;
ff=17.64; §,_=0.163

Figure 72: Photograph and measured and hydraulic vaables for FC5. Red arrows indicate same

location in each photograph.
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August 10, 2007
Q = 0.01 méls; V= 0.12 m/s;
ff=39.22; S,_=0.143

July 8, 2007
Q=002 mi/s; V=0.23 m/s;
ff=18.12; §,_=0.159




scade

FC6:

June 23, 2008
Q=010 md¥/s; V =0.61 m/s;

f=4.73;5, =0.195

)
%

July 17, 2008
Q=002 mi/s; V=023 m/s;
f=19.33; 5,_=0.181

August 10, 2007
Q = 0.01 méls; V= 0.13 m/s;

ff=36.16; §,_ = 0.166

No Photograph

July 8, 2007
Q=002 mi/s; V=0.27 m/s;
ff=15.29; §,_=0.185

Figure 73: Photograph and measured and hydraulic vaables for FC6. Red arrows indicate same

location in each photograph.
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9.4 Appendix D: Grain size distribution graphs for each reach
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Figure 75: Grain size distribution for entire reachand separated by section for ESL2.
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ESL5
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Figure 79: Grain size distribution for entire reach for ESL6.

251




ESL7

100
90 + Dss
80
70
60 -
50
40 -
30 -
20 Dys
10 +

Percent Finer

1 10 100 1000

Diameter (mm)

Figure 80: Grain size distribution for entire reachfor ESL7.
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Figure 81: Grain size distribution for entire reachand separated by section for ESL8.
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Figure 82: Grain size distribution for entire reachand separated by section for ESL9.
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Figure 83: Grain size distribution for entire reachand separated by section for FC1.
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Figure 84: Grain size distribution for entire reachand separated by section for FC2.
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Figure 85: Grain size distribution for entire reachand separated by section for FC3.
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Figure 86: Grain size distribution for entire reachand separated by section for FCA4.
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Figure 87: Grain size distribution for entire reachand separated by section for FC5.
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Figure 88: Grain size distribution for entire reachand separated by section for FC6.
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Figure 89: Cumulative grain size distribution for al Fool Creek reaches.
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East St. Louis Cumulative Grain Diameters for Each Reach
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Figure 90: Cumulative grain size distribution for al East St. Louis reaches.
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9.5 Appendix E: In-channel wood photographs and location in each reach.

ESL1: 0.397 m3 of wood

&7

Figure 91: Location and photographs if wood in ESL1
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ESL2: 0.946 m3 of wood

Figure 92: Location and photographs if wood in ESL2
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ESL3: 0.033 m? of wood
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Figure 93: Location and photographs if wood in ESL3
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Figure 94: Location and photographs if wood in ESL4
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ESL5: 0.335 m? of wood

Figure 95: Location and photographs if wood in ESL5
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ESLS6: 0.044 m3 of wood

Figure 96: Location and photographs if wood in ESL6
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ESL7: 0.069 m3 of wood

Figure 97: Location and photographs if wood in ESL7
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Figure 98: Location and photographs if wood in ESL8
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ESL9: 0.304 m3 of wood

Figure 99: Location and photographs if wood in ESL9
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FC1: 0.006 m? of wood

Figure 100: Location and photographs if wood in FC1
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FC2: 0.055 m? of wod

Figure 101: Location and photographs if wood in FC2
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FC3: 0.174 m3 of wood

Figure 102: Location and photographs if wood in FC3
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FC4: 0.183 m? of wood

Figure 103: Location and photographs if wood in FC4
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FC5: 0.099 m? of wood

Figure 104: Location and photographs if wood in FC5
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FC6: 0.011 m? of wood

Figure 105: Location and photographs if wood in FC6
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Table 20: Summary table for wood: No. cyl = numbenf pieces counted in each reach as an individuallayder that influences roughnessiL,, =
average length of individual cylinders in each redt, D,, = average diameter of individual cylinders;V; = total volume of wood counting both wood
as individual pieces and wood in stepd/. = total volume of individual cylinders in each reah; V\ys = total volume of wood in steps in each reach;
% Steps = percent of wood in steps; % Cyl. = percemtf wood as individual cylinders;ff,,q = partitioned friction factor for wood (only using wood
as individual cylinders in each reach).

Wood per Wood  Wood o o
Reach C_r;;ggel Plzelﬁ\(’)v d C,\:l;/)l Ly Dy Vr Ve Vws crr?;n%fel D?;”s)ity D(e"r:j)ity St/eops Cf;l. ffwood
ESL1  Step-Pool jyne2008 15 1563 0.088 0.397 0.119 0.278 4.63E-08.170  0.065 701 299 3.11
July2008 11  1.108 0.094 0.351 0.073 0.278 4.94E-09.172  0.046  79.3 207 227
Aug2007 6  0.425 0.097 0296 0.017 0278 4.65E-03 153. 0.012  94.1 59 152
ESL2  Step-Pool jyne2008 5 2274 0.123 0948 0.258 0.689 2.15E-02.4590 0.128  72.7  27.3  1.77
July2008 5  1.643 0.121 0.862 0.172 0.689 2.08E-02.448 0.095 80.0 200 1.45
July2007 5 1505 0.117 0.833 0.143 0.689 2.09E-02.450 0.086 82.8 17.2 0.63
Aug2007 4 1610 0.113 0786 0.096 0.689 2.18E-02 47®. 0.072 877 123  0.38
ESL3  Cascade jyne2008 5  0.689 0.074 0.033 0.021 0.012 8.93E-04.0390 0.023 362 638 3.14
July2008 4 0.298 0.079 0.023 0.011 0012 6.10E-04.020 0.011 521 479 2.78
July2007 4 0251 0.074 0.020 0.008 0.012 6.10E-04.028 0.010  61.0 39.0 2.77
Aug2007 none none none 0.012 0.000 0.012 4.42E-04.0220 0.000  100.0 0.0  0.00
ESL4  Step-Pool jyne2008 9  1.041 0.062 0.056 0.056 0.000 1.26E-03.0530  0.053 00 1000 1.47
July2008 8  0.636 0.054 0.023 0.023 0.000 5.16E-04.02%  0.025 00 1000 2.00
July2007 7 0.303 0.040 0.004 0.004 0.000 1.08E-04.008)  0.008 00 1000 1.22
Aug2007 2 0.258 0.041 0.001 0.001 0.000 1.83E-05 00D. 0.002 00 1000 0.14
ESL5  Cascade jyne2008 6  1.821 0.110 0.335 0.084 0.251 6.64E-03.1610 0.054 749 251  2.00
July2008 4 2111 0.075 0287 0.037 0251 524E-03.133 0.036 872 128 1.07
July2007 3 0.659 0.045 0.255 0.004 0251 527E-03.110 0.006  98.3 1.7 042
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9.6 Appendix F: Plan view of each reach showing location of large boulders and

cobbles used to calculatéfy.n With the drag approach

ESL1

£, i = 0.46 (JUN08), 3.58 (Augo?)

I =0.028 to 0.037

Figure 106: Plan view of ESL1 showing each bouldeneasured for the drag approach and for
calculating the boulder concentration (left). Thevalue offfy,, shown above was calculated using the
drag approach. The cross-sections on the right indicate the locaths where the reach was traversed

for pebble counts, which are shown in .Appendix D.
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ESL2

1 o = 0.09 (JUn08), 3.64 (Aug07)

r=0.032 to 0.038

Figure 107: ESL2 boulders (left) and pebble countross-sections (right)
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ESL3
= 0.29 (Jun08), 2.62 (Augo7)

oo

r=0.163to 0.222

Figure 108: ESL3 boulders (left) and pebble countross-sections (right)
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ESL4
= 0.08 (Jun08), 1.73 (Aug07)

ﬁm

I =0.037 to 0.043

Figure 109: ESL4 boulders (left) and pebble countross-sections (right).
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ESLS

ff 1= 0.54 (Jun08), 4.35 (Augo7)

I = 0.065 to 0.068

Figure 110: ESL5 boulders (left) and pebble countross-sections (right)
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ESL6
= 0.13 (Jun08), 0.49 (Aug0?)

I =0.020 to 0.023

Figure 111: ESL6 boulders (left) and pebble countross-sections (right)
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ESL7
= 1.10 (Jun08), 5.64 (Augo7)

1 yain

I = 0.048 to 0.056

Figure 112: ESL7 boulders (left) and pebble countross-sections (right)
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ESL38

1f yon= 0.76 (JUN08), 4.15 (Augo7)

r=0.027 to 0.031

Figure 113: ESLS8 boulders (left) and pebble countross-sections (right)
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ESLY
ff,_. = 1.01 (Jun08), 10.07 (Augo7)

rain

I =0.083 to 0.092

Figure 114: ESL9 boulders (left) and pebble countross-sections (right)
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FC1
= 0.07 (Juno08), 0.51 (Augo7)

ﬁglrall-"

I =0.007 to 0.009

Figure 115: FC1 boulders (left) and pebble count @ss-sections (right)
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FC2
ff, . = 0.46 (Jun08), 0.74 (Aug07)

arain

r=0.019 to 0.026

Figure 116: FC2 boulders (left) and pebble count ass-sections (right)
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FC3

ff yain= 0.17 (JUND8), 1.37 (Aug07)

I =0.008 to 0.014

Figure 117: FC3 boulders (left) and pebble count ass-sections (right)
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FC4
= 1.08 (Jun08), 5.35 (Augo7)

I =0.050 to 0.064

Figure 118: FC4 boulders (left) and pebble count @ss-sections (right)

288



FC3 FC6

M yrain = 100 (JUn08), 4.54 (AUQO7) g7 . = 1.00 (Jun08), 8.28 (Aug07)
I = 0.050 to 0.064 I = 0.049 to 0.068

Figure 119: Plan view of FC5 (right) and FC6 (leftlshowing each boulder measured for the drag
approach and for calculating the boulder concentrabn. Cross sections were not used for pebble
counts in these reaches, since the reaches weresswll that almost every pebble was counted.
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9.7 Appendix F: Longitudinal Profiles and plan view of thalweg for East St. louis,

Lower Fool Creek, and Upper Fool Creek
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Figure 120: Plan view of thalweg trace of East.St.ouis Creek showing the location of ESL1 to ESL9.
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Figure 121: Longitudinal profile of East St. LouisCreek. Points were collected every 0.5 to 1 m.
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Figure 122: Plan view of thalweg trace of Lower FddCreek showing the location of FC1 to FC3.
FC4 is much further upstream from these reaches.
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Figure 123: Corresponding longitudinal profile of Lower Fool Creek.
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Figure 124: Plan view of Upper Fool Creek, showinthe locations of FC5 and FC6.
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Figure 125: Corresponding longitudinal profile for Upper Fool Creek.
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