81 TFW-SH10-95-002

EFFECTS OF HYDRAULIC ROUGHNESS AND SEDIMENT SUPPLY ON
SURFACE TEXTURES OF GRAVEL-BEDDED RIVERS

By

John M. Buffington

&WILDLIFE

March 8, 1995



Effects of Hydraulic Roughness and Sediment Supply on Surface Textures
of Gravel-bedded Rivers
by

John M. Buffington

A thesis submitted in partial fufillment
of the requirements for the degree of

Madter of Science
Univergty of Waghington

199s

Approved by ) /s /2:/7\

y %soryﬁ)m@mc)
/Zemdd L o

Program Authorized _ .
to Offer Degree Department of Geologicd Sciences

Date March 8 1995




In presenting this thesis in partid fulfillment of the requirements for a Mader's
degree a the Univergty of Washington, | agree that the Library shdl meke its
copies freely available for ingoection. | further agree that extensve copying of
this thess is dlowable only for scholaly purposes congdent with “far uss’ as
prescribed in the U.S. Copyright Law. Any other reproduction for any
purposss or by any means shdl not be dlowed without my written permisson.

SignaW

Date___ S/ G5




University of Washington
Abstract

Effects of Hydraulic Roughness and Sediment Supply on Surface Textures
of Gravd-bedded Rivers

by John M. Buffmgton

Chairperson of Supervisory Committee Research Assdant Professor D. R. Montgomery
Depatment of Geologicd Scences

Texturd response to sediment supply and other hydraulic roughness demeants in
gravel-bedded rivers is examined by comparing reech-average median surface grain Sixes
(Dsps) With those predicted from a smple threshold channd moddl. An extengve literature
review of hedload transport sudies indicates that sediment transport in grave-bedded
channds is to a first goproximetion bankfull threshold. Usng Shidds eguation Dsg is
predicted from bankfull depth and dope, providing a theoretica reference point for
examining texturd response The modd, however, requires spedficaion of a
dimensonless aritical shear Stress parameter (T*c5q,), Which is made uncertain by the
current date of the indipient motion literature. A detaled review of this literature
demondrates didinct methodologica biases in previoudy reported results (commonly
assumed, but poorly documented) and it is concluded that of the T*¢5,  vaues cuently
avalable 0.032 is the mog gopropriate for natural channds

Previoudy documented texturd response to sediment supply is examined within the
bankfull-threshold framework, showing that increased sediment loading causes a
gydemdic texturd fining and deviaion from modd predictions Texturd response to
bedform and large woody debris (LWD) roughness is investigated through a fidd study of
gravd-bedded channds in forest environments of western Washington and southeest
Alaska Surface textures are examined in three digindly different channd morphologies
representing an increesing complexity of channd roughness plane-bed, LWD-poor  pool-
riffle, and LWD-rich podl-riffle Results how that texturd fming in reponse to hydraulic
roughness festures occurs & both reach and local scales and thet the number and spétid
complexity of texturd patches increases with grester complexity of channd roughness
Within the bat&full-threshold framework, reach-average median surface gram Szes
segregate by channd type into distinct zones of texturd regponse, with plane-bed channds




showing the leest devidtion from modd predictions and LWD-rich pool-riffle channels the
mos. Median values of texturd response didributions reved that roughness causad by
bedforms ad minmd LWD reaut in a two-and-half-fold decrease in Dsg rddive to modd
predictions, while poal-riffle channds with aoundant LWD exhibit a four-and-a-hdf-fold
decrease.

In the channds sudied, non-catadirophic levels of sediment loading are gpparently
subordinate to the controls on surface texture caused by bedform and LWD roughness
Although there is the potentid for severe sediment impects (and hence sediment-induced
texturd fining) in the dudy areas, such occurrences tend to be infrequent pulsed events
compared to the pervadve influence of gable bedforms and LWD. Conseguently,
bedforms and LWD provide long term influences thet dominate surface textures of the
Sudy Stes, while sediment supply effects are ather rdaivey less significant or trangent.

Coupled with subsurface gram gze sampling, the bankfull-threshold modd dlows
evaudion of the degree of texturd fining within theoreticd grain Sze limits and is
proposad as a management tool for assessng channd texturd-response condition.
Naurdly large degress of texturd fining in LWD-rich pool-riffle channds generdly
correspond with amdl capedities for further surface fining. The bat&full-threshold modd
and empiricaly determined reponse ranges dso offer an opportunity to examine
geomorphic controls on the avalability of salmonid spavning gravds Texturd fining due
to sediment supply and hydraulic roughness dements ggnificantly increeses spavning
hebitat  avallability.
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INTRODUCTION

A rigng environmental constiousness coupled with an accderaion in the rate of
land development and umber harvesting in North America have crested a need for a better -
understanding of physcd and biologic processss in watersheds River channds integrate
the effect of watershed processes, and as such provide an expresson of basin condition.
Thus a better underganding of river processss is of particular importance for both
interpreting watershed condition and assessing potentid land use impacts to human and
animd uses of a watershed.

Successful development and gpplication of any form of channd assessment requires
a process-based understanding of fluvial sysems State and federd agendies are
deveoping process-based watershed andlyss programs (FEMAT, 1993, WFPB, 1993;
USDA, 1994) and are currently invedigating some of the available channd assessmeant
techniques [see review in Montgomery and Buffington (1993)]. Bed surface textures are
an important characteridic of rivers, and severa assessment methods rely on texturd
andyss as an indicator of channd processes and condition (eg., Dietrich et d., 1989;
Lide and Hilton, 1992; Kgppesser, 1993).

Based on the premise that surface textures am respongve to and indicdive of shear
dress, sediment supply, and the presence of other roughness dements, | propose and
invedigate the use of a Imple threshold-channd modd that dlows prediction of surface
gram Sze from bankfull shear dress and provides a theoretical reference point from which
to andyze texturd response to sediment supply and hydraulic roughness Texturd
response to sediment supply has been documented by saverd researchers (i.e, Dietrich et
d., 1989), however reponse to hydraulic roughness, paticulaly in foret environments,
has not been wdl dudied. Texturd response to both ssdiment supply and other hydraulic
roughness is examined within the modd framework through andyss of published data, as




wdl gs through a field investigation thet documents surface texture characteridics in- gravel-
bedded channds exemplifying different sces and complexity of roughness

Implications of this work have severd direct gpplications to land manegement
concans. A better underdanding of 1) the factors that control streambed textures and 2)
the characteridic ranges of texturd response to these factors will aid assessment of chennd
condition and prediction of channd response to naturd and anthropogenic disturbances
Combined with subsurface grain size messurements the bankfnll-threshold modd is
proposad as a management tool for evauaing both the generd textura-response condition
of a channel and its capacity for further response; use of the bankfull-threshold modd in
this fashion is essatidly an extenson of the g* technique (Didtrich & d., 1989) for
ases9ng the sediment supply of a channd rddive to its trangport cgpadity. Findly,
empirical fmdings of the current study are used to examine the geomorphic controls on
avalebility of salmonid Soawvning hebitat.




Chapter 1: The Bankfull Threshold Model

THRESHOLD CHANNEL CONCEPT
It is commonly obsarved that them are differences between sediment transport

characteridics and bedform Sability in fine-grained and coarse-grained channds  Fine-
grained channdls transgport sediment & almost dl Stages and adjust their bed morphology to
changing hydraulic regimes, wherees coarse-graned channds exhibit rdaivdy dable
bedforms and gengdly trangport dgnificant amounts of sediment only beyond some
criticd discharge. Thus there is a badc dichotomy between what am termed "live-bed"” and
“threshold” channedls (Henderson, 1966; Parker 1978a; b; Howard, 1980). Live-bed
dreams have dso been termed “regime’ channds (Henderson, 1961; Howard, 1980),
dthough, Inglis (1961) wams agang such usage, as it befuddles Lindley's (1919) concept
of “in regme’. A channd is sad to be “in regme’ when it exhibits a gable morphaogic
date for the imposad sediment supply and hydraulic discharge (Lacey, 1961); as such, the
regime concept can be goplied to any dlwvid channd type

The term “threshold channd” was coined by Henderson (1963) and refers to Lane's
(1953; 1955) examination of enginearing desgns amed & producing “dable channds’ in
coae dlwium. A dable channd was defined by Lane (1953) asan . . . earth channd for
carying water, the banks and bed of which are not scoured by the moving water, and in
which objectionable deposits of sediment do not occur.” The pairt of this design is to
engineer a channd which will nather degrade through scour nor be incompetent to carry
the imposed sediment loed, which would otherwise leed to deposition and aggradation
within the channd. Lane proposed that an andyds of tractive forces could be usad to
determine the minimum bed materid gre that would be g2ble for a given channd
geometry, dope, and discharge. As Henderson (1963) later points out, Lane's andyss




examines bed materid a the "threshold” of mohility for given hydraulic geometry
conditions

Henderson ( 1963) examined differences in hydraulic geometry reaions between
threshold and live-bed channds and usad Lan€'s tractive force modd to gpproximeate
sediment mobility conditions in naturd coarse-grained channds Henderson reasoned thet
the threshold for maohbility in coarse-grained channds was thet of the dominant or channel-
forming discharge, which basad on condderations of channd morphology was interpreted
to be the bankfull flov (Wolman and Leopold, 1957). Howeve, it is nat reedily obvious
that bankfull Sage, as opposed to some other moderate discharge, is the threshold stage for
gan moblization. For example, live-bed channds dso have a characteridic bankfull
morphology, yet these channds do not exhibit a bankfull threshold for gran maohility.
Neverthdess, it does seem reasonable thét the critical grain-mobilizing Stage for coarse-
grained channds should lie somewhere within the limits of moderate to bankfull flow; this
fallows bath from obsarvation of little to no trangport & low flows and from recognition
that channds with wel-devdoped floodplan morphology limit the effectiveness of flows
beyond the bankfull Sage (Henderson, 1963; Leopold et d., 1964; Andrews and Erman,
1986). While arguments for usng bankfull Stage to characterize channd- and bed-forming
conditions are intuitively atrective (eg., Wolman and Leopold, 1957; Henderson, 1963; Li
et d., 1976), it remans to justify them. As such, | will briefly summarize some of the
petinent literature in order to examine the vdidity and limits of bankfull threshold
representation of sediment trangport in coarse-grained channds.

A further complicating issue not discussed above is the assartion by some
invedtigators that sediment trangport in heterogeneous coarse-grained channds is
characterized by stage-dependent sdective transport (Gilbert, 1914; Day, 1976; Little and
Mayer, 1976; Proffit, 1980; Komar, 1987a; b; Rakoczi, 1987; Komar and Li, 1988;
Wilcock and McArdell, 1993) rather than by threshold mobiity a a single age. Sdective




trangport is an important process and does occur in gravd-bedded channdls due to effects
of gran hiding (rdative protruson), imhrication, and friction angle distributions (a function
of gran Sze, packing, and sorting) (Li and Komar, 1986; Kirchner & 4., 1990, and
Buffington et d., 1992). Sdective trangport must indeed occur to produce amored bed
surfaces thet am typicad of mogt gravel-bedded streams. However, bed armaring is due to
sedtive removd of the most easlly mobilized grams (i.e, those of amdl size with high
protruson and low friction angle) leaving behind a more abile, amored bed surface thet
inhibits further significant grain trangoort, protecting the underlying, finer subsurfece
meterid (Milhous, 1973). Sgnificant bedload trangport occurs with the breaching of the
amor surface, which as will be demondrated bdow is typicdly a bankfull-threshald

phenomenon. Consequently, fe a first approximation sediment trangport in coarse-bedded
rivers can be conddered bankfull threshold. This viewpaint is reinforced in the following

literature review.

Wolman and Miller (1960) examined the frequency and magnitude of geomorphic
forces and proposad that both the effective discharge, that which accomplishes the most
work of sadiment trangport, and the channd-forming discharge am equivaent freguent
occurrences characterized by the bankfull flow [see dso Wolman and Leopald (1957)]. In
a subsquent study Andrews (1980) subdiantiated Wolman and Miller's concept of
effective discharge and corrdaed it with near-bankfull dages Although these dudies
demondrate theat bankfull Sage is identified with both the channd-forming and sediment-
trangporting flows, it is not dear that bankfull is the threshold discharge for incipient
mation.




Caling (1988) examined effective distharges and entramnent thresholds in two
gravd-bedded channds. Over a 9x year period the effective discharges for the two
channels were on average 94% and 100% bankfull respectively, further Substantiating
Wolman and Miller's (1960) findings. Furthermore, Carling obsarved three phases of
grain mobility: phase 1 trangport (discharge € 60% bankfull) characterized movement of
fine materid (< 4 mm) winnowed from the coarser framework (armor); phese 2 trangport
(>60% bankfull) represented threshold mobility of the coarse surface layer and entrainment
of amdl framework graves but without sgnificant exposure of subsurface meterid; and
phase 3 trangport (>130% bankfull) cheracterized extreme mohility of the coarse surfece
layer, sgnificant scour, and the patentid for mgor morphologic change. Discharges that
agnificantly modified the coarse surface layer averaged 75% and 94% bankfull in the two
dudy gtes (Carting, 1987). These obsarvations demondrate the threshold nature (> 60%
benkfull) of mobility of the coarse surface layer. Furthermore, while the maobilization of
the coarse surface layer occurs over arange of discharges (60-130% bankfull), the bankfull
dage can be congdered a fird-order goproximation of the threshold discharge for
sonificant bed moability in these channds  Carling (1988) argues that the near-bankfull
flow is dominant in terms of trangporting bedload and mantaining chennd form, while the
catadrophic phase 3 trangport is regpongble for mgor but infrequent chennd changes,
smiler idess were expressed by Wolman and Miller (1960). Carling aso presents evidence
uggesting thet the equivalence of sediment-trangporting and  channel-forming flows occurs
only for channds that have achieved deady-date conditions [see dso Richards (1982)].

Other investigetors have also noted phases of bedload transport (Bathurst, 1987b)
and a near-bankfull flow threshold for sgnificant gram mohility in coarse-bedded channds
In asudy of bedload trangport in an armored gravel-bedded stream in coagtd Oregon
Milhous (1973) reported that "bed materid is essntidly gable during dl but the highest
flows” He obsarved that a low flows only exposed sand-9zed materid was trangported,




while above a criticd discharge of about 40 cfs the amor layer mobilized, exposng finer
subdrate and rgpidly increasaing both the rate of bedload transport and the Sze of bedload
materid [see ds0 Parker @ d. (1982a)]. Furthermore, he suggested that the armor layer
effectivdy limits the avalability of tines bdow this citicd gage Milhous estimated thet
98% of the sediment trangport occurs during flows in excess of 40 cfs. On a duration
curve these flows occur about 3% of the time each year, which is within the range of other
reported bankfull durations (Andrews, 1980; 1984). Milhous obsarvaions exemplify
bankfull threshold conditions.

In a separate gudy of another coastd Oregon stream Jackson and Beschta (1982)
noted two dmilar grain mohility thresholds. Phase | trangport is characterized by low-flow
movement of sand-Szed maerid over a sable amor, and Phase 11 trangport, occurring at
108% bankfull, represents high-flow mohilization of the amor surface and a rapid rise in
bedload transport. Again, demondraing a near-bankfull threshold for significant mokility.
In this case, trangport rates continued to increase beyond the bankfull threshold,
presumably because of channd confinement. Many other reseerchers dso report ragpid
increeses in bedload Sze and trangport rate assodiated with high-flow mobilization of bed
amor (Emmett, 1984, Ashida, 1981; Gomez, 1983; Sawada € d., 1983; Sdle, 1988;
Ashworth and Ferguson, 1989; Warburton, 1992), emphasizing the characteridic qudity
of threshold mohbility in coarse-bedded channds

In contradt to the above invedigations, Rad et d. (1985) found no dear rddion
between sage and bedload movement in a sudy of Turkey Brook, a gravd-bedded channd
in Engand. They argue tha bedload transport in Turkey Brook is a function of both
kinematic wave phenomena (Langbein and Leopold, 1968) and the degree of bed
“conditioning” by antecedent flow events Conditioning refers to the packing, imbricetion,
and degree of amoaring as contralled by the preceding discharge higtory (megnitude,
frequency, duraion, and chronologic order of events) and seasond sediment inputs



(Nanson, 1974; Milhous, 1973; Griffiths, 1980; Jackson and Beschta, 1982; Campbd| and
Sdle 1985; Bathurd, 1987b; Sdle, 1988). However, Rad et d. (1985) report sgnificant
transport during most flows obsarved, even though the largest flow attains a depth of only
70% bankfull, and the average recorded flood depth for dl gorms presented is less than
4.0% bankfull; dgnificant bedload trangport under these flow conditions is suggestive of
live-bed transport. It is my opinion thet the high transport rates that accompany these low
flows are the resuit of high sediment loading. Dietrich et d. (1989) suggested thet the
doser the surface and subsurface median grain Sxes (Dsgs and Pspss) are to one another,
the higher the sediment loading. Dsps and Dsggs in Turkey Brook are 22 and 16 mm
regpectivy, indicating only wesk amaring and suggeding a fairly high sediment supply
relative to trangport cgpacity. In geneard, dreams with high sediment loading typicdly
behave more like live-bed channds than threshold channds, and Turkey Brook gppears to
demondrate this

Studies of Bambi Creek in southeast Alaska show an exponentia transport-
discharge rdaion, but do not dearly document a bankfull threshold of bed mobility
(Campbdl and Sidle, 1985; Sidle, 1988; Smith et d., 1993). The channd is amored and it
is observed that fme (< 1 mm) maeid moves more frequently then coarse (> 8 nm)
materid (Sdle 1988), suggesing that the coarse surface layer functions amilarly to other
amored channds and limits the avalability of tine maerid bdow amor-mohilizing
thresholds. However, Bambi Cresk exhibits extreme variability in trangport rates between
and within dorms and it is undear if there is a Ingle threshald for mohilization of the
coase urface layer. Trangport variability is atributed to bed conditioning by antecedent
flow events and to capaditance of morphologic sediment sorage Stes (pools and woody
debris-buttressed resarvoirs) (Sdle, 1988).

A vaiety of other sudies dso provide information regarding the threshold nature of
sediment trangport in coarse-grained channds. Leopold et d. (1964) obsarved that over a




seven year period in Seneca Creek trangport of bar-forming materid occurs a discharges
near bankfull dage; sand-9zed maerid is virtually immobile & or bdow mesn flow
heights. Andrews (1983; 1984) cdculated that in twenty-four Colorado rivers the
threshold for grain mohility occurs a sages “dightly less then bankfull." Based on the
predicted and cdculated critica dimengonless shear dress vaues presented by Andrews
(1984) | cdculate that on average grain mobility occurs a Sages that are goproximatdy
70% bankfull. Smilar cdculdions for Sagehen Cresk in northen Cdifornia indicate a
mohility threshold of 93% bankfull (Andrews and Erman, 1986). Usng daa from Lane
and Carlson (1953), Kdlerhds (1967) found a dear relaion between observed Dy and
the boundary shear dress assodated with the “maximum susained discharge’ [i.e,
bankfull discharge (Andrews, 1984)]. In atracer Sudy of a coarse-granted river in
northern Cdlifornia, Helley (1969) determined that the criticl mobiliziing sage occurs 5%
of the time (basad on mean monthly discharge records). Although 5% is a frequent evert,
it is wdl within the range of typicd bankfull durations (0.12-6.0%) reported by Andrews
(1984).

The weight of evidence in the literature summary presented above indicates thet to a
fit goproximation coarse-granted channels are bankfull threshold. This condudon will be
used in the modd formulation presanted in the next section. However, it is recognized that
a bankfull threshold theory is only a ussful gpproximetion of the complex nature of bed
mohility in coarsegraned channds.

BANKFULL THRESHOLD MODEL
A mgor premise of this Sudy is that bed surface textures are regpondve to, and

thus indicative of, shear dress sediment supply, and the presence of other hydraulic
roughness dements within a channd. Conseguently surface textures can be usad as



10

indicators of channd condition with repect to these factors, provided thet the potentid
range of texturd response to each factor is known and that the process-driven mechanics of
textural response are understood.

Cdculaion of flow competence from surface grain Szes is a dassc use of textures
as indicators of current or past fluvial conditions. Equations of flow competence are
commonly used to predict the ariticdl mabilizing sheer dress for a given grain Sze of
interest (Helley, 1969; Baker and Ritter, 1975; Church, 1978; Bradley and Mears, 1980).
In contrad, the bankfull threshold modd utilized here predicts gran Sze based on the
hypothesis that the bankfull boundary sheer stress provides the criticd tractive force for
generd indpient motion of the bed. By adopting a Smpligic prediction of grain Sze the
modd provides a theoretical reference point from which to-analyze textura response to
sediment supply and hydraulic roughness dements other than bed surface grains Texturd
response within the bankfull threshold modd framework can be quantified by the
magnitude of deviaion from the theoreticd grain size prediction. Recognition and
quantification of texturd response caused by a specific process provides valuable channd
asessmat  information. Derivation of the modd and texturd response hypotheses are
examined in the remainder of this chapter.

In the absence of other influences the aiticd grain-mobilizing shear dress, 1, in a
bankfull threshold channd can be characterized by the meen totd bankfull boundary shear

sress, Ty

To = Tc = pghS (1)

where p is the fluid densty, g is the gravitationd acoderdion, h is the average bankfull
flow depth, and S is the energy dope. The above expresson for totd boundary shear
dress assumes seady incompressible flow, but can be usad to destribe @ther uniform or



11

non-uniform flow (Henderson, 1966). Equetion (1) is a time-averaged representetion of
the channd shear dress, best gpplied on areach scde

At the bankfull threshold them is generd  mobilization of mogt Sze fractions on the
bed. The phenomenon of generd moation is atributed to the effects of both amoring and
physcd interactions of heterogeneous grams. Mohilization of amor patides rdesses fmer
materid tragpped under and around the coarsr amor grains, resulting in a sudden
entranment of numerous Szes and giving rise to the obsarvaion of generd mation (FHg.
1.1). In addition, because of grain interactions caused by the naturat heterogenaity of bed
surface maeid, the coarse surface layer tends to exhibit equa grain mobility (Parker and
Klingemen, 1982), & leedt initidly (Buffington et d., 1992), reauting in generd mation of
the bed a a common threshold shear dress. Grain interactions caused by the 9ze, sorting,
shape, and packing of bed materid contral physicel feetures of the bed, such as friction
angles and grain protruson (Hg. 1.2), which dictate rddive entranment thresholds for bed
surface grains (Fenton and Abbott, 1977; Kirchner et d., 1990). Fiction angles cause bed
surfaces to be reaivey rougher for amdl grains and smocther for large grains (FHg. 1.2).
resulting in an initid near-equal Mohility of bed surface materid & a common aritical shear
dress. However, the bed is rardy mobilized en masse, and due to friction angle controls
drict equal mobility may only occur for the firgt 1-10% of mobilized grains, after which
sHective trangport may become increasingly important (Kirchner et d., 1990; Buffington &
a., 1992). Nevathdess, bed mohility as indicated by friction angle digributions
corroborates obsarvations that beyond threshold conditions there is a generd and
sgnificant mahility of grams, as evidenced by the wdl-known rapid rise in bedioad
transport.

Due to the gram interactions discussed aboove, mobility of the median surface grain
976, Dsgg, Will be used in this andlyds to approximate incipient motion of the bed as a
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Fgure 1.2 Fiction agle ®, and rddive gran protruson, p-g for two different grain
gzes on a uniform dreambed surface Larger grains typicaly have lower friction angles
and protrude higher into the flow then smdler grans resulting in an initid near-equd
mohility of different grain Szes a a common criticad shear dress (Kirchner, 1990;
Buffmgton & d., 1992).
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whole. The median surface gram Sze can be rdaed to its critical boundary shear dress,
Tes0s0 through Shidds (1936) expresson for dimendonless criticd shear dress

x| es0s 2
*esos ((Ps-P)gDSOS) @

where T*c4,, is the dimendonless aritica shear stress for Dsgs and ps is the sediment
dengty. For a bankfull threshold of mohility, ¢, Must equal the bankfull boundary sheer
gress. Thus combining (1) and (2) produces the smple bankfull threshold modd enabling
Dss to be theoreticaly predicted from bankfull depth and dope

DSOS = 0.6].th1:*0503 (3)

Here p and ps are 1000 and 2650 kg/m?3 respectively and T*c4p is a constart thet will be
evduated laer in the chapter.

Pest investigations of the threshold channd concept have conddered the ertire
chennd, induding the sdewdls, to be composed of loose alluvium & the threshold of
moation and as such have discussed Sdewdl equaions of mation (Lane, 1953; 1954, Lane
and Carlson, 1953; Parker, 1978b). In this regard Parker (1978b) has commented on the
apparent paradox of cross-section Sability in threshold channels in thet beyond the
threshold of motion active bedload trangport occurs, yet the inherently more mobile
gdewdl grans reman dable Parker (1978b) argues that outward turbulent momentum
flux between the channd center and walls (i.e, ddewdl dfects) dabilizes Sdewdl grams
thet would otherwise tend to move down the bank toward the channd center. While
sdewdl efects will be accounted for in the current andyss maohility of bank maeid as
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conceptnalized in pest threshold channd udies is of little significance here, as most of the
channds examined in the current dudy are forest sreams with cohesve soil banks
reinforced by shrub and tree roots.

The bankfull threshold modd assumes that all channd roughness can be attributed
to particle roughness, as indiceted by the scaling of g, Dy Dsps in (2). While thisis a
common assumption for grave-bedded rivers it is usudly an oversmplification. Other
sorts of in-channd roughness are typicaly present, such as bedforms and large woody
debris (LWD). Neverthdess, because (3) neglects these other roughness fedtures, thar
effects can be investigated by examination of texturd deviation from the Smple modd
prediction. It is hypotheszed that the presence of in-channd roughness dements other than
gran roughness will cause increased momentum extraction resulting in reduced besd dhear
stress.  Conssquently, momentum extraction will be reflected by surface textures that are
finer than the modd prediction. In this andyss invedigaion of texturd response to
hydraulic roughness features will be limited primerily to effects caused by bedform and
LWD roughness typicd of fores channds. Wl effects will dso be quentified, but
roughness dements other than LWD and bedforms will only be given quditative
condderation.

Multiple scdes of roughness are commonly accounted for through roughness or
shear dress patitioning, which is predicated on the hypothess that the totd channd
roughness and shear dtress can be decomposed into linearly additive components eech
characterizing a particular roughness demeant (Eindein and Barbarossa, 1952; Engelund,
1966; Johnson, 1973; Smith and McLean, 1977; Hey, 1979; Parker and Peterson, 1980;
Prestegaard, 1983; Dietrich e d., 1984 ; Hey, 1988; Griffiths, 1989; Nelson and Smith,
1989b; Wiberg and Smith, 1989; Petit, 1989; 1990; Robert, 1990; Clifford et d., 1992;
Ydin, 1992; Li, 1994; Milar and Quick, 1994). The rdevant shear dress partitioning
equation for the current investigation is
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To=Tg + T+ T+ T (4)

where the totd  bankfull boundary shear dress is partitioned into components expended on
grams 1, , Sdewdls, 1y, , bedforms, 17, and LWD, 1;. Other components could dso be
induded, represanting shear dress dissipation caused by, for example, channd curvature,
dtaing grans and live inchannd vegeation. The effective shear dress, 7, is the shear
stress thet is avallable for sediment trangport after correction for roughness fegtures other
than gran roughness, and is ddfined here as

TS T Ty - Y- U (5)

In the case of a bankfull threshold channdl, T'=tg. Bankfull threshold channdls thet are
only characterized by T, have a plane-bed morphology similar to the coarse-grained candls
sudied by Lane (1953; 19.55) and Lane and Carisen (1953). As such, (3) predicts the
median surface gran Sze of a wide, draight, bankfull threshold, plane-bed channd.
Sdewadlls bedforms, and LWD eech dissipate channd shear dtress in different
ways. Sdewdl dfects are paticulaly influentid in narrow channds (W/h < 10), causng
turbulence due to momentum differences between the channd center and margins,
effectivdy trandearing a portion of the totd boundary shear dress to the channd  walls ad
reducing thet over the chennd bed (Parker, 1978b). The shear ress disspated by channd
walls additiondlly depends on the reaive magnitude of bed and wal roughness length
scaes (Shimizu, 1989). Bedforms disspate shear dress through Smple form drag thet is a
function of bedform amplitude and wavdength (Smith and MclLeen, 1977; Ndson and
Smith, 1989b). Woody deris roughness is a function of its amount, Sze, pitch, and
orientation with respect to the flow. Mechanics of flow perturbance caused by LWD that
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reult in momentum extraction and conseguent texturdl fining induder flow decderation
caused by woody deris skin roughness, form drag and turbulent energy disspation
aound LWD obdructions, hydraulic jumps over woody debris seps and generd dedline
in water surface dope, and thus energy gradient, due to physca blockage of flow and
back-water effects caused by LWD obgtructions. It is hypotheszed, through andlogy with
flow mechanics in meandering rivers (i.e, Furbish, 1991), that LWD roughness and its
effects are locdly intendve and progressvely damped downdream away from a given
obgtruction.

In addition to hydraulic roughness fegtures, the modd prediction of grain size does
not teke into account effects of sediment supply. Dietrich et d. (1989) demondrated thet
surface textures of laboratory plane-bed channds are respongve to sediment load (i.e,
volume), fining when inundated with sediment, and coarsening when deprived. When
deprived of sediment, amdl grans are sdectivdy winnowed from exposad or low friction
angle locations, ultimatdy resulting in an amored surfece that is coarser and hydraulicaly
rougher, compensating for any previous excess shear dress. In contradt, rough bed-
surfaces that are inundated with sediment tend to trap smdler grains in shdtered or high
friction angle locations, causng an ovedl surface fming and reduction in bed roughness
that results in increesed mohility of both materid on and pasing over the bed surface (see
dso Whiting et d., 1988); thus by decreaang surface roughness, texturd lining alows
increased sediment loads to be accommodated without Sgnificant bed aggradetion (Dietrich
e a., 1989).

Basad on the fmdings of Dietrich et d. (1989), it is expected that within the
threshold modd framework texturd fining in response to increased sediment loads will be
expresd as a devidion from the predicted surface grain 9ze. Furthermore, combining the
bankfull threshold modd with the dimensonless bedload transport rate, q*, proposed by
Dietrich et d. (1989) dlows quartification of the degree of sediment loading. Dietrich et d.
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(1989) defined g* as the bedload trangport rate of the surface material normalized by that of
the load, where gram gres of the load are goproximated by the subsurface didribution
(Milhous, 1973; Kuhnle, 1993)

_T_ _ Dsps\1d
q* = (":(J-"Ecég§ )1‘5 - 1"5_0§§ Dsgss ©6)
T0-Tespss o g
Tesoss

Commensurate with the discusson preceding (2), the g* formulation assumes that generd
mohility of heterogeneous materid can be gpproximated by mohility of the median gran
sze and 0 employs Tesgs A Tesq, (Dietrich et d., 1989; Kinerson, 1990). The
dmensonless bedload trangport rate is essentidly a sediment trangport efficency equetion,
ranging from O for armored, low sediment supply channds to 1 for unarmored channds
with high sediment loading (Dietrich et d., 1989). A ¢ of O indicates low sediment
trangport efficdency, while a q* of 1 indicates maximum trangparting efficency.

The theoreticd limits of texturd regponse to changes in sediment supply can be
determined by comparing the bankfull threshold modd with (6). The threshold modd
assumes that 1 is equal 10 Tc5q, Which in terms of (6) correspondsto ag* of 0. Thus the
bankfull threshold modd represents armored conditions and the coarse limit of textura
response described by g*. The oppodite extreme is a g of 1, which occurs when surface
fining goproaches the subsurface median gram Sze. Maximum trangporting cgpedity and
equilibrium conditions between bed surface and bedload occur & q* vauesof 1, Under
these later conditions, increases in bedload supply can only be accommodated by
deposition. Consequently, Dsgss IS the theoretica limit of sediment-induced texturd fining.
Examingtion of texturd regponse within the grain gze limits of Dsgs and Dsgss provides a
means to quartify the degree of sediment loading within a cheannd.  Although  developed
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from dudies of plane-bed channds the g* theory is gpplicable to other channd types
provided that roughness effects are accounted for.

Threshold modd predictions of median surface gram size and hypothesized texturd
regponses to both sediment supply and in-channd roughness fedures are shown
schemdticaly in FHgure 1.3. The bankfull threshold prediction of surface gram sze
corregponds to a plane-bed morphology with =0 (i.e, low sediment supply and fully
amored dreambed). The subsurface median gram size is the limit of ssdiment-induced
texturd fining (g*=1), but unfortunatdy cannot be predicted theoretically and mugt be
determined by fidd invedigation, as discussad further in the next chapter. Expresson of
these texturd limits within the bankfull threshold modd is Imply anather way to visudize
the g* theory. However, the threshold modd has the further advantage of providing a
means to asess texturd response caused by hydraulic roughness dements

Applicaion of the threshold channd modd and investigation of the preceding
hypotheses requires choice of an gopropriate dimendonless ariticd shear dress value for
the median surface grain Sze, T¥¢5p,, for use in (3). Shidds (1936) demongtrated that
T*csp OF Near-uniform grams varies with critical boundary Reynolds Number, Re*, from
1.8<Re*.<490 and hypothesized based on andogy with Nikuradse's (1933) findings thet
T*c5p dtains a congant value of about 0.06 beyond Re*c=490 (Fig. 14). The critical
boundary Reynolds Number is defined as Re*c=u*cks/v, where u*; is the critica sheer
vdodty for indpient motion [u*c=(t/p)0-31, ks is the boundary roughness length scale,
and v is the kinemetic viscosty. While Shidds (1936) boundary Reynolds Numbers are
not the same as Nikuradse's (1933), the generd form of Shidds (1936) curve (Hg. 14) is
quite amilar to Nikuradsg's (1933), indicating regions of hydraulicaly smoath,
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Figure 1.3 Schemdic representation of the bankfull threshold model prediction of median
surface gran 9ze and hypothesized textura regponse to sediment supply and other
hydraulic roughness dements
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trangtiond, and rough turbulent flow. Because bedload transport in most grave-bedded
streams is characterized by rough turbulent flow, the gppropriate 1%, vaue based on the
Shidds curve would be 0.06 for the current dudy. However, there have been numerous
additions, revisons and modifications of the Shidds curve over the years complicating
the choice of T*;q,

Gessler (197 1) recognized thet the incipient motion of a particular grain size is
inherently a datidicd problem, depending on probehility functions of both turbulent shear
dress a the bed and intergranular geomery (i.e, friction angles) of the bed maend, the
later being controlled by grain shgpe, sorting, and packing (Miller and Byrne, 1966; Li ad
Komar, 1986; Kirchner et d., 1990, Buffmgton & d., 1992). Reendyzing Shidds
(1936) data and correcting for Sdewal effects and form drag, Geder (1971) reports
T*¢50=0.046 for a S0% probability of movement in rough turbulent flow.  Without
congderation of the probability of movement Miller & d. (1977) arived a& a Smilar rough
turbulent-flow vaue, 1%¢5,~0.045, usng compiled flume data from various sources
Miller & d. (1977) daim to have usd “carefully sHected datd’ to maximize the
compdtibility of their compiled data sources and avoid an otherwise "unmanageable amount
of scater.” They only employed daa that were daived from experiments usng “flumes
with pardld ddewalls where flows were. uniform and Seedy over flattened beds of
unigranular, rounded sediments’; ddewdl corrections were goplied and each source ussd
a condget definition of indpient motion. However, dos sorutiny of ther compiled data
shows that it is bassd on both uniform and nonruniform sediment: mixtures; differing
indpient motion definitions between sudies, and in some cases bedload trangport rates
influenced by the presence of duneripple bedforms. Consequently, their data is much less
controlled then a casud reeding of ther atide would indicate

Usng a larger data set without any concearn for differences in sediment
characteridics, channd roughness, or ddfinition of incipient mation, Yalin and Karahan
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(1979, Fg. 5) dso report T*¢54~0.045 for rough turbulent flow. They further demondrate

the exisence of a ssoond “Shidds curve’ for fully laminar flow, which for the same Re*c
vaues behaves differently then the traditiond Shidds curve (derived from turbulent flow
with varigble hydrodynamic boundary roughness). The ¥4, vaues reported by Miller et
d. (1977) and Ydin and Karahan (1979) are basad on curves fit by eye through data sets
with considereble scatter; in both studies T* ., for rough turbulent flow hes a range of
about 0.02-0.065.

While the compilaion sudies of Miller et d. (1977) and Ydin and Karahan (1979)
are farly conggent with one another in thar findings they unfortunaidy combine data st
derived from quite different experimental conditions and methodologies without any
assessment of compatibility. This casts some doubt on the veradty of such compilations.
Continued proliferation of inapient motion dudies usng new definitions of initid motion
further complicates comparison and understanding of published studies Miller and others
(2977) quote of Mark Twain is even more gppropriate today: “Researchers have already
casd much darkness on the subject, and if they continue thar investigations we shdl soon
know nothing a dl about it.”

In an atempt to make some sanse of previous fmdings | have compiled dl avaladle
T*¢q Values, categorizing them on the basis of 7%, type and incipient mation definition
(Teble 1.1). By 1t*¢q type | meen thet 1%, Vaues have been varioudy reported for the
median gran Sze of the surface, Dsqs, SUbSUface, Dspss, and laboratory sediment mixture,
Dsom. the three of which are equd only for uniform grain Sixes corresponding
dimensionless critic shear ress types are denoted here & T*¢gq,, T csgee 8 T cspm
Expresson of dimendonless aiticd shear dress in terms of the subsurface grain gze
digribution was popularized by Andrews (1982) who expressed the Shidds dress of a
given gran sze of interest, 1*¢;, & a power-law function of the ratio Dy/Dsgss; Andrews
(1982) found thet for his data, Di/Dsoss Was better correlated with t*¢; than was Dy/Dsps



24

(r2=0.98 vs 0.89). Unfortunately the Andrews (1982) expression introduced grest
confuson to the indpient mation literature in that some invedigators subssquently ussd
mohility thresholds of subsurface materid in discussons of indipient motion of the bed
surface (Paker @ d., 1982; Parker and Klingeman, 1982; Komar, 1987a Wilcock and
Southard, 1988; Komar and Caling, 1991). It is wdl known that most grave-bedded
rivers are amored and that the surface and subsurface grain Sze digributions can be
donificantly different from one anather (Milhous, 1973). It seams fundamentdly intuitive
then that any andysis of indpient motion of the bed surface should employ surfece
parameters (D50, T*c5p0, T*c5050 etc.) rather than subsurface ones (Dsoss: T*csgg0 T*csp4g0
etc). Furthermore, poor recognition of the difference between Tcspgs and T*¢5q, by
authors and subseguent users of data has in some indances led to erroneous goplications.
For example, usng a power-law function for dimendonless aritical dhear dress,
v*;=0(Dy/Dso)P, Komar (19874) reported thet a=0.045 for naturd coarse-grained
channels, but did not dearly spedify that Dsg=Dsoss and thus a=T*csq.. (Appendix |, note
6); the corresponding unreported T4, vaue is about 0.021-0.027 (Table 1.1).
Mistekenly assuming that Komar (19873) reported t*¢q,, Dietrich et d. (1989)
eroneoudy usad oi=T*q, to cculate surface aritical shear stresses from the Shields
equation.

Each *¢4, type given in Table 1.1 is suibdivided by the method used to meesure
indpient maotion. The three mog widdy used methods ac: 1) visud obsarvation; 2)
bedload sampling and extrapolation of trangport rates to ether a zero or low reference
vaue and 3) bedload sampling and development of competence functions Visud
obsarvation is direct, but can be subjective depending on one's definitionof how much
movement conditutes “initid motion” (eg., Kramer. 1935, USWES, 1935).
Dimengonless criticd shear dress vaues of the median surface grain Sze determined by
extragpolaion of trangport rates depend on the particular reference vaue that is chosen



TABLE 1.1: Previously Repotted T*Cso Values

SURFACE
Sourcef ™50 Proposed T Function Dsos Re*+ O Experimental Conditions
Other than the Shields {mm)
Equation?
Reference Transport Rare
Parker and Klingeman (1982) 0035 m T¢,,=0.035(DyD509 078 5 4 10,001 0.75  Natural pool-riffle channel, with relatively
subdued topogm(fhy in the study reach. No
form drag or sidewall comrection.
Ds0/he=0.15¥.
In Wilcock and Southard {1988)%
Milhous (1973) 0027 m T*;,;=0.073(Di/Ds0) 08 5 4 8,784 0.75  Same as Parker and Klingeman (1982), but with
Dsgs/he=0.20.
Ashworth and Ferguson (19898 0072 m T#;=0.074Dy/Dsg) 065 -50 -11,660 Natural pool-riffle channel, variable sinuosity.
Sidewall effects accounted for. Dsgg/he=D.11.
0054 m t*cﬁ=0.054(Di/D505)'0-67 -57.5 -12,694 Natural pool-riffle channel, mildly braided
Sidewall effects accounted for. Dsgg/hc=0.10.
0.087 m t*cﬁ=0.087(DilD505)'0-92 -69 -24,207 Natural braided channel. Deg/he~0.13. Sidewall
effects accounted for.
Parker (1990) 0.033 m 7% =0.039DyDy) 0% 5 5 9.982 1.02  Same s Parker and Klingeman (1982). but with
Dspg/he=0.16.
Largest Mobile Grain
Andrews and Erman (1986) 0047 m f*cqi=0.083(DilD5gss)'9-37 58 12,200 0.97  Natural, meandering, pool-rifle channel. No

form drag or sidewall correction. Dsgghe=0.15.
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£ Italicised numbers are keyed to Appendix | notes.
t See p. 144 for notation not previously defined in text.

u=uniform grain sizes {0y £ 0.5¢), m=mixed grain sizes (G > 0.5¢), where Gy is the graphic standard deviation defined as (9g4-916)/2 (Folk, 1974).

¥ Re*e=u*Dsgfv. Most values calculated by JMB based on reported data For example using T¥e5p 2d Dsgg reported by Parker and Klingeman (1982) 1 calculated
Tepsg=T e soD50s(Ps-p)g and u*c=(tcrsolp)05, allowing determination of Re*.=u*.Dsqefv. Where not reported, it was assumed that ps and p were 2650 and 1000
kg/m3, respectively, and that v=10-6 m2fs.

¥ Most h, values back-calculated from depth-slope products using data reported by authors or calculated by JMB.

¢C



TABLE 1.1 cont.

Sourcef oo Proposed t*; Function Dsps Re* i Oy  Experimental Conditions
Other than the Shields (mm)
Equation?
In Komar (1987a)®
Milhous (1973)7 0.027m T4 =0044(Di/Dsgesy 04 60 10,288 071  Same as Parker axd Klingeman (1982). but with
Dsgg/he=0.20.
Caling (1983)8 0.022 m 't*cqi=0.045(DilD50H)-°-53 62 9,378 Naurd, steep, gravel-bedded channd. No form
drag or Sdewdl correction. Dspgthe=0.27.
Hammond et d. (1984)? 0.022 m T*cqi=0-045(Distoss)'°'" 21 1816 056  Natural tidd channel. Plane-bed.

In Komar (1987b)

Fahnestock (1963){0 0.029 m 128 31,375 150 Natural, proglacial, braided channd. No form
drag or sSdewal correction.

In Komar and Carling (1991)/1

Milhous (1973) 0.029 m t*cq§=0.059(Da!Dsoss)‘°-64 60 10,662 071  Same as Parker ad Klingeman (1982). but with
Dspy/he=0.19.
Komar and Carling (1991) 0.039m % =0.039(Di/Dsg) 082 62 12,487 Same as Carling (1983) in Komar (1987a), but
q )
with Dsgefher.15.

Mithous (1973)/2 0.025 60 9,900 071  Same & Parker and Klingeman (1982), but wtih
Dispg/hic=0.22.

Carling (1983)13 0030 m t*cm:l.l‘!Re“i'o-“ﬁ 62 10,952 Natural, steep. grave-bedded channd (Great
Eggleshope Beck). No form drag or sidewall
correction. Dsoghe=0.19.

0111l m 'c*cqi-~4.99Rc*i'°-42 87 32,356 Naurd, steep, grave-bedded chane (Cal
Beck). No form drag or Sdewdl correction.
Ds0s/hc=0.24,

Ferguson (1994)" 0074 m 106 37,770 1.06  Naud boulder-bed sream. Bedform type not
reported. Form drag and Sdewdl correction not
explicitly congdered.” Disgefhe=0.3 1

0078 m 104 37,685 101 Same as above, but with Dsgg/hc=0.28.

0.061 m 109 Same as above, but with Dspg/he~0.33.

0070 m 96 BTALER 112 Same as aove, but with Dsgghe=0.42.

0.047 m 75 17,915 Natural channel. Bedform type not )
Form dra and sdewal corrections not explicitly
considered.

Other
Kalinske (1947)15 0.039 v
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TABLE 1.1 cont.

Source Tesns Proposed 1*. Function Dss Re* i Ogs Experimental Conditions

Other than the Shiclds (mm)

Equationt
Cecen and Bayazit (1973)76 0.044 m*8 14.6 1,481 (.72 Straight, rectangular flume. Plane-bed. No

sidewall correction. Dspe/he=0.26.
Kirchner et al. (1990)17 -0.100 m 3.74-4.85 291-430 -0.94- Straight, rectangular flame. Plane-bed (7).
1.18
-
p
1
=2 [ idor{op-1)F e} +1)f e+ 2L {0 1) [olp!f-D] 1))
tan &; 7 k2 p?— e’i" a2
Buffington et al. (1992)!8 ~0.100 ~u, m " 4.1-45 334-12,145 ?g’(}; Natural, pool-riffle channel.
Jiang and Haff (1993)!¥ 0.086-0.161 m 72(DH 700-1000 ' Simulated heterogeneous bed surface undergoing
a "slab” shear.
MIXTURE

Source 1*050m Proposed 7% Function Dsom Re*? Ggm Experimental Conditions

Other than the Shields (mm)

Eguationt

Reference Transport Rate

In Shields (1936)20 _ )

Shields (1936) 0.036 —u 0.36 -6.3 0.30  Straight, rectangular flume. Various bedform
types. Sidewall correction, but no form drag -
correction. Grains composed of barite.

0.034 - 1.52 52 0.35 "

0.043 -u 2.76 127 0.41 "

0.045 ~u J.44 205 0.16 "

0.039 ~u 2.46 115 0.22 "

OMI -u 0.69 15 0.33 "

-0.037 m 1.56 ~-8.7 0.59  Same as above, but with amber grains.

0041 m 1.56 -89 0.59 "

~0.044 m 1.56 ~9.3 0.59 "

~0.029 -u 0.85 ~15 0.23  Same as above, but with granitic {natural) grains.
-0.034 -u 1.23 -29 023 "

LT



TABLE 11 cont.

Sourcet ™Csom Proposed t*; Function Dsom Re*;f Ogm  Experimental Conditions
Other than the Shields (mm)
Equation?
-0.047 -n 2.44 100 s
-0.029 m 1777 -14 0.78?  Same as above, but with lignite breeze grains.
0.037 m 1.77 20 0.78 "
-0.039 m 1.88 -23 0.72 "
21 -0.047 m 2.53 -37 0.56

Casey (1935 -0.068 ~u? -1.8 Straight, rectangular flume. Bedform types not
repor%ed by Shields (1936) Sidewall oP
correction (7)29, but no form drag correction.

-0.052 -w? -3.2 t
-0.034 -u7 -11 "
-0.034 7 -16 "
-0.037 ~u? -18 "
-0.041 -y? -31 "
-0.041 ~u? -47 "
-0.039 -u? 80 " g

Kramer (1935)22 -0.032 m 0.51 -6.7 0.74  Straight, rectangular flume. various bedforms.
Sidewal correction (7), but no form drag
correction.

-0.032 m 0.52 -7.9 0.81
-0.039 m 0.56 -7.6 0.62 t

USWES (1935)23 -0.051 -m? -2.2 Straight. rectangular flume. Bedform types not
reported by Shields (1936). Sidewall
correction(?), but no form drag correction.

0.045 -m? 4.0 "
-0.039 ~m? -4.4 !
-0.034 ~m? -7.5 '
-0.036 ~m? -7.4

-0.036 ~m? -7.9 "

Gilbert (1914)4 -0.059 -u 7.01 -491 <0.22  Straight, rectangular flume. Bedform types not
repotted. Sidewall correction (%), but no form
drag  correction.

-0.051 -u 4947 -225 <0.26
Patntal (1971)25 0.050 ~g 2.5-7.95  112-638 0.14-  Straight, rectangular flume. Plane-bed. (?)
0.18 Sidewall eprrection.
0.020 -u, m 2.5-22.2  71-13,308 0.14-1.39
Mizuyama (1977)26 0.044 ~u 6.4 468 <0.12  Straight, rectangular flume. Bedform type not
[also published as Ashida ¢ s0m™ Versom! [(Ps-P)EDs0m(tan® cosO-sind)] reported. Sio!ewall correction, but no form
and Bayazit (1973)] drag correction. Dsgp/h=0.12
0.049 ~u " 6.4 491 "

Sam as above, but with Dsgm/he=0.27.



TABLE 1.1 cont.

Sourcef T estm Proposed T*; Function Dsom Re*ct Ggm  Experimental Conditions
Other than the Shields (mm)
Equationt
0.054 -u " " 511 " Same as above, but with Dw.49.
0.050 ~u " 12.0 1,174 <0.21 Same as shove, but with Dsgm/h=0.12.
0.047 ~u " " 1,135 y Same as above. but with Dsomfhe=0.33.
0.054 ~u ” " 1,203 " Same as above, but with Dspmfhe=0.59.
0.059 -y " " 1239 " Same s above. but with Dsgm/he=0.83.
0.067 ~u " " 1302 " Same as above, but with Dspm/he=t .00.
0.083 -u " " 1,425 Same as above, but with Dspm/he=1.04.
0.056 ~u " 22.5 3,015 <0.08 Sameas above, but with Dsgy/h=0.25.
0.056 -u " " 2.969 " Same as above. but with Dsgm/he=0.63.
0.061 -~ " " 3,052 " Same as above, but with Dspe,/he=0.90.
0.072 ~u " " 3,268 " Sam as above, but with Dsgy/he=1.03.
0.081 ~u . " 3376 " Sam as above, but with Digmfhe=1.47.
(.099 -u " " 3593 " Same as above, but with Dspem/he=1.73.
Misri et d. (1984)%7 -0023 m 6.02 -285 165  Straight, rectangular flume Bedform type not
reported. “Sidewall dfets and (?) form drag
corrected.

In Bridge and Dominic (1984)28
upper  sage  plane-bed: .
Gilbert™ (1914) 0.040 ~u 0.30 42 draight, rectangular flume. Upper dtage plane-
bed. Sdewdl correction.28

0.052 ~u 0.38 6.9
0.042 ~y 051 9.6 "
0.030 ~u 0.79 16 "
Guy et d. (1966)29 0.040 -y 0.19 2.1 045 "
0040 m 0.28 3.3 0.81 "
0.040 m 0.32 46 0.65 "
Williams (197030 0.040 -u 135 40 0.20 "
Lower stage plane-bed.
Gilbert (1914) 0.040 -4 317 145 gtraight, rectangular flume. Lower stage plane:
bed. Sdewal correction.28
0.041 -y 494 286 t
Williams (1970)3¢ 0.040 ~u 135 40 0.20
Fernandez Lugue and 0.040 -~ 0.9-33 22-152 <149 "
van Beek (1976)3!
In Bathurst & d. (1987)” -
BFFL (Ecole Polytechnique  0.052 ~u? 11.5 900 Straight, rectanguar flume. Various bedforms.
Fédérale de Lausanne) ¢ som="r50m L (Ps-P)EDs0om{tan® cos6-sind)] Sidewal cotrection, but no form drag correction
Dsom/he=0.08.
0.063 ~u? " " 951 Same as§ above, but with Dsgp/he=0.10.

6C



TABLE 1.1 cont.

0t

Sourcef ™ ceom Proposed 1*; Function Ds5om Re* ¥ Ogm  Experimental Conditions
Other than the Shields (mm)
Equation?
0.070 -u? " ¥ -1.069 Same as above. but with Dsgm/Mc=0.12.
0.062 ~u " 222 -3.162 034  Same a8 above, but with Dsgy/he=0.12.
89@3 | " " -3,381 " Sam g§ above. but with Dspp/he=0.27.
0113 - " " -3.614 " Same as above, but with Dggm/he=0.39.
0115 —u " " -3,799 " Same & above, but with Dspmy/he=0.50.
- " " -3,929 " Same as above. but with Dgpm/he=0.65.
8?)6618 ~n 443 -8,050 Same as above, but with Dspm/he=0.35.
- " o -8,463 Sme a5 above, but with Dspy/he=0.53.
0.087 ~u? -8,750 Sare as above, but with Dsom’hc=0 59,
0.088 -u? -9.354 Same & above. but with Dsgpfhe=0.79.
Bathurst et al. (1979)" -0.094 ~u? 8.8 -8,075 Flume Bedform types not reported by Bathurst
g d. (1987) Sidewall correction?
DSOthC“O
-0.126 ~u? " ! -1,000 Same a5 above but with Dsgmfhe=0.27.
-0.182 -u? -1,160 Same a8 above, but with Dsgm/he=0.31.
-0.097 ~u? 34 -6,310 Same as above, but with Dsgm/Mc=0.57.
In Day (1980b)}
USWES (1935) -0.050 m 0.42 7.7 0.86 Flume. Bedform type not repotted. No form
0.44 8.1 059  drag arsidewal cormection.
-0.047 m
-0.034 m 4.10 195 0.54 "
y 46
Day ( 1980a) -0.024 m .
In Wilcock and Southard (1988)3
Day (1980a) 0.037 m t*cﬁ=0.037(DiID50m)-0-81 1.82 60 2.10 Flume. Bedform type not reported. No form
drag or sidewall correction (7).
0037m 1 =0.037DiDsgy) 095 157 48 170 »
Dhamotharan et a. (1980) 0.071 m 1:*cn.=0.071(DilD50m)-1-1 2.16 108 1.43 Flume. Bedform type not reported. No form
drag oF sidewall correction (7).
Misri et a. (1984) 0048 m T*c,i=0-043(Di/D50m)"'0 2.36 101 105  Sraght, rectangular flume. Bedform type not
repotted. Sidewall and (?) form drag correction.
0.042 m 1*Cﬁ=0.042(DifD50m)'0-95 3.81 104 165 "
196 1.29

0.037 m 7%, =0037(DyDspyy092 400



TABLE 1.1 cont.

Sourcef T*Csoln Proposed 1*. Function Dsom Re*.f Ogm Experimental Conditions
Other than the Shields {mm)
Ecuation’
Wilcock (1987)6 0.030 m 1:*.;“.=O.030(DiID50m)-1-0 1.83 61 0.53 Straight, rectangular flume. Various bedforms.
_ Sidewall and form drag correction applied.
0.036 m T*,;=0.036(DiDsgy)y 07 1.83 67 1.06 "
0.023 —u 'r*cd=0.{)23(DifD50m)'°-93 0.67 12 0.29 "
0.037 —u T* ¢ =0.037(Di/Dspy) 1! 5.28 332 0.20  Straight, rectangular flume. Plane-beds.
Sidewall correction applied.
Visual Observation
Kramer (1935)37 0.048 m 0,5z 8.5 0.81  Straight, rectangular flume. Plane-bed. No
sidewall correction. w
0.055 m ] Q(I L n —
0.045 m " 8.1 " "
0047 m " 8.5 " "
0.040 m 0.51 1.6 0.74 "
0042 m ! 7.6 N "
0039 m " 7.5 " "
0034 m o 6.9 " -
0.038 m 0.56 8.3 0.62 "
0.043 m v 8.8 " "
0042 m’ " 8.6 " "
0041 m " B.1 " "
Meyer-Peter and Miiller (194838  0.033-y? 3.2 127 Straight, rectangular flume. Plane-bed or very
T* cvson=L teysom( Qe Q000 2Y[(ps-p)gDs0m] low amplitude bedforms. Form drag and
sidewall correction applied. Rounded grains.
0.032 -u? 2.7 98 " :
0.037 -n? 38 183 "
0.030 ~u? 3.6 157 v
0.039 ~y? 3.66 174 "
0.040 -u? 3.66 190 "
0.037 ~u? 85 676 "
0,050 ~u? 7.4 603 "
0.047 -u? 8.5 762 "
0.040 ~u? 3.14 152 "
0.033-w? 1.86 57 Same as above, but with angular grains.
0.025 ~u? 3.14 107 "
0.033 ~p? 3.t 127 "



TABLE 1.1 cont.

Sourcef ™ esom Proposed t* Function Dsom Re*;} Ogm  Experimental Conditions
Other than the Shiclds (mm)
Equationt
0.043 -ut 314 165
0.038 ~u? 3.66 179 -
0.040 —u? 3.06 144 -
0.040 ~u? 2.58 112 !
0.048 -u? 2.61 124 !
0.050 ~u? 4.04 PEE| "
0.043 -v? 4,34 713 "
0.043 -? 2190 b
White (1940)%9 0.338 ~ 0.21 0.04 Straight, rectangular flume. Plane-bed. No

sidewall correction, Fluid medium of
lubricating oil. Entirely laminar flow.

0.768 ~g 0.90 0.30

0.780 -u 0.122 2.4 Constant-drag nozzle. Plane-bed (7). No
sidewall correction. Water fluid medium.
Entirely laminar flow.

0.T19 ~u 0.90 33 Constant-drag nozzle. Plane-bed (7). No
sidewali correction. Fully (?)turbulent flow.

0,101 ~u G.6 480 "

0.064 ~u 0.71 as Constant-drag nozzle. Plane-bed (7). No
sidewall correction. Steel shot grains. Fully (7)
turbulent flow.

0.098 ~u 0,90 80 Constant-drag nozzle. Plane-bed (7). No
sidewall correction. Fluid medium of air.
Fully (?) turbulent flow.

0.102 ~u S.6 1,280 "

Neill (1967) 6.024 -u? 6.2 297 Straight, rectangular flume. Plane-bed. No
sidewall correction. Dsom/he=0.12.

0.033 ~u? " 347 Same as above, but with Dspm/he=0.11.

0.038 -u? " n Same as above, but with Dspm/Mhc=0.07.

0.034 ~u? " EY| Same as above, but with Dsgp/he=0.07.

0.042 -u? " 388 Same as above, bul with Dsom/he=0.06.

0.045 ~u? " 404 Same as above, but with Dsgr/h=0.05.

0.034 w7 " 348 Same as above, but with Dspy/h=0.05.

0.037 —u? " 364 Same as above, but with Dsgy/h.=0.04.

0.035 ~u? " 353 Same as above, but with Dsgy/he=0.04.

0.040 ~u? 8.5 606 Same as above, but with Dsgm/hc=0.28.

0.040 ~u? " 602 Same as above, but with Dsp/he=0.14.

0.062 -u? " 153 Same as above, but with Dsgr/he=0.07.

0.058 ~u? " 129 Same as above, but with Dsgp/ho=0.05.

0.033 -u? 20.0 7,969 Same as above, but with Dsgny/h=0.55.

0.034 -u? " Z.001 Same as above, but with Dspm/h,=0.39.

[4*



TABLE 1.1 cont.
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Sourcet ™ s0m Proposed t*; Function Dsom Re*ct Ogm  Experimental Conditions
Other than the Shields (mm)
Equation*
0.029 ..y? " 1,856 Same as above, but with Dsgq/he=0.33.
0.034 -u? " 2,007 Sare gs above, but with Dsgay/he=0.23,
0.040 ~u? * 2,178 Save as above, but with Disgm/h.=0.18,
0.036 -y? " 2073 Same as above, but with D3gnthe=0.14.
0.043 ~nu? " 2,263 Same as above. but with Dspenfhaz=0.11.
0.028 -u? 5.0 228 Straight. rectangular flume. Plane-bed. No
sidewal correction. Glass bal sediment.
Dsgm/he=0.08.
0.042 ~u? " 279 Same as above, but with Dsomlhc=0.04.
0.048 -u? " 295 Same a5 above, but with Dsom/he=0.04
0.044 ~y? " 284 Same as above, but with Dsgmllk=004
0.043 -u? " 280 Sare &8 above, but with Depenfhe=0.03.
white (1970) 0.053 ~u 2.2 -38 straight, rectangular flume. Plane-bed.
Sidewall correction. Polystyrene grams
0.037 ~u 2 -53 Same as above, but with PVC
0.055 - 0.17 21 Same as above, but with narural gra1 ns.
0.058 ~u 0.153 1.8 "
0.071 -u 0.133 1.6 "
0.066 ~u 0.093 0.93 "
0.073 ~u 0.077 0.73 "
0.125 ~n 0.044 0.42 "
0.112-u 0.033 0.26 "
0.102 ~y 0.030 0.21 "
0.103 ~u 0.029 0.20 "
0.146 -u 0.028 0.23 "
0.110 ~u 0.024 0.16 "
0.151 ~y 0.016 0.10 !
0.037 -u 2.2 -15 Straight, rectangular flume. Plane-ted.
Sidewal correction. Polystyrene grains in
Mentor 28 oil. Fully laminar flow (7).
0.034 ~y 2 ~40 Same as above, but with PVC grains.
0.132 -u 0.133 0.28 Same as above, but with na grains
0.122 ~u 0.093 0.16
0.166 ~u 0.077 0.14 b
0.218 -~u 0.046 0.07 !
0.254 -y 0.033 0.05 "
0.288 ~u 0.030 0.04 "
0.219 ~u 0.025 0.03 "
Grass (1970)” 0141 (0.174) ~u 0.090 0.88 (0.97) straight, rectangular flume. Plane-bed.
Sidewall  effects accounted for.
0.131 (0.154) ~u 0.090 0.84 (0.92)



TABLE 1.1 cont.

Sourcef ™ csom Proposed t*, Function Dsom Re*.t Ogm  Experimental Conditions

Other than the Shields {mm)
Eguation®

0.110 (0.131) ~u 0

0.086 (0.095) u 0.

0,069 (0.093) ~u 0
0
3

6.0 8.860)

Everts (1973)! 0023 ~ 7 145 Straight, rectangular flume. Plane-bed.
Sidewall correction applied.
0.027 ~y 157 "

0029 -u " 162 "
0.023 -y 1.79 51 "
0025 ~p " 54 "
0.019 —u » 47 «
0.017 ~t " 44 "
0.017 ~u 0.895 16 "
0021 ~u " 17 "
0.018 ~y 16 "
0.020 ~n 17 "
0020 -u 0.508 7.2 "
0024 - "
0022 -u "
0025 ~u "
0029 -y 0.359
0.026 -~y "
0.027 —u ”
0.023 ~y

0032 -y 0.254
0035 -~y "
0.041 ~u "
0.039 -~u 0.18
0.046 -n "
0.052 ~u 0.127
0.052 -y "
0040 ~u "
0.056 ~u 0.18
0.056 ~u "
0.062 - "
0.058 ~u 0.127
0.060 -y '
0.059 -y "
0.063 -y "
0.057 -y 0.09

¥E

Same as above, but with jimenite grains



TABLE 1.1 cont.

Sourcef ™osom Proposed t* Function Dsom Re*ct Ogm  Experimental Conditions
Other than the Shields (mm)
Equation®

0.070 -u .

0.058 ~y " %g "

0.081 -u : "
Fernandez Luque and -0.038 ~u 0.9 ~18 <0.49 straight, rectangular flume. Plane-bed.

van Beek (1976)%2 Soewal effects accounted for.

0037 - 18 -%7 " "

-0.047 -u 33 B "

-0.043 ~u 18 =74 " Same as above, hut with magni

-0.038 -4 15 -16 " Same as above, but with walnut égwm el?) grans.
Yalin ad Karahan (1979)%# 0.038 ~u, m? 1.00 25 ~0.34.  Straight, rectangular flume Plane~bed

94 54 Sdewal * effects " corrected.

0.030 ~u, m? 0.56 - "

0.113 -y, m? 0.10 15 " "

0.036 ~u, m? 0.40 6.1 " "

0.053 -u, m? 0.19 2.5 " "

0.079u 014 1.8 " Same as above, but with glass bead grains.

0.178 ~y, m? 1.00 0.13 * Straight, rectanguiar flame. Plane-bed.

Sidewall effects corrected. Natural grains in
water-glycerin mixture. Laminar flow.

0.156 ~u, m? 1.88 8%9 : "

0135 ~u, m? 2.86 0.05 " "

0.172 -u, m? 0.56 078 " "

0.110 ~g, m? 1.00 1'9 K "

0.092 —u, m? 1.88 0.38 " "

0141 ~g, m? 0.56 3' 2 " "

0.086 —u, m? 2.86 - " "

0.091 ~u. m? 2.86 35 L "

0.134 ~u, m? 1.00 8%@ "

0143 -u, m? 0.56 > " "

0.110 -y, in? 188 a8 " "

0.140 ~u, m? 0.56 6 7 " "

0.069 -m, m? 2.86 38 " "

0.086 -y, M? 188 : " "

0.106 ~u, m? 1.00 1.6 0 "

St



TARIE 1 1 ~ant

quuLe LT FTOpOSeq T FUNCIton L2500s CReT Opss Experimental Conditions
Other than the Shields (mm)
Equationt
Parker and Klingeman (1982)%  0.088 m ‘l:*cﬁ=0.088(Distoss)“0-93 20 3,574 2.27 Same as Parker and Klingeman (1982).
In Wilcock and Southard (1988)
Milhous (1973) 0.073 m 1*cﬁ=0.073(DifD5953)'0-93 19.5 3,134 227 Same as Parker and Klingeman (1982).
Largest Mobile Grain
Andrews (1982) 0083 m T*cqi=0.033(Di/D5oss)'0-87
In Komar (1987ap5
Milhous (1973) 0.044 m Thegi=0-044(DifDsy 043 20 2,528 2.67  Same as Parker and Klingeman (1982).
Carling (1983) 0.045 m " 20 2,457 Same as in Komar (1987a).
Hammond et al. (1984) 0.045 m T =0.045(DyDsoe) 071 7.5 554 "
In Komar and Carling (1991) :
Milhous (1973) 0.059 m T*cqi=0-059(Distoss)‘0'64 20 2,927 2.67  Same as Parker and Klingeman (1982).

£ Jtalicised numbers are keyed to Appendix I notes.

1 See p. 144 for notation not previously defined in text.
u=uniform grain sizes (g < 0.5¢), m=mixed grain sizes (Gg > 0.5¢), where Oy is the graphic standard deviation defined as (§g4-916)/2 (Folk, 1974).

 Re*=u*:Dso/v. Most values calculated by JMB based on reported data. For exaraple using T*¢ ¢, and D5 reported by Parker and Klingeman (1982) I calculated
Ters0= T *crs0D50s(Ps-P)E and u*e=(Tc /p)0, allowing determination of Re*c=u*.Dsgy/v. Where not reported, it was assumed that ps and p were 2650 and 1000
kg/m3, respectively, and that v=10-6 m2/s,

¥ Most e values back-calculated from depth-stope products using data reported by authors or calculated by IMB.

9t
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(Panta, 1971, Misi et d., 1984; Wilcock, 1988). Competence functions are based on
relations between shear stress and the largest mobile grain size, from which one can
edablish the criticd dimensiond and dimensonless shear stresses for a given Sze of
interest. Competence functions are, however, sendtive to the sampling device used,
technique, and availability of coarse grain sixes (Wilcock, 1992). In this andysis t*¢5
values corresponding to these three methods of measuring incipient motion are respectively
symbolized ast¥¢, 50, T¥ersgr AN Tcgsp

Where data were avallable Table 1.1 dso reports Dso. Re*c, and og vaues, as well
as experimental conditions and proposed T*c; expressons other than Shields (1936). In
many cases Re*. values were not reported by a given source, but could be calculated from
other presented data; to be consistent with Shields (1936) | took ks=Dsg, however, as will
be discussed later it is recommended that this common practice be re-examined, paticularly
for data from natural, heterogeneous, gravel-bedded streams. The sorting coefficient, &g,
is Folks (1974) graphic standard deviation defined as {¢s4-916)/2, where g4 and 16 are
the 84th and 16th percentiles of the grain size digtribution expressed in units of the phi
(logz) scde. In many cases T*csq values (or particular types of T*c50) were not explicitly
reported by a source, but could be calculated from the eguations and data presented by the
author(s); detalled notes are given in Appendix |, keyed to itdicized numerds in Table 1.1.

Dimendonless criticd shear stress values for subsurface median gram sixes (t¥*cgq ) are
presented in Table 1.1 for comparison with other T*csq types, but will not be considered in
this analysis as the concern here is choosing an appropriate T*¢44 value for surface
moility.

By andogy with Folks (1974) sorting definitions, near-uniform sediments (i.e,
well-sorted) are defined here as those with @<0.5, while mixed-grain sediments are those
with 6¢>0.5. With this definition it can be seen that some of the laboratory sediment
mixtures used by Shieds (1936) arc mixed-grain, contrary to popular belief (Table 1.1).
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Sorting is of significance because of its influence on friction angles and hence critical
dimensona and dimensionless shear stresses (Buffington et a., 1992). Poorer sorted
sediments tend to have lower friction angles and correspondingly lower T¢; and T*c; values.
Sorting is of further ggnificance for establishing the reliability of mixture incipient motion
as a messure of surface mobility (i.e, establishing that T*cgq,=T*csq.). All experiments
reporting dimensionless critical shear stress in terms of the sediment mixture (t*c5q.,) Were
conducted in flumes. Of these the reference-based values (T*¢.sq,) Were determined from
bedload transport data commonly collected after attainment of eguilibrium conditions of
dope, bedform character, and transport rate. As such, the actua surface grain size
digribution of initidly poorly sorted mixtures may not resemble, a the time of
measurement, the initid mixture digribution due to potentid textural responses to relaive
conditions of sediment supply and transport capacity. Dietrich et a. (1989) have shown
that heterogeneous bed surfaces coarsen when deprived of sediment and fme when
inundated, reflecting the magnitude of sediment supply relaive to transport capecity.
Because of this potentid textural response, T*c sq,, Vaues from mixed-gran experiments
will not be considered here as they may not accurately represent the threshold of surface
mobility; depending on the direction of texturd response, T*c 5o, Values could over- or

underestimate actua dimensionless criticl shear stress values of the surface (T¥c 5q)-

Dsom Will only gpproximate Dsgs When |aboratory sediment mixtures are well-sorted, as
there is little potential for textural response of a well-sorted bed materiad. Hence, only
under these conditions will T*¢ s, approximate Tsqs Potentid texturd responses am
not an issue, however, for incipient motion of laboratory mixtures defined from visua
observation  (T*¢ys0m)-

Data from Table 1.1 are plotted in Figure 1.5 strati&d by 1¥¢5q type and incipient

motion definition. Based on the above discusson, neither the subsurface dimensionless
criticl shear stress values (T*cgq) NOr the reference-based mixture values (T*c gq,,) With
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Figure 15 Composite Shields curve categorized by flow condition, relative roughness, t*.s, type, and incipient motion

definition.
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0g>0.5 am included. Furthermore, only data derived from time-averaged measures of
shear stress are presented due to the potentia incompatibility of T¥c4, vaues determined
from time-averaged versus instantaneous shear stress measures (e.g., Buffington et a.,
1992); the maority of the data in Table 1.1 represent time-averaged shear stresses. The
data plotted in Figure 15 are dso segregated by flow condition [i.e, fully laminar versus
(smooth, trangtiond, or rough) turbulent flow] and relative roughness, defined as the ratio
of Dsgp to critical flow depth for incipient motion, he. As demonstrated by Yalin and
Karahan (1979) two “Shieds curves’ are defined for laminar versus turbulent flow
conditions over sSmilar Re*¢ values (Fig. 1.5). The laminar data generdly overlie the
turbulent data and define a lower-doped trend than predicted by Shields (1936) for low
Re*. vaues.

Scatter within Shields curves has long been atributed to methodological differences
between experiments (e.g., Tison, 1953). however a systematic examination of such
influences has not been previoudy undertaken. When classfied by incipient motion
definition clear didtinctions within the turbulent flow data are observed (Fig. 1.5). For
|aboratory sediment mixtures, two distinct sub-pardlel Shields curves are evident for
incipient motion defined by reference transport rate versus visud observation (i.e, T*csom
VS, ¢ som fOF turbulent flow), with the later generally underlying the former and

suggesting a systematic methodologica bias. Although there is considerable scatter,

reference values of dimensionless criticl shear stress for surface material (T¥c gq,) With
low relative roughness {Dsg/he<0.2) dovetall with those of laboratory sediment mixtures
(T ep50m)> JEfining a condtant average 1.5 value of about 0.06 (fit by eye) for Re*:>103
(dashed line, Fig. 1.5). This vaue is identicad to that origindly proposed by Shields

(1936) for fully turbulent flow. The surface dimensionless criticdl shear stress values
determined from competence equations (T¥cqs08) define their own space separate from the
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other data, indicating a third methodologicd bias. However, the r*chOS data are too
scattered and too few to identify any structurd smilarities with that of the other data (Fig.
15).

Closer inspection of Figure 1.5 shows that many of the data cluster into steeply
doping lineaments. This observation has previoudy been explained by Bathurst & 4.
(1983) as a relative roughness effect. Bathurst et a. (1983) demondrated that for a given
median gran size, T*:q, Systematicaly increases with greeter relative toughness and that
the rate of increase depends on channel dope. Greater form drag caused by increased
relative roughness decreases the shear dtress available at the bed for sediment transport,
resulting in a higher total shear stress required for incipient motion, and thus an apparently
greater T*c5, Vaue It is because of this effect that | have segregated the data in Figure 1.5
by reative roughness. Dsp/he<0.2 was chosen as a vaue generdly representative of
gravel-bedded  streams. Use of 7' rather than g in caculating ¢4, would likely collapse
the observed relaive roughness lincaments. The effect of bed slope on T*c¢gq vaues in

Table 1.1 and Figure 1.5 is inggnificant, as mogt of the data used are derived from
experiments with bed slopes <0.01. The data of Bathurst €t . (1987) and Mizuyama
(1977) are notable exceptions, however T¥cq, vaues reported for these studies are based on
a modified Shields stress that accounts for both bed dope and bulk materid friction angle
(Table 1.1).

Figure 1.5 is a useful addition to previous compilation studies (i.e, Miller e d.,
1977; Ydin and Karahan, 1979). because it includes for the first time reference and
competence-based 1%, values for surface materidl (T*epsp, aNd T¥eqg0,) and demonstrates
methodological  differences within compiled T*¢5, data sets. The rough, turbulent flow
value of 1*:5,=0.045 previoudy reported by Miller et d. (1977) and Ydin and Karahan
(1979) is typicd of visudly determined mobility thresholds of laboratory mixtures

(T*cy50m)» UL Underestimates dimensionless critical shear stresses determined from
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reference transport rates (¥ 50, aNd T*csgs) (PIg. 1.5). Because the later are based on a
less subjective incipient motion definition, they ate preferred in this andlyss. The
competence-based data (T*Cqsos) am too few and too scattered to interpret at this time and
ae derived from a variety of subdefinitions of incipient motion (see Table 1.1 notes). In
contrast, the myority of the T*c,s, Vaues for rough tubulent flow and low relative
roughness are derived from surface-based studies employing Parker and others (1982)
incipient motion definition, adding a certain degree of congstency; it is the mugh turbulent
flow and low relative roughness portion of the Shields curve that is of ggnificance for
surface mobility in gravel-bedded streams. In this region the t*c.s,, data with low relaive
roughness have a range of 0.032-0.087; the 0.032 value is an average of the data reported
for Parker and Klingeman (1982), Wilcock and Southard (1988), and Parker (1990). as
these values are variations of the same data set [that of Milhous (1973)] andyzed using
Parker and others (1982) definition of incipient motion.

Assuming similarity of incipient motion definition, the reported range of T*¢.sq,
values can be attributed to neglect of roughness effects (i.e,, sidewalls, form drag, etc.)
and differences in bed materid properties (i.e, gran sorting, packing, shape and
rounding). Neglect of roughness effects (i.e, use of Ty rather than ') causes
overestimation of t*.c, Differences in bed materid properties can either increase or
decrease particle mohbility. Greater sorting and angularity cause grains to be more resistant
to movement and increase T*cq, vaues (Shields, 1936; Miller and Byme, 1966; Li and
Komar, 1986; Buffington et a., 1992). In contrast, increased sphericity, looser packing,
and surfaces with protruding grains increase grain mobility, resulting in relaively lower
T¥csp VaUes (Fenton and Abbott, 1977: Church, 1978, Reid e d., 1985; Li and Komar,
1986; Kirchner et d., 1990). Because none of the T*c.qp, Studies fully account for

roughness effects (Table 1.1), the lowest t*; 5, vaue [eg, me average Milhous value of

0.0321 was sdected for use in the threshold channe modd: the lowest vaue likely
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represents the least amount of overestimation caused by neglect of roughness elements. A
low T*¢.50 ValUe is aso an appropriate choice for naturdl gravel-bedded rivers as they are
typicdly poorly sorted. It is cautioned, however, that this choice is based on a limited set
of T%¢ 50, data, and as such is tentative.

Although the %<, deta segregation presented in the above anaysis provides some
guidance for interpreting the myriad T*cs velues reported in the literature, it is likely that
further ingght can be achieved by explicitly accounting for bed materid properties and
roughness effects. It is commonly implied that because flume-based dtudies of incipient
motion employ initidly planar bed surfaces they are free of form drag influences caused by
bedforms (eg., Miller et d., 1977). This is true for the visualy-based studies, but it is not
s0 for most of the reference-based investigations, such as Shieds (1936). In the visud
sudies, flow is typicdly gradualy increased until grains rue observed to move from a
plane-bed surface (Kramer, 1935, White, 1970; Yalin and Karahan, 1979). In contradt,
most of the reference transport rate studies are based on bedload transport data collected
dter attainment of equilibrium conditions, which in many instances are characterized by the
presence of bedforms (cf. Gilbert, 1914; Shields, 1936; Guy et d., 1966; Wilcock and
Southard, 1988). Bedform drag in natura rivers has been estimated as comprising 10-75%
of the total channel roughness (Parker and Peterson 1980; Prestegaard 1983; Dietrich et d.,
1984; Hey 1988), indicaing a potentially significant difference between 1" and 1g, and
hence the caculated t*c50 vaue if bedform roughness is not accounted for.

Our underganding of incipient motion studies would additionaly be grestly
improved from dandardization of investigative methodology (Wilcock, 1988). Even
within the methodological divisions presented here there am subtleties of definition that
cause some of the observed scatter. For example, Wilcock (1988) has demonstrated that

there are dight differences in T*¢; values using the same data but differing definitions of
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reference transport rate. Figure 1.5 is only a first-order categorization of T*cs, data and,
strictly speaking, competibility of t*csq values is only assured when identical invedigative
methods are used. More claity may aso be achieved by using appropriate ks values when
cdculating Re*.. There have been numerous ks empiricisms proposed [cf. Eingtein and
Barbarossa (1952), Leopold et d. (1964), Kamphuis (1974), Hey (1979). Bray (1980),
Whiting and Dietrich (1990)], most of which for heterogeneous bed surfaces are greater
than Dsgs. Whiting and Dietrich (1990), for example, suggest kg=3Dgq. Even for near-
uniform sediments, ks=Dsg may be inappropriate, as indicated by the discrepancy between
boundary Reynolds Numbers for gructuraly similar portions of Shields (1936) curve and
that of Nikuradse (1933) [see discusson by Ydin and Karahan (1979)). As is commonly
done in engineering practice, kg should be defmed relative to Nikuradse's (1933) results as
an equivalent (Nikuradse) sand grain roughness, providing a common reference frame

amongst incipient motion Sudies.




Chapter 2. Invedtigation of the Threshold Channed Modd and Examination
of Textural Response to Sediment Supply

APPLICATION OF EXISTING DATA SETS TO THE GENERAL MODEL

In or&r to investigate the generd validity of the bankfull threshold channel modd a
literature search was conducted to find dl avalable pared data of median surface gram size
and bankfull shear stress. Four hundred thirty six data points from 14 sudies representing
a wide range of channd sixes and types located throughout the United States, Britain,
Ireland, India, and Canada are plotted in Figure 2.1. The data from sand-bedded channels
(Dsgs < 2 mm, circles) segregate from the gravel- and cobble-bedded streams (Fig. 2.1).
due to basic differences between live-bed and threshold channels. Sand-bedded channels
exhibit live-bed transport, with mobility occurring at most stages. As such, Dsgpg predicted
from a bankfull threshold of mohility should be a consderable overestimation.
Furthermore, sand-bedded channels typicaly have closer-spaced and multi-scale  bedforms,
causng potentialy gredter relative bedform roughness (e.g., T¢/tp) than in gravel-bedded
channels. Consequently, live-bed channels should have lower relative bed shear stress
(eg., T/tp) and hence smdler grain sizes. The strong separation of the sand-bedded data
from both the coarse-granted data and the bankfull threshold prediction (Fig. 2.1) is thus
likely due to a mohiity threshold significantly less than bankfull, as wel as potentidly
greater relative bedform roughness. This separation of data reinforces fundamental
differences between live-bed and threshold channels.

The bankfuil threshold channel prediction of Dsgs USNG T¥*c50,=0.032 is shown by
the solid black line in Figure 2.1. According to the hypotheses presented in Chapter 1, the
median surface grain sizes of coarse-grained channels should plot on or below the

threshold prediction, depending on the degree of textural response. Median surface gram
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D50s (mm)

10000

Bankfull T, (Pa)

Figure 2.1 Published 13 and Dsgs data compared with the threshold mode prediction,
assuMing T*csp=0.032 (solid ling). Channels with Dsps < 2 mm are defined as sand-
bedded (i.e, live-bed) channels (®), distinguished from gravel- and cobble-bedded (i.e,
threshold) streams (+). Data are from natural channels and irrigation canals studied by:
Lane and Carlson (1953); Brush (1961); Smons and Albertson (1963); Chitale (1970);
Thome and Lewin (1979); Lide (1979); Andrews (1984); Florsheim (1985); Hey and
Thome ( 1986); Higginson and Johnston (1988); Kinerson (1990); Lide and Madg (1992);
Smith and Buffington (in press); and present study.
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sres that plot above the threshold prediction imply sediment immobility a bankfull stages.
While the bulk of the data lie on or below the solid prediction line, there am a far number
of points above it. Rather than being immobile, an dternative explanation for these upper
data is that my choice of T¥¢5q is t00 high. A lower T*¢gq, vaUe would raise the Dsos
prediction line, capturing some of the upper data. These upper data exhibit a plateau,

indicated by a decline in the dengty of points a larger gran sixes. A line fit by eye to this
plateau corresponds with a T¥¢q,, Vaue of about 0.023 (dashed line, Fig. 2.1). If these

data are reliable, then t*c50,~0.023 presumably represents the natural upper limit of
competence for a given bankfull shear dress in coarse-grained channels. In other words,
the least sorting and angularity, the greatest protrusion and sphericity, and the least amount
of other hydraulic roughness found in natura, coarse-grained channels, consequently
maximizing Dsos for a given bankfull shear stress.

Because the data presented in Figure 2.1 am synthesized from many different
dudies, potentidly employing dightly different data collection methods, there is some
danger in making this empirica fit. It is unlikely that dope is a Sgnificant source of error,
because most of the studies measured slopes over reasonably long reaches. Admittedly,
recognition of bankfull geometry can be problematic (Williams, 1978). Persond
experience, however, suggests that field-oriented investigators are usualy in agreement
about bankfull location; thus, little error is atributed to reported shear stress vaues. The
largest potentiad source of error is likely due to differences in grain size sampling
techniques. Accurate representation of bed grain sixes depends on the sampling strategy
employed; as will be seen in Chapter 3, a single sample of limited areal extent can be an
extremely poor representation of reach-average grain Size in naturd coarse-grained Streams,
as such channels are typically composed of complex and diverse textura patches. Because

the grain size sampling error is unknown for the data presented in Figure 2.1,
T*c505=0-032, rather than T*.4,#0.023, will be retained for the bankfull threshold channel
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prediction of Dsgs. The empiricd plateau at T*c50,=0.023 is nevertheless intriguing,
warranting further, more carefully constrained research of the naturdl lower limit of T*cgp,
and the upper limit of competence in coarse-grained Channels.

Median surface grain sizes that plot on and just below the threshold channel
prediction are hypothesized to represent low sediment supply, armored, plane-bed channels
in which bed and banks provide all of the hydraulic roughness. Increased sediment supply
or the introduction of other roughness elements is expected to cause texturd fining and
deviation from the prediction. Within this framework, Figure 2.1 indicates that textural
response is common in coarse-grained channels, the data do not collapse into a single
trend, but rather span about an order of magnitude of median surface grain sixes for a given
shear stress.

Further examination of Figure 2.1 shows that beyond shear stresses of about 70 Pa
in coarse-grained channels there is a decrease in the range of median surface grain Sizes and
a generd lack of data around the threshold prediction line. Assuming that the plotted data
for channels with depth-dope products in excess of 70 Pa are typical, then there is
presumably some characteristic change in sediment supply or hydraulic roughness for these
channels, as was suggested for the sand-bedded rivers. Since the magnitude of tota
boundary shear stress is generaly dominated by dope, the channes with shear stresses in
excess of 70 Pa are likely to be steep gradient plane-bed channels, approaching cascade and
dep-pool morphologies in the terminology of Montgomery and Buffmgton (1993).
Although steep-gradient channels are characteridticaly high energy environments, much of
the avalable shear dress is turbulently disspated by tumbling or jet-and-wake flow caused
by individuad large grains or gram clusters. Consequently energy dissipation characteristic
of steep-gradient channels may lead to smaler median surface gram sixes due to less
available bed shear dress and may explain the leveling-off of median surface gram sixes

observed in Figure 2.1.
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TEXTURAL RESPONSE TO SEDIMENT SUPPLY
Severd data sets exist that can be used to examine textura response to sediment

supply within the framework of the bankfull thresnold channd modd. Flume experiments
by Kuhnle and Southard (1988) and Dietrich et a. (1989) both document surface fining of
laboratory plane-bed channels with increased sediment loads. Both studies found that low
sediment supplies produced armored beds, while extreme sediment loading created surface
textures smilar to the size didribution of the supplied sediment (g*=t). Within the
threshold model framework the low sediment supply armored beds from these two studies
plot close to the threshold channel prediction line and have lower g* vaues (Fig. 2.2),
while increasing sediment supply produces fmer surface textures that progressively deviate
from the threshold prediction and have higher g* vaues. Thus with increasing sediment
load there is a systematic surface texturad fining and deviaion from the bankfull threshold
channd  prediction.

As mentioned previoudy, textura response to sediment supply within the threshold
model construct is smply another way to express the * theory. By definition a g* of 0
corresponds with the threshold channel prediction. However, because the surface and
subsurface critical shear Stresses are back-caculated from Shields equation [i.e, (2)] the
resultant q* values depend on the T*cs, vaue used, as illustrated by Figures 2.2a and
2.2b. Furthermore, while the magnitude of g* increases with deviaion from a given
threshold prediction, the gradient of g* vaues with this deviation depends on the ratio of
To/Tesqes L1-€- (6)]. FOr example, because To/Tesq s different in the two flume studies
(Dietrich et d., 1989), ther q* vaues are not necessarily the same for smilar deviations
from the threshold prediction: in the study by Dietrich et d. (1989) a g* vaue of 1 is
approached with sgnificantly less deviation from the thresnold prediction (Fig. 2.2). The
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Figure 2.2 Systematic deviation of Dsps from the threshold model prediction [8) T*¢5=0.032, b) T*¢5,=0.023] as a function
of incressng sediment volume supplied to laboratory plane-bed channels. 1' is the cross-sectionally-averaged tota boundary.
shear stress corrected for sidewall effects using the method of Shimizu (1989), assuming a bed roughness 100 times that of the

flume walls (see dso discussion of sdewal effects in Chapter 3 Methods and Fig. 3.4 caption). Numbers next to plotted points
are sediment feed rates (g/min-cm) followed by g* values caculated from (6) with Tp=T" and Tesp=T*c504(Ps-P)gDs0. assuming

p=1000 kg/m3 and ps=2650 kg/m3; 150, aNd Tesq, VaAlUes are caculated using respective median grain sizes of the bed
surface materid and sediment feed as reported by Kirchner et a. (1990, Table 2) and Kuhnle and Southard (1988, Figs. 2 and

14). Only data from plane-bed morphologies are plotted; bedload sheets (Whiting et d., 1988) within plane-bed channels are
considered  unobtrusive  “bedforms.”
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ratio Of Tp/Tegg IS the theoretical critical shear stress of a fully armored channel relative to

that of a completely unarmored channel. As such, this ratio expresses the theoretical
potential for textura response, with lower vaues indicating less response potentid. For a
given depth-dope product the ratio of To/Tesgss IS largely a function of the imposed
sediment supply digtribution.  Consequently the gradient and lower limit of textural
response (Dspss) expressed by the q* theory cannot be predicted theoreticaly, because the
input sediment supply digtribution & any given point in a channel network is a stochastic
function of basin geology, geomorphology, and climate; Dsoss and the ratio of To/Tegqe
must be determined by field investigation. While the retio of To/tegp, Provides an
indication of a channe’s overdl potentid for textura change, the current degree of texturd
response to sediment supply must be evaluated by other means, such as cl*.

Once textura fining has occurred in response to increased sediment supply a
channd no longer exhibits bankfull threshold mobility, as smaler Dsos vaues imply a
lower threshold of mobility. It is hypothesized that extreme texturd response to sediment
supply can create mohility thresholds low enough that the channel begins to behave more
like a live-bed channd (eg., Reid and others (1985) Turkey Brook site discussed in

Chapter 1). However, extreme changes in sediment transport characteristics of this sort
depend on the ratio of To/Tegp. FOr example, a low Tp/Tesq ratio limits the range of

textural fining and thus the range of critical shear stresses, while for a high ratio of To/Tespg
there is a much broader range of both potentia textura fining and corresponding critical
shear dresses. Consequently channels with high To/Tegqe ratios ae more likely to behave
like live-bed channels in response to extreme sediment loading. High To/Tcsq,, ratios can
be naturd or induced by management activities, such as road building and use, that increase
the proportion of fine sediment supplied to a channd (eg., Reid and Dunne, 1984), hence

lowering Dsgss and T,
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Kinerson (1990) documented sediment-induced textural fining in natural channels
in northern Cdifornia and vaidated the use of c* as an indicator of sediment loading. He
examined channels with a variety of sediment loading conditions and chose sample sStes in
draight sections of the channel with low-amplitude bedforms and away from m-channel
obstructions.  Sample Stes were chosen in this fashion so as to minimize hydraulic
roughness other than grain roughness. He found that channels with low sediment supplies
had low ¢* vaues, while sediment-impacted chaanels had ¢* values near 1. With the
exception of one point, Kinerson's (1990) data show the same systematic deviaion of
surface textures from the threshold channel prediction with increasing g* and hence
sediment supply (Fig. 2.3). However, the sediment loading conditions inferred from
Kinerson's (1990) g* vaues were substantiated in some cases by fairly qualitative
assessments of  sediment  supply.

Application of results from a study by Lide and Madg (1993) imply that * was
not a good indicator of sediment loading in a comparison of aggrading (high sediment
supply) and degrading (low supply) reaches of a northern Cdifornia stream. Lide and
Madej's (1993) negative results may be due to neglecting differences in bedform roughness
between the two study reaches.

With g* as a surrogate for sediment loading, the field and laboratory Studies
discussed above are combined in Figure 2.4 in order to emphasize the systematic textura
fining and deviation from the threshold channel prediction of median surface grain sire with
increasing sediment supply. These data show that textural fining in response to sediment
supply can be quite significant, resulting in a minimum retio of observed-to-predicted Dspg
of about 0.1, or a ten-fold decrease in Dsqs. Figure 24 aso demondrates that similar o
vaues can correspond to different magnitudes of texturd fining, where fining is expressed

as the ratio of observed-to-predicted median surface gram size. At low sediment supplies
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Figure 2.3 Texturd fming and deviation of Dsgs from the threshold model prediction as a
function of increasing sediment supply in naturd gravel-bedded channes. T'isthe cross-
sectionally-averaged total boundary shear stress corrected for sidewall effects using the
method of Shimizu (1989), assuming uniform bed and bank roughness length scales. 0*
vaues are determined with 1*c4,,=0.032 as per Figure 2.2 caption.
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Figure 24 g* versus the ratio of observed-to-predicted Dsgs in both natura and |aboratory
channels. The ratio of observed-to-predicted Dsgs iS inversely related to g*, and thus
sediment supply. The Dsgs ratio is not unique for specific g* vaues, having a range of up

to 0.3 units for a given g*.
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(i.e, g* near zero) the ratio of observed-to-predicted Dsgg is close to one in naturd
channels, indicating that the bankfull threshold model accurately predicts the median grain
size of a fully amored channel. The bankfull threshold model thus provides a significant
contribution to the g* theory in that it defmes the critical shear stress corresponding to the
limit of textura coarsening in gravel-bedded channels. As origindly proposed (Dietrich et
d., 1989), the g* equation did not specify a characteristic boundary shear dress; that is,
q* was expressed in terms of a generic boundary shear stress, rather than in terms of the
bankfull boundary shear stress, g, as in (6).

Although previous investigation of the g* theory has been limited, results from
such studies generaly vaidate its use as an indicator of sediment supply, provided that
other roughness effects arc accounted for. This later point is an important clause that
Kinerson (1990) recognized, but that has not been fully explored. Surface textura
response due to hydraulic roughness in forest gravel-bedded streams is examined in the
next chapter and a preliminary andysis of relative magnitudes of influence caused by
sediment supply and hydraulic roughness is presented. These results provide some insight

into typical ranges of roughness correction necessary for g anayses in forest channels.



Chapter 3. Field Study of the Effects of Hydraulic Roughness on Gravel-
bed Surface Textures

A fidld study of forest gravel-bedded rivers was conducted in order to document
textural response to other types and scales of hydraulic roughness. Detaled  morphologic
information was collected, but the principa intent was a reach-average comparison of
texturd response in channels characterized by distinctly different roughness elements.
Investigation of in-channel roughness features was limited to roughness caused by bed
surface particles, bedforms, and LWD. Three digtinctly different channel types were.
examined that showed increasing complexity of roughness: plane-bed channds, pool-riffle
channels with minima amounts of LWD; and LWD-rich pool-riffle channels (Fig. 3.1).
These three channel types represent a progressive cumulation of particle, bedform, and
LWD roughness.

Forty-one gravel-bedded channels were studied in forest environments of
northwestern Washington and southeast Alaska. Infrequent, catastrophic sediment inputs
from hollow falures and resultant debris flows arc characteristic of this steep, mountainous
terrain.  Although sediment loading of the study Stes was not quantified, channes
exhibiting evidence of recent catastrophic sediment impacts were avoided. Evidence for
such impacts includes: recent landdide tracks entering a channel; fresh debris flow levees,
and riparian vegetaion inundated by debris flow deposts, in-channd LWD that is
predominantly buried by dluvium; pools with low resdud depths and largely tilled by fine
sediment (Lide and Hilton, 1992); bar-riffle topography conspicuoudy lacking pools,;
wide, shdlow channels with width-to-depth ratios anomaoudy larger than adjacent
upstream and downstream reaches and in some ingtances accompanied by braiding; and

riffles covered by extensve sand dripes and drapes (Lide and Hilton, 1992). Evidence for




Figure 3.1 Photographs of typical @) plane-bed, b) LWD-poor pool-riffle, and ¢) LWD-
rich pool-riffle forest channels of the Pacific Northwest and southeast Alaska







 Figure 3.1 cont.
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sgnificant sediment impacts of this sort was only observed in five of the forty-one study
sites. Levels of sediment loading a the remaining Stes was likely variable, but not orders
of magnitude different. The sediment-impacted channels, however, will be given specid

condderation in the following andyss.

STUDY SITES
Fourteen channels were studied on the Olympic Peninsula of northwestern

Washington (Fig. 3.2). The Peninsula is characterized by mountainous terrain and a
coastal rain forest of Sitka spruce (Picea sitchensis), western hemlock (Tsuga
heterophylla), red cedar (Thuja plicata), and Douglas fir (Pseudotsuga taxifolia). Bedrock
geology of the Peninsula is predominantly composed of marine basdts and sediments of
Eocene to Miocene age accreted onto the North American plate (Tabor and Cady, 1978a;
b). The Peninsula is divided into two terrains: the peripherad rocks, interlayered marine
basdts and sediments forming an easterly concave arc believed to have resulted from
subductive accretion pinned between older terrains of Vancouver Idand and the Cascades
(Tabor, 1975); and the core rocks, accreted lithic assemblages of predominantly marine
sediments that have been sheared, folded, and metamorphosed to varying degrees within
the confine of the basdtic periphera rocks (Tabor and Cady, 1978a; b). All of the Olympic
channels surveyed in the current study lie in watersheds influenced by Pleistocene
glacidion (either dpine or continentd) and are typicdly incised into fluvioglacid deposits.
The northern study channels flow through an area exposed to repested advances and
retreats of continental ice. Lithologies associated with each channel are lisged in Table 3.1,
based on mapping by Tabor and Cady (1978d).

Logging activity on the Olympic Peninsula is generdly intensve, with some forests

on ther third rotation. Due to recent progressive management practices most study Stes
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Olympic Peninsula

Washington

Figure 3.2 Location map of the Olympic study Stes.




62

TABLE 31 Rock Types Associated with Olympic Study Sites

Proximal to channel Headwaters
Channel
Lower Dry Creek 1 5
Upper Dry Creek 1 5
Alder Creek 1 4
Lower S Fork Hoh Sough 1 3,4,5
Upper S Fork Hoh Sough 1 3,4,5
Lower Pins Creek 1 l
Upper Pins Creek 1 1
Cedar Creek 1 1
Hoko River 2 4, 6,7
Hoko Tributary 2 4
Lower Skunk Creek 2 4
Upper Skunk Creek 2 4
Hu Hady Creek 2 4
Mill Creek 4 4
Eeg:

1) Plestocene dpine glacid deposts of gravel, sand, slt, and clay.

2) Pleistocene glacid gravels, sand, glt, and clay deposited from continental ice sheets.
Characterized by xendlithic clasts.

3) Sandstone and conglomerate [undifferentiated Tur unit of Tabor and Cady (1978a),
Eoceng(?) to Miocene (7)].

4) Sandstone and conglomerate [Tabor and Cady’s (19783) Two unit of Western
Olympic Lithic Assemblage, Eocene to Oligoceng].

5 Sae and Phylite (Tabor and Cady's (19783 Twos unit of Western Olympic Lithic
Assemblage).

6) Eocene sandstone and siltstone [unnamed Tusb unit of Tabor and Cady (1978a)].
7) Eocene basdt [Tcb unit of Crescent Formation (Tabor and Cady (1978a)].
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had riparian buffers composed of mixed shrub and conifer, however some study Stes had
been clear cut to channd margins, resulting in riparian forests of mixed shrub and red ader
(Alnus rubra). Coniferous buffers were typicaly not pristine old growth, indicating a long
history of management disturbance. Hillslope falures are common in the Peninsula and
are dtributed to timber harvesting and subsequent reduction of root srength in topographic
hollows. Relict debris flow deposits form channel-margin terraces in one of the pool-riffle
channels studied and indicate both long runout paths and the potentid for periodic large
sediment  inputs. A more recent debris flow disturbed one of the plane-bed channdls,
leaving riparian vegetation inundated with aluvium. Mogt of the channds dudied had
banks composed of fluvioglacid clays, sits, sands, and gravels, providing a readily
accessible sediment  source.

The Olympic data were further supplemented by data from 27 coastd channels of
the southeast Alaskan Alexander Archipedago (Fig. 3.3). These data were collected by the
US Forest Service as part of a morphologic comparison of pristine and heavily disturbed
watersheds (Smith and Buffington, in press). An important difference between the two
land use types investigated in southeast Alaska is that the pristine channels were
characterized by high LWD loading, while the disturbed channds were generdly clear cut
to the stream banks and had most or &l of their in-channel LWD removed. The Alaskan
channels are of particular relevance to the current study because of the spectrum of LWD
loading that they provide, and thus the potentid range of textura response. The mgority of
the Alaskan channels are pool-riffle-type, but four of them are transtional between pool-
riffle and plane-bed. Two of the study Stes are downstream of recent large landdlides.
One other study Ste has aso had recent landdide input, but of a lesser magnitude.

The southeast Alaskan study areas are characterized by steep glaciated terrain,

maritime climate, and rain forests predominantly composed of Sitka spruce (Picea
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Figure 3.3 Location map of the southeast Alaskan sStudy Sites.
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sitchensis) and western hemlock (Tsuga heterophylla). Hilldopes am commonly grooved
by avaanche chutes and hollow failures. The geology of southeast Alaska is characterized
by al maor rock types of ages ranging from Proterozoic(?) to Quatemary (Gehrels and
Berg, 1992), largely accreted during the Cretaceous to Eocene (Goldfarb et a., 1988;
Gehres et d., 1990). Lithologies associated with study Stes are listed in Table 3.2, based
on generdized mapping by Gehrds and Berg (1992) and persond observation. Many of
the waterways of the Alexander Archipdago are fault controlled and were previoudy
occupied by massve glaciers. The entire Archipelago was profoundly influenced by
Pleistocene glaciation, with only the highest pesks exposed during the glacid maximum
(Reed, 1958). Isodtatic rebound following glacia retrest continues today and emergent
marine terraces are common. Unlike the Olympic channels, however, the Alaskan study

dtes ae devoid of glacid deposits.

METHODS
Olympic Sudy Sres

Bankfull channd widths were measured a 10 m intervals in order to iteratively
establish reaches that were ten channd widths long. Average bankfull geometries were
determined from surveys of three cross sections per reach, and a center-line survey of bed
topography was used to approximate the energy slope. For each of the study sSites detaled
topographic, textura, and LWD maps were condructed using a total dSation digital
theodolite. Bed topography was contoured with Surfer®; various contouring techniques,
search patterns, and search radii were tested, with the most accurate representation of
channe topography produced from a Kriging technique. Mapped surface textures were
used to determine spatially averaged grain Size characteristics of each reach and to relate
texturd patterns to bed topography and LWD.
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TABLE 32 Rock Types Associated with Southeast Alaskan Study Sites

Channel

12 Mile Creek 1
12 Mile Creek 2
Maybeso Creek 1
Maybeso Creek 2
Maybeso Creek 3
Maybeso Creek 4
Cable Creck

Fubar Creek 1
Fubar Cresk 2
Indian Creek
Muri Creek

Bambi Cresk

Upper Weasd Creek 2
Lower Greens Creek
Hook Cresk

Trap Creek 1

Trap Creek 2

Trap Creek 3

Trap Creek 4

Trap Creek 5

Trap Crek 6

East Fork Trap Creek 1
East Fork Trap Creek 2
Fowler Creek 1

Fowler Creek 2

Lower Fish Creek
Upper Fish Cresk

Basin Geology
pre-Ordovician metasediments and metavolcanics

Silurian to Ordovician sediments and volcanics

Slurian to Ordovician volcanics _
Slurian to Ordovician sediments and volcanics

Slurian to Ordovician volcanics

Devonian volcanics and (?) Silurian syenite and
trondhjemite

Cretacious granodiorite and Devonian and
Ordovician sediments and volcanics

Cretacious t0 Permian Sediments and volcanics
Triassic to Ordovician sediments and volcanics
Devonian to Ordovician sediments and volcanics
(dacite with phenocrysts of cruciform amphibole)
and (?) Silurian syenite and trondhjemite
Silurian Earbonates

Cretacious to Jurassic sediments

Cretacious to Jurassc sediments and volcanics
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Initial reconnaissance of each stream was conducted to visualy identify and
partition surface textures. Textures were differentiated according to the method used by
Kinerson (1990) and Collins (unpub.), which involves identifying the characteristic gram
sze(s) of a given patch according to approximate standard grain size divisons [i.e,
Wentworth (1922) as modified by Church et a. (1987)]. For example, patches might be
diginguished as. sand and gravel; gravel and smal boulder; cobble, gravel, and sand, etc.
In my particular application the order of the adjectives used to describe a patch indicates the
visud abundance. Trandtions between textures are often quite subtle, but resultant
mapping error is believed to be smal. After surface textures were visudly patitioned a
random pebble count of 100 grams (Wolman, 1954) was conducted over one or more of
each identified texturd type. Sampling of every texturd patch was prohibitive due to
complexity of ther spatid distribution within a given channd. Consequently a single
pebble count was generaly conducted for each texturd type and assumed representative of
other visudly smilar textural patches. Error associated with this assumption was examined
in some channels by sampling several texturd patches of the same type. Sampled patches
were chosen randomly, and the entire area of a given patch was covered in the sampling.

Subsurface sampling was dso conducted in or&r to establish theoretica limits of
textural fining as expressed by the q* theory. Samples were collected from a 1 m? aea
within textural patches that had been pebble counted. The surface layer was excavated by
hand and shovel to a depth equal to or greater than the surface Dg4 (Church et a., 1987).
and the underlying materiad was dry Seved to determine the subsurface gran size
digribution. It is commonly accepted that subsurface bulk Seving is a sampling technique
equivalent to pebble counting (Kellerhals and Bray, 1971, Diplas and Sutherland, 1988),
dlowing direct comparison of surface and subsurface samples.

Severd dudies have been conducted to determine the volume of materiadl needed to
adequately represent the subsurface grain dre distribution (Church et a., 1987; Diplas and
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Fripp, 1992; Wolcott and Church, 1991}, with the common statistica requisite that the
sample should be large enough to capture the relatively fewer coarse grains, but not be
bhiased by those large grains. Church et a. (1987) proposed that a good representation of
the subsurface grain size distribution was achieved when the largest clast comprised 0.1%
of the sample weight; however, they recognized that for coarse materia the requisite
sample volume would be enormous and suggested a 1% criterion. Because a fidd scde
was unavalable | employed a sampling technique using fixed volumes in which 1 to 3 10 £
buckets were sampled depending on the maximum surface grain Sze, Dmaxs, Of a given
textural patch. Assuming equivaence of smface and subsurface grain Sze ranges, Diaxs

was used to edtimate the requisite subsurface sample volume using the following ranges:

10 ¢: Dipaxs <58 mm

20 £; 58 mm < Dpyaxs €73 mm
30 £: Dmaxs > 73 mm

where Dmaxs Vaues of 58 and 73 mm respectively represent 1% of the weight of 10 and 20
¢ volumes assuming spherical grains of ps=2650 kg/m3 and a voidless sample volume.
For ideal samples of this sort, the weight percent of Dypaxs iS £1%, but >1% for 30 ¢
samples with Dmaxs>83 mm, as 30 ¢ was the maximum sample volume collected regardless
of Dimaxs. The 1 m2 sample area was divided into three strips perpendicular to channel
flow and one strip was randomly sampled for the first 10 ¢ bucket. Subsequent 10 £
volumes for a given sample were collected in an andogous fashion but from progressvely
greater depths. Each 10 ¢ sample was andyzed separaiely to examine grain Sze vaiation
with depth.

Initidly each 10 ¢ volume was fild seved by hand using standard, square-mesh,
8" diamneter seves. Samples were Seved in hdf phi intervas and gran sixes less than 8

mm were split according to ASTM (1985) standards and taken for further laboratory
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deving. Grain weights of clasts between 8 and 45 mm were determined in the field by
volume displacement in a graduated cylinder, assuming ps=2650 kg/m3. This method is
based on a technique developed by Booth et d. (1991). Samples of grans weighed in this
fashion were taken for laboratory anaysis to determine true dengities in order to correct
fidd edimates of weight. Weights of grains larger than 45 mm were calculated from
intermediate diameter measures, assuming a spherical grain shape with ps=2650 kg/m3.
Subsurface sampling conducted later in the field season involved collection of whole 10 £
samples for subsequent laboratory andysis. In the laboratory, grains larger than 45 mm
were separated by hand and binned a haf phi intervas based on intermediate diameter
measures. The remaining Sample was dry Seved a hdf phi intervas usng a Ro-Tap@
shaker. All grain weights were measured to 0.1 g using a standard, pad-sensor, laboratory
scde.

Reach-average depth-dope products of both the Olympic and Alaskan sites were
corrected for wall effects using theoretica findings of Shimizu (1989). Wall effects are
examined in the current anaysis purely as a function of channel geometry, assuming a
uniform roughness of bank and bed materid. Channd geometry Sgnificantly affects
boundary shear dress distribution and average flow velocity (Lundgren and Jonsson,
1964; Williams, 1970; Hey, 1979; Knight, 1981; Knight et d., 1984; Hinthan and
Caling, 1988, Shimizu, 1989). For obstruction-free, straight, plane-bed channels with
large width-to-depth ratios, flow is commonly assumed to be two dimensiond and shear
dress a the bed is well approximated by the total depth-dope product. Turbulence caused
by momentum differences between the channel center and margins causes flow to become
progressively more three dimensionad for increasingly lower width-to-depth ratios,
effectively transferring a portion of the tota boundary shear gtress to the channed walls
(Parker, 1978b) and reducing the accuracy of the depth-dope product to approximate bed
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shear stress. In practice, wall effects are assumed negligible for W/h 2 11-13, for which
case bed shear stresses are approximately 90% of the depth-dope product (Flintham and
Caling, 1988). Wal effects ae more formaly assessed in this anaysis through graphical
determination (Fig. 3.4) based on results of Shimizu's (1989) theoretica caculations.
Shimizu's (1989) estimates of Ty are preferred as they are based on theoretica reasoning,
as opposed to other more empiricd methods (eg., Williams, 1970; Knight, 198 1, Flintham
and Carling, 1983).

Because the bankfull threshold model examines mobility of bedioad materid, the
suspended load component must be removed from measured surface and subsurface grain
sze digributions. To this end a modified verson of the approach taken by Kinerson
(1990)inexamining the g* theory was employed. The largest suspendable grain size at
bankfull flow, Dg,s, was caculated from results of Dietrich's (1982) settling velocity study
(Fig. 3.5), assuming a Corey shape factor (CSF) of 0.7 for naturd sediments (Dietrich,
1982), ps=2650 kg/m3, p=1000 kg/m3, v=10-6 m2?/s, and ws=u*, where w; is the gram
fdl veocity; in Figure 35 w* and D* ae dimensonless vaues of grain fadl velocity and
Sze. Shear velocities are caculated here from wall-corrected total shear Stresses as
u*=v¥ (To-Tw )/p With cdculated vaues of w*, D* vaues were read from Figure 3.5,
dlowing determination of Dgus=Dy. Gram gres less than or equa to Dgys Were removed
from gram Sze measurements and distributions were recaculated. Examination of textura
response to other hydraulic roughness elements using grain Size distributions corrected in
this fashion is, however, paradoxical, as accurate caculation of Dsys requires use of ¢ and
thus knowledge of shear stress dissipation caused by hydraulic roughness features.
Because Dgys is calculated here using t'=to-tw (Neglecting T4 17, and any other sources of
shear dress dissipation), Dgys vaues are likely overestimated for dl but the plane-bed
channels. The resultant magnitude of error in determining Dsgs and Dsggs Cannot be

predicted as the
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Cross-stream-averaged 7'/ T,

Wi

Figure 3.4 Cdculated cross-stream-averaged ratio of effective shear dress to totd shear
stress (i.e, T'/tp) as a function of channe width-to-depth ratio in a sraight, unobstructed,
rectangular, plane-bed channd. Redrawn from Shimizu's (1989) Figure 8¢ for uniform
bed and wall roughness length scdes. Willians (1970) sidewall correction factor is adso
shown (dashed lines, with numbers indicating channel width) and is seen to be trivid
compared to Shimizu's (1989). Williams (1970) correction factor applies to centerline
shear dtress (as opposed to cross-sectiondly-averaged) and was measured under conditions
in which sidewalls were consderably smoother than the bed surface; both of which result
in smaler sdewall correction factors [cf. Shimizu's (1989) Fig. 8a-c] that are inappropriate

for cross-sectionaly-averaged shear dtresses of channels with significant wall roughness.
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Figure 35 Dimensonless grain sdttling velocity versus dimensonless grain diameter.

Taken from Dietrich (1982).
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error is dependent on the specific character (i.e, range, skew, and kmtosis) of a given
grain gze digribution. Nevertheless, potentiadl overestimations of Dgys will have a
consarvative effect on assessment of textural response to sediment supply and hydraulic
roughness elements, as overestimated Dsys vaues will increase Dsgs and Dsgg, reducing

the magnitude of grain Sze deviation from model predictions.

Alaskan Study Sres

A varidy of information was collected in the Alaskan field study and is detaled
elsawhere (Smith and Buffmgton, 1990; in press), while the information relevant to the
current investigation is briefly reported here. Five cross sections and a center-line bed
profile were surveyed with an engineer’s level over study reaches that were generdly 20
channel widths long. At each cross section a bank-to-bank random pebble count of 100
grains was conducted. Because the Forest Service data were collected for study purposes
other than the current investigation there are differences in the way reach-average grain
sxes were determined, spetiad averaging of mapped textures (Olympic) versus averaging
discrete cross-channd areas sampled at fixed intervals (Alaskan). It is assumed, however,
that the two sampling techniques are comparable. This assumption will be further
examined later in the chapter.

Channels were segregated by land use higtory in the Forest Service study (Smith
and Buffington, in press). Here, however, | am more interested in differences in wood
loading and subsequent potentid influences on surface textures. Although prigtine and
managed land use types can be discriminated based on wood loading (Smith and
Buffington, in press), on the whole the Alaskan channels exhibit a continuum of LWD
loading. Figure 3.6 illudrates this continuum and is used to segregate debris-poor from
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Figure 3.6 Pool frequency (number/reach, where a reach is twenty bankfull channel
widths long) versus pool-associated LWD loading (piecesm*) in prisine and managed
channgls of southeast Alaska. Channels are empiricaly divided into LWD-poor and LWD-
rich categories a the median vaue of pool-associsted LWD loading (0.0103 piecesm*).
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debrisrich pool-riffle channels by a smple divison of the channds a the. median of the
LWD loading spectrum (0.0103 piecessm*). This divison correlates well with land use
history; further explanation of a smilar figure and other morphologic distinctions of land
use type ae discussed by Smith and Buffmgton (in press). The direct correlation of
numbers of pools with LWD loading seen in Figure 3.6 demondrates the morphologic
sgnificance of LWD in forest gravel-bedded streams [see dso Montgomery et d. (in
press)].

Because dl inchand LWD was inventoried in the Olympic streams, while only
pool-associated LWD was recorded in the Forest Service study, it was necessary to derive
a converson factor for the two types of LWD measurement before the data sets could be
combined. Using data collected during Montgomery and others (in press) pool spacing
study, a reasonably good correlation is observed between pool-associated LWD/m2 and all
in-channd LWD/m? (Fig. 3.7); the plotted data ate from southeast Alaskan channels, some
of which are the same teaches studied by Smith and Buffmgton (in press) and used in the
current  analysis. Based on the correlation shown in Figure 3.7 the median vaue of pool-
associated wood loading given in Figure 3.6 is equivaent to a tota wood loading of about
0.0328 piecesm*; this vaue was used to separate the Olympic pool-riffle channels into
debrisrich and debris-poor categories, providing a common definition of channd type for
the Olympic and Alaskan Stes.

RESULTS AND DISCUSSION
Channd Geometry and LWD Loading

Reach-average bankfull geometries for the Olympic and Alasken Study sStes are
shown in Table 3.3. Overdl, the data represent a broad range of dopes (0.0017-0.0371),

bankfull widths (4.0-28.1 m). depths (0.33-. 16 m), width-to-depth ratios (W/h, 7.26-
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y = 00157 + 1.66x, r 2= 0.67
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Pool-associated LWD/m 2

Figure 3.7 Relationship between pool-associated LWD/m2 and totd LWID/m2 for Alaskan
dtes studied by Montgomery et d. (in press).
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TABLE 3.3: Reach-Average Bankfull Hydraulic Geometry, Dsgs, and Tw/to

Channel Siope width (m)  Depth(m) WidtDepth  Dsos (mm)' W/
Olympic Channels

Pinns-herd

‘Upper Dry Creek 0.0122 6.84 0.59 11.59 67.1 (68.7) 0122
Alder Creek* 0.0257 a.37 0.62 13.50 56.4 (61.0 0.113
Hoko Tributary 0.0160 5.02 0.35 14.34 54.8 (552 0.108
Lower Hoh Slough 0.0059 11.53 0.51 22.61 19.3 (418 0.072
Upper Hoh Slough 0.0114 10.65 0.56 19.02 56.8 (61.2) 0.085
Upper Skunk Creek 0.0126 7.02 0.97 7.24 39.2 544.23 0.204
Hoko River 0.0085 13.41 0.81 16.56 35.0 (369 0.097
Lower Pins Creek 0.0071 6.39 0.48 13.31 31.4 (33.0) 0.113
Upper Pins Creek 0.0133 6.17 0.50 12.34 36.0 (393 0.118
Flu Hardy Creek 0.0105 6.83 0.62 11.02 24.4 (292 0.125
Mill Creek 0.0143 8.72 0.88 9.91 19.4 (240 0.132
Lower Dry Creek® 0.0222 7.90 0.59 13.39 53.4 555.9; 0113
Lower Skunk Creek 0.0040 13.36 0.80 16.70 19.8 (238 0.097
Cedar Creek 0.0046 11.51 0.62 18.56 27.0% 0.087

Southeast Alaskan Channels

12 Mile Creek 1 0.0021 2334 0.95 2457 24.1¥ 0.073
12 Mile Creek 2 0.0028 2335 1.09 21.42 21.7 (24.9) 0.078
Maybeso Creek | 0.007 | 2231 1.13 19.74 49.4 (533) 0.081
Maybeso Creek 2 0.0065 28.10 0.84 33.45 36.1 (38.0) 0.060
Maybeso Creek 3£ 0.0023 26.95 0.93 2898 36.2¥ 0.067
Maybeso Creek 4¢ 0.0036 24.48 1.06 23.09 46.2 (47.7) 0.075
Cable Creek 0.0017 16.89 0.88 19.19 13.1¥ 0.084
Fubar Creek 1 0.0106 17.64 0.62 2845 42.9 (474) 0.055
Fubar Creek 2 0.0127 16.32 0.79 20.66 56.8 (60.8) 0.079
Indian Creekf 0.0121 24.37 1.16 21.01 79.3 (829) 0.078
Muri Creeké 0.0149 14.29 0.59 24,22 44.1 (535) 0.074
Bambi Creek 0.0091 4.0 0.33 12.12 17.4 (188) 0.119
Upper Weage) creek 2° 0.0023 15.10 0.92 16.41 25.4¥ 0.098
Lower Greens Creek 0.0371 12.90 0.66 19.55 47.0 (53.6) 0.082
Hook Creek 0.0109 17.33 0.76 22.80 27.2 (322) 0.076
Trap Creek 1 0.0055 12.63 0.86 14.69 16.7 (17.8 0.107
Trap Creek 2 (0.0067 15.29 0.62 24.66 15.1 515.8§ 0.073
Trap Creek 3 0.0077 .78 0.58 20.30 148 (172 0.079
Trap Creek 4 0.0071 9.54 0.69 13.83 11.6 éls.zg 0.111
Trap Creek 5 0.0101 13.73 0.66 20.80 15.9 (203 0.079
Trap Creek 6 0.0120 14.60 0.65 2246 13.4 518.7; 0.073
East Fork Trap Creek 1 0.0126 14.61 0.59 24.76 145 (235 0.066
East Fork Trap Creek 2 0.0125 11.20 0.55 20.36 24.2 (214 0.079
Fowler Creek | 0.0062 18.39 0.67 2745 13.9 518.5§ 0.058
Fowler Creek 2 0.0055 12.20 0.65 18.77 18.9 (245 0.086
Lower Fish Creek 0.0270 19.03 1,02 18.66 25.7 (32.3) 0.087
Upper Fish Creek 0.0224 12.88 0.56 23.00 45.6 (485) 0.076

t Values in parentheses are derived from grain size distributions truncated at Dgys and are thus indicative of bedload material

only.
¥ Bedload and suspended load material could not be differentiated as the calculated Dgyg value is < 2 mm, the minimym
resolution wsed for surface pebble counts; all grain sizes € 2 mm were lumped Into one catsgory and are consequently
undifferentiable. ) ]
* Evidence of catastrophic sediment inputs.

£ Transitional between pool-riffle and plane-bed morphology.
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3349, and median surface grain sSres (10.6-79.3 mm). The Alaskan channels typicely
have larger W/, with the debrispoor channels having higher ratios on average than the
debrisrich  channels, greater W/h ratios am attributed to larger drainage areas for the
debris-poor channels compared to those of the debrisrich (Smith and Buffington, in
press). The ratio of Ty to To for each channd is dso given in Table 3.3, with vaues
ranging from 0.055-0.204.

Composite distributions of LWD loading (pieces/m2) for the three channel types
dudied are presented in Figure 3.8. Debris loading for the Alaskan Stes was caculated
from the relaion given in Figure 3.7. The plane-bed channels are virtualy debrisfree,
while the podl-riffle channels have variable loading (Fig. 3.8). By definition the debris-
poor channels have loadings less than 0.0328 pieces/m2. The bulk of the debris-poor
channels have a smal, narow range of loadings (0.0158-0.0323 piecesm*) with a median
of 0.0200 piecesm*. In contrast, the mgority of the LWD-rich channels have a much
broader and higher range (0.0339-0.0688 piecesm*), with a median vaue nealy three
times greater than the pool-riffle channels classified as debris-poor.

Surface Textures of the Olympic Channels

Mapped surface textures of the Olympic channels are summarized in Table 3.4 by
channe type. Examples of topographic, texturd, and LWD maps for each channd type are
dso provided (Maps I-5); because the pool-riffle channel types are quite variable, two
maps of each of these types are presented. Numbers of textures observed in a reach varied
from one to seven and were composed of grain sizes ranging from st to smal boulders.
No forma grain sre anaysis was done for texturd patches formed completely of either
sand or glt, instead an approximate median grain Sze was assgned (2 or 0.0625 mm,
respectively).  Cumulative grain Sze distributions of sampled textures are shown in Figure

3.9, Except for T4 of Upper Hoh Sough, pebble counts of visudly identica textures
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TABLE 34 Sufface Texturd Compostion of the Olympic Channels

Channdl Reach Dsgg (mm)t Texture % of Bed Petch Frequency (#/reach)? Dsps (mm)t | Ogs | (B
Upper Dry Gk 67.1 (687)
i : :
ppet Tl: cobble. gravel 100 1 67.1 (68.7) 124 (119
Alder Creek 56.4 (61 .0)
TI: cobble, boulder, gravel 100 I 56.4 (61.0) 158 (1.28)
Hoko Tributary 54.8 (55.2)
T1: cobble, gavel 100 1 54.8 (55.2) A (13)
Lower Hoh Slough 19.3(41.8)
Tl: snd, gravel 63 3 9.0 542.7% 2.76 élZG;
T2: gravel cobble 35 3 38.9 (40.3 1.10 (1.05
T3: sand 2 2 -2.0 (na)
Upper  Hoh Sough 56.8 (61.2)
Tl snd, grave 4 1 9.0 E42 2.76 51.26
T2 gravel cobble 05 1 38.9(40.3 1.10 (1.05
sand 4 2 -2.0 ?éaé)
T4 cobble, gravel, boulder 91.5 1 61.4 (63.6) 154 (1.48)
Upper Skunk Creek 392 (44.2)
Tl: cobble grave 7124 2 504 (51.1 1.10 (1.0
T2: gravel 8.22 4 250 (27.8 137 (0.98
T3: tine ?ra\/d, coarse gravel, 11.19 9 99 (128 1.41 (1.06
cobble
_ T4: snd 9.33 9 -2.0 (na)
Hoko River 35.0 (36.9)
gravel, cobble 6158 4 384 (38.8) 124 (1.22)
T2 fine gravel 510 7 ~6.0 (N
T gav 1387 9 131 é13. 0.98 20.913
T4: cobble, grave 19.45 3 47.4 (47. 0.92 (0.92
Lower Pins Cresk 314 (33.0)
T1: medium/coarse grave 2.58 3 12.7 (13.3) 1.15 (1.10
T2 gave, cobble %11 1 333 (34.6) 157 (13
T3: li&medium gravel 4.15 6 9.2 (9.8) 132 (119
T4 snd 1.16 3 -2.0 (na)

1 Values in parentheses are derived from grain size disributions truncated & Dgys and are thus indicative of bedload maeid oy Dgys values for eech channd are shown
in Figure 37. Textures with assigned/estimated Dsgy Values (i€, T3 ad T4 of Flu Hady. ec,) less than Dgge a€ Completely suspendable a bankfull and are given a

%mti]o;d ]gat designation of 'na’; for such cases, resch-average Dsos vdues of bedload maerid were cdculaed from re-proportioned areal extents of the remaning
extur ches.

3 Reach length is ten channd widths.

¥ Bedload ad suspended load material could mot be differentisted as the caculated Dsus VaUe is < 2 mm, the minimum resolution used for surface pebble counts al grain
sizes S 2 mm were lumped into one caegory and ae  consequently undifferentiable.
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TABLE 34 cont

Channel Reach Disgs (mm)* Texture % of Bed Patch Frequency (#/reach) Do (mm)t | Ogs 1 ($)7
upper Pins Creek 360 (393
Tl: gravel, cobble 40.61 7 524 (52.8) 101 (1.00)
T2: coarse gravel 48.47 3 296 (30.0) 093 (0.91)
T3: fine gravel 3.22 3 7.1 (8.0) 092 (0.52)
T4: sand 171 4 -2.0 {na)
Flu Hardy Creek 244 (29.2)
Tl: coarse/medium gravel 80.53 | 295 (30.0) 089 (0.89)
T2 medium/line gravel 3.70 6 11.7 (12.0) 092 (0.90)
T3 sand 11.79 9 -2.0 (na)
T4: silt 3.98 2 -0.06 (na)
Mill Creek 194 (24.0)
Tl: coarse gravel, cobble 8.15 5 39.6 (39.6) 058 (0.58)
T2: medium/coarse gravel 62.57 2 237 (245) 1.04 (0.94)
T3: fine gravel 177 25 84 (104) 093 (0.68)
T4: sand 15.89 21 ~2.0 (na)
T5:silt 1.63 2 ~0.06 (na) =
Lower Dry Creek 524 (55.9)
TI: cobble, gravel 47.48 8 770 (774) 0.66 (0.66)
T2: gravel, cobble 39.28 3 391 (3926) 112 (1.09)
T3; gravel 7.52 5 138 (15.7) 109 (0.87)
T4: line gravel. cobble 4.79 2 9.3 (38.8) 234 (1.89)
T5: sand 0.94 3 -2.0 {na)
Lower Skunk Creek 198 (21.8)
Tl: gravel. cobble 21.54 4 292 (29.2) 091 (0.91)
T2: gravel 62.31 6 21.2 (22.0) 096 (0.84)
T3: sand 16.15 32 ~2.0 (na)
Cedar Creek¥ 27.2
Tl: cobble, gravel 7.53 3 74.4 0.89
T2: medium gravel, cobble 64.19 [ 26.6 0.70
T3: coarse gravel, cobble 6.15 1 35.3 0.82
T4: gravel 12.80 11 17.6 0.65
T5: sand 2.64 3 -2.0
T6: tine gravel 1.08 6 6.6 0.98
Tt silt 5.61 2 -0.06

tValues in parentheses are derived fmm grain size distributions truncated at D gys and are thus indicative of bedload material only. Dgye values for each channel are shown
in Figure 3.7. Textures with assigned/estimated Dsgs values (i.e., T3 and T4 of Flu Hardy, etc.) less than Dy are completely suspendable at bankfull and are given a

bedload Dsqs designation of 'na’ for such cases, reach-average Dspg values of bedload material were calculated from re-proportioned areal extents of the remaining
textural patches.

1 Reach length is ten channel widths.

¥ Bedload and suspended load material could not be differentiated as the calculated Dgyq value is < 2 mm, the minimum resolution used for surface pebhk counts;  all grain
e,

sizes € 2 mm were lumped into one category and are consequently undifferentiabi
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Hoko Inibutary: A Plane-bed Channel

| D50=54.8 mm, %=1_34 Contour interval=0. | m
0 5
ﬁ On-bank tree mass projecting into channel T —
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Typicd Section of the Hoko River: A LWD-poor Pool-riffle Channel

[)50:47,4 mm, (ﬁs=0'92 / LWD (discrete logs, rootwads) ‘?OHIOUY interval=0, 1 m
5 10
D50=38.4 mm, qgs=l.24 @ Debris pile (branches, woody chips) - ‘

*] D50=131 mm, (§s=0,93 ﬁ On-bank tree mass projecting into channel

——

Map 2 Typica section of the Hoko River, a LWD-poor pool-fiffle channgl. Section shown is three channel widths long.




Upper Skunk Creek: A LWD-poor Pool-riffle Channel

D50=50.4 mm, crgs=1.10
N N
D50=25.0 mm,ogs=l.37 Bedrock 0

D350=9.9 mm, G,=1.41 , LWD (discrete logs, rootwagds)

D50=2.0 mm

% On-bank tree mass projecting into channel

Contour interval=0.1m

5 10

meters

Map 3. Upper Skunk Creek, a LWD-poor pool-riffle channel. Reach shown is ten channel widths long
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Typical Section of Mill Creek: A LWD-rich Pool-riffle Channel

D50=23.7 mm, g, =1.04 D50=0.065 mm ﬁ On-bank tree mass projecting into channel
D50=8.4 mm, G,=0.93 / LWD (discrete logs, rootwads) 0 Contour mte;val:(ll m 0

@ Debris pile (branches, woody chips) melers

Map 4. Typicd section of Miil Creek, a LWD-rich pool-riffle channel. Section shown is 3.4 channel widths long.
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Lower Skunk Creek: A LWD-rich Pool-riffle Channe

D50=29.2 mm,cgs=0.91
D50=21.1 mm,ﬁgs=0.96

i D50~6 mm

l LWD (discrete logs, rootwads)

@ LWD jam

@ Debris pile (branches, woody chips)

ﬁi On-bank tree mass projecting into channel

Contour interval=0.2 m
0 5 10
C —

meters

Map 5. Lower Skunk Creek, a LWD-rich pool-riffle channd. Reach shown is ten channd widths long.
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located in different portions of a reach yield smilar grain size distributions (Fig. 3.9b, d, f,
j, k, 1), generdly vaidating the procedure of characterizing textures by sampling a single
patch. In contrast, some facies identified in the field as visually distinctive show fairly
dmilar gran size digributions [eg., Fig. 3.9g (T1,T4)}; however, differences in sorting
coefficients lend credence to the field partitioning of these textures as different from one
another (Table 3.4). Patitioning smilar textures as different does not sgnificantly affect
reach-average evauations of Dsgs. While facies mapping accurately characterizes spatial
distributions of textures, the reach-average Dsgg Values reported here should be viewed as
first-order estimates (as opposed t0 zero-order) due to the smal number of texturd patches
sampled per reach.

Facies mapping demongirates that the number and spatia digtribution of surface
textures is strongly influenced by channe type. Plane-bed channels exhibit one to four
gran-size facies, but are typicelly mono-textural (Table 34). Each of the LWD-poor pool-
riffle channels are composed of four textures, white LWD-rich pool-riffle channels exhibit
three to seven facies per reach. Thus, the number of textures increases with greater
complexity of channel roughness. Furthermore, complexity of the spatid distribution of
textures increases with complexity of channel roughness (Maps I-5). The tota frequency
of textural patches within a reach ranges from 1-8 in plane-bed channels, but increases to
13-24 in LWD-poor pool-riffle channels and 17-55 in LWD-rich pool-riffle streams (Table
3.4). The data dso show a dight increase in sorting (i.e, lower ogs velues) with
increasing channel roughness (Table 3.4); bedload-materid surface textures in plane-bed
channels ae poorly sorted, while LWD-rich pool-riffle streams tend to have moderately
sorted textures.

An increase in textura complexity from plane-bed to pool-riffle channels is not
surprising, given previous observaions of texturd variation in snuous pool-riffle

channels.  Systematic downstream and cross-channel varidion in shear stress can be
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caused by channe curvaiure and topographicaly-induced convective accelerations (Dietrich
and Smith, 1983; 1984a; 1984b; Dietrich ¢ d., 1979). In a meander bend it is commonly
observed that surface grains fine both downstream aong the point bar and cross-stream
from the pool to the bar. These texturd variaions reflect the shifting of the high velocity
core across the bar toward the pool, causing flow convergence in the pool and divergence
dong the bar (Dietrich and Smith, 1983; 1984a; 1984b; Dietrich et d., 1979). Mechanics
of topographically-induced shear dress and texturd variaion are essentidly smilar in both
gnuous and draight channels (Nelson and Smith, 1989a). Predictable textura variations
of this sort occur in some of the pool-riffle sequences of the Olympic channels, but are by
no means ubiquitous and tend to be less common in the LWD-rich streams (Maps 2-5).
In-channel obstructions complicate flow patterns and modify local shear Stresses, causing
spatidly complex texturd arangements that are not as readily predictable as in obstruction-
free pool-riffle channels. Differences in texturad paich frequency and the finer scale of
textura partitioning noted above result from a progressively greater frequency of LWD
obgtructions in the sequence of channel types examined (Fig. 3.10). Patch frequency is a
power function of LWD loading.

Despite the observed complexity of textura sequences, some generd patterns of
channd unit texturd compogition can be identified from the field maps, channel units are
basic morphologic components of a stream reach (i.e, pools, bars, etc.) (Bisson et d.,
1982; Sullivan, 1986; Grant et d., 1990; Church, 1992, Smith and Buffington, in press).
Figure 3.11 shows the relaive areal extent of facies within pool, bar, and riffle channel
units, surface textures are divided here into reach-specific, relative categories of coarse,
intermediate and fine gram sixes. Of the facies present in each channe, coarse and
intermediate textures comprise the mgority of bar-forming grains in both debristich and
debris-poor streams (Fig. 3.11). Fine textures are amost aways present on bar surfaces,

but usudly in reativey smdl quantities. In contrast to sSmilar bat-form textura
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Figure 3.11 Texturd compostion of pool, bar, and riffle channe units expressed as
relaive areal extents. Grain Sze divisons of coarse, intermediate, and fine are based on

reach-specific relaive Szes observed in the fiedd and quantified by Figure 3.9.
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asocidtions, patterns of pool-forming textures differ between the two channel types.
Pools are dominantly composed of coarse textures in debris-poor channels, while the
mgority of pool-forming textures an fme- and intermediate-grained in LWD-rich channels.
Furthermore, while nearly dl of the pools in LWD-poor channels contain coarse grains
(found as expected on pool bottoms), the percentage of pools containing coarse grains in
LWD-rich streams averages about 63% and can be as low as 13%. Riffles ae texturdly
trangtiona between pools and bars in both channe types (Pig. 3.11).

For practicd reasons, textura mapping was conducted during summer low flow,
and because of this it is possible that the finer textures in pools may represent seasond
dorage.  Fine materid is commonly stored in pools between pool-scouting events that are
characterized by bankfull velocity reversds (Keler, 1971; Lide, 1979). In such channes
the underlying pool bottom is typicaly coarse-grained, reflecting high bankfull shear
stresses. During lesser stages, pools are typicaly low energy environments in which fine
sediment is deposited by waning floods or by low flows capable of mobilizing small
exposed grains. Whether tine-grained pool facies are seasond or not, the contrast in pool-
forming subgtrate in the two pool-riffle channel types is of more importance, as it suggests
fundamental differences in ether sediment loading or hydraulic roughness. Lide and
Hilton (1992) found a postive correlation between estimates of sediment supply and the
volume of fme-sediment stored in pools, and they proposed an index of this volume, V¥,
as an indicator of sediment load. Depostion, however, can occur either due to an increase
in sediment supply that exceeds the channel transport capacity or due to a decrease in
transport capacity relative to the sediment load. As such, decreased transport capacity due
to LWD roughness may aso induce deposition. Given that it is the LWD-rich channes that
exhibit finer pool textures, this later explanation is more plaushble.

Rather than just being representative of seasond Storage, fine-grained pool textures
may dternaively be a characterigtic feature of al stages, including bankfull, in debris-
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dominated channels. In other words, textura fining in pools may smply be a result of a
reduction of transport capacity, rather than an exceedence of capacity and consequent
deposition, as in the fird scenario. Although woody debris is effective a causing flow
convergence and condtriction that lead to forced pool scour, the resistance created by a
pool-forming LWD obgtruction must  smultaneoudy cause significant momentum
extraction a al stages. Consequently, while accelerations around LWD may cause scour
and locd surface coarsening, it is expected that proxima zones of low shear Stress
characterized by finer textures would aso be associated with LWD-forced pools due to
debris form drag. This concept is supported by the observation that many of the pools in
the debrisrich channels have coarse or intermediate pool bottoms (zone of highest shear
dress) and tine-textured pool tals or sdewdls, while the surrounding riffles are typicaly
of intermediate gran Sze.

A third posshle explanation of fme-grained pool textures is suggested by flume
sudies of Lide et d. (1993) and Dietrich et a. (1989). They found that for conditions of
low sediment supply, the active transporting zone of the bed is confined to a narrow
corridor of fine-grained material surrounded by coarser textures. These textura
distinctions result from differentiadl spatiad patterns of sediment supply (Dietrich et d.,
1993; Lide et d, 1993). Mobile grams arc essentidly mined from exposed postions on the
bed and concentrated into a high sediment supply, tinetextured, transporting zone. Lide et
d. (1993) found that for a pool-riffle morphology this transporting zone coincided with the
thaweg, producing finetextured pools. Because continuous, recognizable, tine-grained
corridors were not observed in the Olympic Stes this scenario is not considered relevant to
the study reaches.

Given that it is the LWD-rich channels that exhibit finer pool textures, it seems
likely that regardiess of whether the finer-grained textures are seasona or not they are a

response to increased momentum extraction caused by woody debris. Repested textural
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mapping throughout the year and during different flow stages would be needed to assess
whether fmer-grained pool textures are seasond or not.

Further examination of the reach maps shows a consstent local response of surface
textural fining near most LWD, regardless of morphologic association of the debris (Maps
2-5). A section of FHu Hady Creek (Fig. 3.12) exemplifies the locad influence of LWD on
surface textures. The dominant surface texture (Dsg=29.5 mm) fines to intermediate
(Dsg=1 1.7 mm) and smal (Dsg=2 mm) textures near in-channe LWD. Mechanisms of
LWD momentum extraction that cause textura fming include form drag, skin friction,
hydraulic jumps, and physica blockage resulting in back-water and decreased energy
dope. Logs and old-growth rootwads with low angles of atack aso effectively steer flow,
forcing loca flow convergence and divergence in a fashion anaogous to topographic
deering (e.g., Dietrich and Smith, 1983). Momentum fluxes associated with flow steering
dter channel shear stresses, which are in turn reflected by changing texturd patterns (eg.,
Dietrich and Smith, 1984a; Dietrich € d., 1979). The fluid accelerations and decelerations
reulting from these momentum fluxes implicitly indicate energy loss from the system.
Form drag caculations are an engineering gpproach that approximates the energy logt via
these processes, as well as the more abrupt and violent energy dissipation caused by
obstructions with near-perpendicular  attack angles. As such, when | spesk of LWD form
drag it should be recognized that | am invoking a broad variety of styles of energy
disspation.

Effectiveness of LWD as an energy disspater depends on its size, orientation, and
position within the flow column. For example, dthough the farthet downstream log in
Figure 3.12 is significantly larger than the next two upstream ones, the orientation of the
upstream logs perpendicular to flow causes a stronger textura and morphologic response.
Flow condriction around the perpendicular logs forces the formation of a channel-spanning

underscour pool, but aso results in proxima textura fining due to the high form drag of
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the LWD. The other two logs in this pool play a subordinate role to both texturad and
morphologic response (see discusson in Montgomery et d. (in press) regarding
classfication and identification of LWD morphologic function). Skin friction and flow
separdtion dong the large, downstream, flow-pardlel log aso induce texturd fining,
however persstence of fining to the downstream end of the log may be inhibited by
channedl narrowing and flow condriction, as well as by a loca steepening of dope
associated with a morphologic trangition from pool to riffle (Fig. 3.12). The farthest
upstream in-channel log has no textura effect, because of a much greater pitch than the
other in-channel pieces, resulting in only a smal portion of the log interacting with the
flow.

Texturd response to channel-spanning LWD jams has been documented by Rice
(1990; 1994) in channes on the Queen Charlotte Idands of British Columbia Rice (1994)
proposed a cycle of texturd response due to LWD regulation of sediment supply. As a
LWD jam becomes established there is a progressve upstream damming and fining of
sediment and a downstream deprivation and coarsening. Failure of the jam over time
releases the upstream stored fines, completing the cycle by causing a progressive
downstream fining and upstream coarsening. No effective wood jams were present a the
Olympic study sites and so this style of textural response was not observed; rather, textura
response occurred localy due to energy dissipation associated with relatively discrete LWD
obstructions.

In addition to afecting loca surface textures, LWD provides a significant control
on channe morphology in forest streams (Zimmerman et d., 1967; Keller and Swanson,
1979; Lide, 1986b; Smith and Buffington, in press, Montgomery et d., in press). The
Olympic data agree quite well with the findings of Montgomery et d. (in press), which
show that pool spacing in forest channels is inversaly related to LWD frequency (piecesm)
(Fig. 3.13). The LWD-poor pool-riffle channels straddle Montgomery et al.'s (in press)
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Figure 3.13 Pool spacing (number/channe width of stream length) as a function of LWD
frequency (piecesm). The Olympic data are typica of other Pacific Northwest and
southeast Alaskan channels, dl exhibiting smilar morphologic response to LWD
frequency. Montgomery et d. (in press) further detall the controls on pool spacing in
forest channels.
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TABLE 35. Pool Characteristics and LWD Abundance of the Olympic Channels

Channel Pool Type Pool Spacing  LWD/m? _ LWD/m
(channel widths/pool)

Sell- TWD-  Boulder-
formed forced forced

#® #® )

Plane-bed

Upper Dry Creek >8.8 0.000 0.00
Alder Creek >10.8 0.001 0.01
Hoko Tributary 1 12.0 0.003 0.02
Lower Hoh Slough 1 123 0.001 0.01
Upper Hoh Slough 1 1 45 0.004 0.04
Upper Skunk Creek 2 3 24 0.023 0.16
Hoko River 3 4 14 0.01s 0.20
Lower Pins Creek 2 ! 33 0.029 0.19
Upper Pins Creek 5 23 0.065 0.40
Flu Hardy Creek 2 2 25 0.045 031
Mill Creek 2 6 10 0.140 122
Lower Dry creek 4 22 0.043 0.34
Lower Skunk Creek 2 9 10 0.036 047
Cedar Creek 2 4 15 0.042 0.48
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sdf-formed and LWD-forced pool-riffle data, while the debrisrich pool-riffle channels plot
with their LWD-forced data Table 3.5 shows tha mogt pools in the Olympic pool-riffle
channes are. LWD-forced, even in the debrispoor streams. Given this last observation it is
not readily clear why the pools in debrispoor channels do not behave anaogoudy to those
of LWD-rich channels and exhibit a mgority of fme and intermediate pool-forming

textures. It may be that there are more pieces of LWD per pool, and thus more local energy
disspation, in the debrisrich channels, or it may be that higher wood loading provides
greater reach-wide energy dissipation and a higher probability of significant textural
response a pool-forming obstructions.

Differences in patterns and morphologic associations of textures emphasize process
digtinctions between obstruction-free and debrisloaded pool-riffle channels. Textura
patterns in free-formed pool-riffle channels reflect topographically-induced spatial
distributions of shear stress. Surface textures in debrisloaded pool-riffle channels
additionaly indicate LWD-induced redistribution and disspation of channel shear stresses.

Subsurface Textures of the Olympic Channels

Subsurface gram dre distributions for each layer (i.e, 10 £ volume) sampled
below pebble-counted textural paiches are presented in Figure 3.14, and Table 3.6 lists the
corresponding Dspss and Ogss values. Subsurface samples were analyzed by layer in order
to invedtigate texturd variation with depth. Grain size digributions of textures were Smilar
with depth in some channels (Fig. 3.14g, i, p, q, s t). but in others were highly variable
(Fig. 3.14b, d, h). Textures with variable subsurface distributions a depth demonstrate
the need to sample a sufficient volume of sediment if a representative census is to be

obtained, reinforcing the sampling criterion of Church et d. (1987).
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TABLE 3.6: Olympic Subsurface Grain Sii By Sample Layer

Channel Texture$ Dsggs (mm)? | Ogss | (§)
Blane-bed
Upper creek Tl 234 2.60
pper Dry T1.2 29.8 2.54
T1.3 62.6 2.58
Alder Creek Tlds.1 334 2.23
T1ds.2 1116 1.91
Tlds.3 29.5 2.06
Tlus.1 34.9 2.06
Tlus.2 51.9 2.11
Tlus.3 188 1.72
Hoko Tributary TI.I 21.2 2.86
T1.2 62.3 1.93
T1.3 41.2 2.23
Lower Hoh Slough T1.1 19.6
T1.2 55.8 2.64
T1.3 3.42
T2.1 25.84 2.68
T2.2 32.78 3.02
T2.3 25.6 2.19
Upper Hoh Slough T1, same a5 lower Hoh slough TI
T?. same as lower Hoh slough T251 2.63
T42&3 10.2 177
Upper Skunk CreeE T1.1 29.3 2.55
T1.2 25.2 2.15
T1.3 29.6 2.12
T2.1 11.3 2.37
T2.2 32.3 251
T2.3 36.1 2.24
T3.1 6.6 2.49
T3.2 13.6 3.26
T3.3. 14.3 2.57
Hoko River T1.1 18.8 2.28
T1.2 22.3 2.38
T1.3 19.1 2.26
T3.1 51 1.98
T3.2 52 1.94
T3.3 9.6 2.94
T4.1 38.7 1.78
T4.2 46.4 1.77
T4.3 45.5 1.87
Lower Pins Creek T2. | 318 2.30
T2.2 23.5 2.18
T2.3 40.5 2.32
LWD-rich Pool-riff}
Upper Pins Creek T1. 215 2.30
TL.2 15.2 1.18
T1.3 154 2.45

$Textures correspond with those given in Table 3.4. Number after decimal signifies sample layer relative to
the surface. ds=downstream, us=upstream.
1 Grain size distributions are untruncated.
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TABLE 3.6 cont.
Channel Texture$ Dspgs (mm)* | Ogss | (9)
T2 7.7 274
T2.3 15.7 TR
T3.1 6.2 235
T1.1 Q0I5 219
Fla HﬁFH}V Eresk 121 16 518
T1.1 .08 194
: 21 ——
Mill ree T12 209 2.56
T13 228 566
T2.1 6.7 —
1572 17.0 2.74
T23 132 243
T31 52 2,01
Lower Dry Creek TI 575 221
‘ T12 58.0 2.61
T13 821 235
T2.1
T2.2 0.7 1601
T23 15.3 273
731 171
s Gk Aok T 111 205
Lovier Skunk Creek T12 121 2,05
T13 137 231
721 9.2 187
s - .
Cedar Creek T22 16.9 148
T23 19.0 155
731 276 2,06
T32 565 327
T33 287 186
T41 13.2 150

$Texturescorrespond with those given in Table 3.4. Number afterdecimal signifies sample layer relative to
the surface. ds=downstream, us=upstream.

¥ Grain size distributions are untruncated.
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TABLE 3.7 Subsuface Texwmral Composition of the Olympic Channels

channel Reach Dsggs (mm)¥  Texture %ofBed  Bulk Textural Dsges (m) | ogs| ()}

UMppeE Dry Creek 302 (425)

T 100 30.2 (425) 265 (1.77)
Alder Creck 60.2 (75.8)
Tl 100 60.2 (75.8) 2.19 (1.70)
Hoko Tributary 38.2 (47.4)
Tl 100 382 (47.4) 2.18 (1.87)
Lower Hoh Sough 281 (39.7)
Ti 63 311 (42.3 3.20 (1.80
T2 35 24.2 (35.0 276 (221
T3 2 ~2.07 (na)
Upper Hoh Slough 14.0(22.4)
Tl 4 31.1 (46.2) 320 (158
T2 0.5 24.2 (40.1) 2.76 (1.95
T3 , ~2.0t (na)
T4 il.5 137 (21.3) 233 (1.64)
Upper Skunk Creek 235 (37.9)
Ti 71.24 27.8 (40.6 2.68 (140
T2 822 285 (38.3 245 (1.43
T3 11.19 10.6 (20. 2.67 (1.70
T4 9.33 =207 (na)
Hoko River 21.7 (29.8)
T 6158 19.9t (28.6) 2.3 (149
T2 5.10 6.0t (1
T3 1387 65 (119 2.30 (141
T4 19.45 42.3 (52. 176 (1.23
Lower Pins Cre 30.3 (34.3)
T! 258 12,71 (133) 1.15 (1.10
T2 11 321 (36.0) 252 (224
T3 415 9.2t (9.9) 1.32 (1.19)
T4 116 ~2.0% (na)
hpper Ens %rﬁ 155(19.4)
TI 40.61 16.0(18.1 165(1.29
T2 4847 179(21.0 181(1.35
T3 322 6.2 (11.5) 2.15 (140
T4 7.71 20 (na)
Flu Hady Creek 106 (175)
TI 80.53 125(17.8) 2.20 {1.26)
T2 370 7.0 (104) 1.94 (0.98)
T3 .79 -20 (na)
_ T4 3.98 ~0.06% (na)
Mill  Creek 10.1(19.5)
Tl 8.15 254 (324 269 (0.92
T2 62.57 1.3 (19.6 258 (1.42
T .77 52 (9.8) 1.81(0.83
T4 15.89 ~2.0" (na)
TS 1.63 ~0.061 (na)

t Values in parentheses are derived from grain size distributions truncated & Dgys and are thus indicative of bedload
material only.

TDsgss assumed equa to Dispg,

¥ Bedload ad suspended l0ad material could not he differcntiated as the caculated Dy, vaue is < 2 mm. the minimum
resolution used for surface pebble counts: al grum sizes € 2 mm were lumped into one category and are consequently

undifferentiable.
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TABLE 3.7 cont.

Channel Reach Dsges (mmpP  Texture % of Bed Bulk Textural Dsges (mm)* | Ogsg | ($)
Lower Dry Creek 411 (55.7) 1
T2 08 0 % 513.53 W OW AN (g
T3 7.52 153 (19.7 1.71 (1.06)
T4 4.79 172 (31.4) 2.63 (1.46)
5 0.94 ~2.0% (na)
Lower Skunk Creek 9.4 (13.6) T1
T2 0o 0 13 (15.8) M 19 (1.30)
(12.8) (1.12)
T3 16.15 ~2.0% (na)
Cedar Creek 20.6 (24.6)
Ti
%2 1536419 74.41%1.3) % 1% (1.05)
T4 8151200 A T Wmm
T5 2.64 ~2.01%
T6 1.08 6.61% 0.98
T7 5.61 ~0.061 (na)

¥ Values in parentheses are derived from grain size distributions truncated at Dgys and are thus indicative of bedload
material only.

tDsgss assumed equal to Dsgs.

¥ Bedload and suspended load material could not be differentiated as the caleulated Dgys, value is < 2 mm, the minimum
resolution used for surface pebble counts; all grain sizes 2 mm were lumped into one category and are consequently
vndifferentiable.
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Median subsurface gram sixes for each bulk subsurface sample ate shown in Table
3.7. Sand and silt-sized patches were not sampled, as it was assumed that surface and
subsurface grain sixes would be negligibly different. Severd other textures were not
sampled, because of insufficient dry exposure; these samples were adso assumed to have
equivalent surface and subsurface distributions. Of those textures sampled the weight
percent of the largest subsurface gram varied from 0.5 to 16.1% of the tota weight, with a
median vaue of 3.6%. Consequently, the sampling technique employed generaly
underestimated the volume of materid necessary to produce the intended Dmaxss Weight
percent of |l. Because of the particular sampling technique used, Dyaxss values less than
1% of the tota weight may result from Dmaxss>Pmaxs: Dmaxss>83 mm, or samples with
sgnificant  porosity. While a median Dpyaxss Weight percent of 3.6 is acceptable, treditional
fidld weighing of samples is recommended to avoid potentialy erroneous assumptions and
yidd samples with uniform Dmaxss Weight percents.

As expected, reach average Dsoss values (Table 3.7) are leas than the corresponding
surface median gram sSizes (Table 3.4), except for two channels, Alder and Lower Hoh
have composite bedload and suspended load values of Dsgs<Dsoss, While Alder and Lower
Pins have bedload values of Dsgs<Dspss. AS With the reach-average results, most of the
individud bulk samples show Dspgs<Dsps (cf. Tables 3.7 and 3.4). However, about 18%
of the bedload textures and 14% of the composite textures (i.e., bedload and suspended
load) exhibit subsurface median grain sixes greater than that of the surface. Kinerson
(1990) dso found cases of Dsgg larger than Dsgs. Such results may represent insufficient
sampling of ether of the texturd domains, or may occur due to erroneoudy sampling
buried, relict, surface horizons a depth. Bed dsratigraphy was not characterized in this
analyss, but is a real concern for investigators conducting subsurface sampling;
dratigraphy is largely ignored in the subsurface sampling literature, the present study
included.
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Although them is condderable scatter in the data, Figure 3.15 shows that Dspss
vaues are roughly correlated with surface median grain sixes. For a given reach, surface
textura patches with larger median gram sizes have correspondingly larger subsurface
median gran sizes (Table 3.7). One might intnitively expect this result Bedload materid
moving through a reach will be sorted by differential shear stresses (eg., Dietrich and
Smith, 19843 Dietrich et a., 1979), provided that grain Sixes representative of a particular
shear dress am avalable; a higher locad shear dtress will not have a correspondingly larger
bedload gram size if larger sizes are not avalable in the supplied bedload didribution. As
such, subsurface grain sixes [which approximate those of the bedload (Milhous, 1973,
Kuhnle, 1993)] should parald surface gran sizes in expressng the spatid pattern of shear
stresses within a reach.

It is commonly assumed that in armored channeis the surface grain size distribution
results from winnowing of the parent subsurface distribution (Carling and Reader, 1982;
Andrews and Parker, 1987). For this to be true the surface and subsurface grain size
digributions would share the same range of values. With the lower end of gran size
distributions truncated uniformly by reach-specific Dgyg vaues, comparison of surface and
subsurface Dmax Vaues indicates that 30% of the textures sampled have equivaent upper
grain Szes, while 50% have Dmaxss<Dmaxs ad 20% have Dmaxss>DPmaxs. Consequently,
the maority (80%) of truncated subsurface grain size distributions are equal to or narrower
than their surface counterparts. Kinetic seving (Sdlenger, 1979; Rosato et d., 1987,
Haff, 1991) may aso be a mechanism for creating armored beds through concentration of
coarse materid a the surface. This mechanism for armor generation would deplete the
subsurface of coarse materia, resulting in gram size digtributions narrower than that of the

surface, which is the most common condition observed at the Olympic study Sites.
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Reach-Average Textural Response Within the Threshold Mode Framework: Empirical
Results and Preiminary Analyss of Relative Magnitudes of Influence

The bankfull threshold model is based on reach-average characterization of channel
attributes. While examination of local textural response is important for understanding
process mechanics, individua textural patches are indicative of particular Site-specific
conditions that are not easily predicted. As such, a reach-average focus is necessary for
prediction of surface grain Sze and examinaion of textural response. Although mapped
surface textures show localy intensive response to flow obstructions, it is likely that
turbulent mixing characteristic of natural rivers and accentuated by LWD is sufficient to
cause momentum exchange across textural patches, resulting in a range of obstruction
influence broader than the obvious proximal textura responses. Turbulent mixing thus
provides a mechanism for integrating loca effects into a teach-wide channel response to
roughness elements, providing a conceptua linkage between locd and reach-scde channel
Processes.

Reach-average Olympic and Alaskan field data anadyzed within the threshold mode
framework agree well with the hypothesized trends of textural response expressed by
Figure 1.1. Within the model construct, study Sites segregate by channel type into ditinct
zones of reach-average textura response (Fig. 3.16). As expected, increasing hydraulic
roughness produces a systematic textura fining and decrease in reach-average Dsgs. Plane-
bed channels are characterized by gram roughness only and generaly plot closest to the
threshold channel prediction, while debrispoor pool-riffle channels with grain, bedform,
and minima LWD roughness cluster below the plane-bed sreams. LWD-rich pool-riffle
channels characterized by grain, bedform, and abundant woody debris roughness show the
srongest textural response and cluster a the bottom of Figure 3.16. Four of the Alaskan
channels have morphologies trangtiona between plane-bed and pool-riffle channe types.
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Figure 3.16 Reach-average Dsqs vaues {bedload materid only) of the Olympic and Alasken study stes relative to the bankfull
threshold prediction of median surface gram size. Abscissa values of 7' are corrected for Ty only. Note the digtinct zones of
texturd response for plane-bed, LWD-poor pool-riffle, and LWD-rich pool-riffle channels. These zones represent a
progressive textural fining and deviation from the modd predictions with increasing channe roughness embodied by the
channel  types examined. Circled data points are channels most recently impacted by catastrophic sediment inputs.
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Two of these trangtionad channels behave like plane-bed streams and plot close to the
bankfull threshold prediction (Fig. 3.16).

Of the five channels showing field evidence of catastrophic sediment inputs, only
Alder Creek and Lower Greens Creek (circled points, Fig. 3.16) deviate from the texturd
response ranges of their respective channel types. Alder Cresk, an Olympic plane-bed
channel, has riparian margins inundated by recent debris flow deposts and shows a
dronger magnitude of texturd fining than the other plane-bed channels (Fig. 3.16). This
larger degree of fining may be due to elevated sediment loads as a result of debris flow
disturbance; field observation indicates that the Alder Creek debris flow deposted a short
disance downstream of the study reach. The morphology of Alder Creek may aso be
responsible for an anomalously low reach-average Dsqs. Alder Creek is a high-gradient,
bouldery stream with a morphology verging on that of a cascade channel [definition of
Montgomery and Buftington (1993)], evidenced by tumbling and tortuous flow over and
aound individud boulders. This style of turbulent, tumbling, jet-and-wake flow, different
from the other plane-bed channels examined, significantly increases downstream energy
disspation (Chin, 1989) and may explain the low observed Dsgs. The study reach of
Lower Greens Creek, an Alaskan LWD-poor pool-riffle channdl, lies just downstream of a
recent, large landdide that entered and dammed the channd; the failure was initiated
downdope of a mining road. The Lower Greens Creek data used here were collected a
short time after the landdide dam was breached. Stored sediment liberated by the dam
fallure would have led to increased downdream sediment loading and may explain the
larger magnitude of fming in this channel compared to the other LWD-poor pool-riffle
channels. However, about 25% of Lower Greens Creek is composed of step-pool channel
units containing two I-1.5 m bedrock seps (falls): turbulent energy disspation associated
with these channel units may contribute to the low Dsqg Observed in this channd.
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Of the landdide-affected channels, only the two most recently impacted ones show
textura fining of grester magnitude than channels of smilar morphologic type, suggesting
a transent nature of textural response to catastrophic changes in sediment supply. For
example, Lower Dry Creek, an Olympic LWD-rich pool-riffle channdl, is characterized by
relict (now vegetated) channe-margin debris flow terraces, indicating past catastrophic
changes in sediment loading. However, Lower Dry Creek has a reatively high reach-
average Dsgs compared to the other LWD-rich pool-riffle channels, suggesting little
resdua influence of any past increases in sediment loading.

While showing no evidence of recent catastrophic sediment impacts, the other
thirty-sx study gtes likedy have different levels of sediment loading. Despite these
potentia differences in sediment supply, Figure 3.16 demonstrates a trend of decreasing
reach-average median surface gram size with increasing complexity of channd roughness,
indicating that non-catastrophic sediment loading is subordinate to bedform and LWD
roughness a the gtes investigated. Although there is the potentid for severe sediment
impacts, and hence sediment-induced textural fining, in Pacific Northwest channels, natura
catastrophic changes in sediment load tend to result from infrequent pulsed events (i.e,
debris flows, fire storms, 50- 100 year floods, etc.). Furthermore, because sediment
impacts of this sort are typicaly not sustained, their influence on texturd response will be
trangent compared to the pervasve influence of bedforms and LWD in forest channels.
Consequently, LWD and gdable barforms provide long-term influences that dominate
surface textures of the study sites, while sediment supply effects are ather relatively less
ggnificant or trandent. The frequency with which channels are impacted by sediment
loading, however, depends on geomorphic province and postion within a channel
network. Higher-gradient channels of the Pecific Northwest tend to be closer to debris
flow sources, but lower-gradient channels are likely gtes for debris flow depostion (eg.,

Montgomery and Buffington, 1993).
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Figure 3.17 Dsgs vaues of the dominant (i.e, most abundant) surface texture in each of
the Olympic channes plotted relative to the bankfull threshold mode prediction. Zones of
response generaly andogous to those of Figure 3.16 suggest that textural response to
hydraulic roughness elements occurs on a reach scale, rather than solely on a local scale

proxima to flow perturbances.
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To further examine reach-scale textura response, the median gram sre of the
dominant (i.e, most abundant) surface texture of each Olympic channel was plotted versus
shear sress (Fig. 3.17). A segregation of research sites by channel type smilar to that of
Figure 3.16 suggests that hydraulic roughness elements have a reach-wide impact on
surface textures and are not just limited to local textura response.

Because Figure 3.16 illudtrates a continuum of textura response, some overlap
occurs between channel types. However, zones of response associated with specific
channd types can be identified. Each zone describes a didribution of texturd response
(Fig. 3.18), with LWD-rich channels showing the broadest range and the highest
magnitude of fining, expressed as the raio of predicted-to-observed median surface grain
dgre. Plane-bed channels exhibit the narrowest response range, but their distribution is
based on consderably fewer data, and thus is less well defined.

The three types of gravel-bedded streams studied were chosen in order to
digtinguish textura response to different scdes and styles of hydraulic roughnesses (i.e,
bedforms versus LWD). Although LWD was present in both pool-riffle channe types,
wood loading in the debris-poor channels is quite low, and for comparative purposes can
be consdered insignificant (Fig. 3.8). As such, LWD-poor pool-riffle channels
predominantly represent gran and bedform roughness, while debrisrich channels
represent the full suite of gran, bedform, and LWD resstance. Assuming negligible
sediment supply effects, the relative magnitudes of texturd response due to bedform and
LWD roughness can be examined empiricaly by comparing median velues of the response
distributions (Fig. 3.18). These dam show that bedform and LWD roughness are
comparable, both causng a roughly two-fold decrease in reach-average median surface
gran dSre. It is emphasized, however, that these magnitudes of textural response are
median values of overlapping response digtributions. Furthermore, surface textures of the

plane-bed channels dso deviate somewhat from the bankfull threshold prediction of surface
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Figure 3.18 Didtributions of reach-average textural response in plane-bed, LWD-poor, and
LWD-rich channels. Textural response is expressed as deviation from unity for the ratio of
predicted-to-observed  Dsgs. Due to some bedform roughness, the trangtiona plane-
bed/pool-riffle channels are included with the LWD-poor pool-riffle data The sediment-
impected Alder Creek and Lower Greens Creek are not included here.
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gram size (Fig. 3.16 and 3.18), presumably due to background levels of sediment loading.
As such, the magnitudes of textura fining due to bedform and LWD roughness determined
from Figure 3.18 should be viewed as estimates, pending more rigorous discrimination of
relative effects of sediment supply and hydraulic roughness. It is further cautioned that
while relaive magnitudes of textura response to bedforms and woody debris can be

asessed from the empirical findings, the absolute degree of textural response inferred from
the model is sensitive to the T*¢5q, value used for the model predictions (cf. Fig. 2.2a-b).

Compatibility of Data SHs

Comparison of the Olympic and Alaskan data is based on the assumption that the
methods of reach-average textura characterization are comparable. The two methods
employed were: regularly spaced cross-channel pebble counts, and mapping of textura
patches, accompanied by representative pebble counts of each texture. The two techniques
are obvioudy identica for mono-textural channels, but for patchy streambeds accurate
representation of channel grain sres through regulaly spaced pebble counts depends on
the areal extent of sampling and the spatid didiribution of textures within the channd [see
dso discusson by Wolcott and Church (1990)). For example, the number and areal extent
of pebble counts shown in Figure 3.19 are likely to gpproximate the true distribution of
Figure 3.19a, but misrepresent that of Figure 3.19b simply due to differences in spatid
digributions of textural patches in the two cartooned channels. Both estimates can be
improved by ether increasing the number of cross-channel transects or by increasing the
aea sanpled in each pebble count The Alaskan pebble counts are estimated to have
sampled gpproximately 1530% of the area of each dtudy reach. This sampling area is
probably sufficient for the LWD-rich channels, which have spatia digtributions of textures
smilar to that shown in Figure 3.19a and Map 3, but is likely to be less accurate for the
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debris-poor channels, as they typically have less well-distributed textural patches. Despite
the uncertainty associated with the Alaskan L WD-poor channels, the bulk of the grain size
data used in this analys's are likely compatible.
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Figure 3.19 lllugtration of the effectiveness of discrete pebble counts in a channd with @)

highly complex and b) less complex spatid arrangements of surface textures.




Chapter 4: Land Management Implications

MENT OF CHANNEL

Figures 4.1 and 4.2 summarize empiricaly determined ranges of textura response
to bedform and LWD roughness inferred from the Olympic and Alaskan field data and aso
show the range of textura response to sediment supply determined from Kinerson's (1990)
data The empirical response distributions (Fig. 4.2) demondtrate that the combined
influences of bedform and LWD roughness are of the same magnitude as that of potentia
textural fining due to sediment supply. Consequently, sediment supply and hydraulic
roughness am both first-order controls on surface textures of forest gravel-bedded
channels. If the interpretation made in Chapter 3 is correct, however, sediment supply
impacts on surface textures, while potentialy significant, may be infrequent and ephemera
compared to the pervasive effects of bedform and LWD roughness in forested
environments like those sudied.

The bankfull threshold model coupled with subsurface grain size anayses provides
a vauable management tool for assessng channel condition. Predicted vaues of Dsgg and
measured values of Dsgss define theoretica limits of textura response to both sediment
supply and other hydraulic roughness elements, as discussed in Chapters 1 and 2. Channdl
condition in terms of the degree of existing textural response to these factors can be
assessed by comparing the observed texturd fining relaive to that of the potentid fining
represented by the theoretica limits

(Predicted Dsgs ~ Observed Dsps)
(Predicted Dsgps - Observed Dspss)

)
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Figure 4.1 Summay of the bankfull threshdd modd and empiricdly delemined ranges of texturd response to sediment
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Figure 4.2 Empirica textura response ranges due to sediment supply, bedforms and
minimad LWD, and bedforms and significant LWD. Line within each box plot represents
the median vadue of the digtribution, box ends are the inner and outer quartiles, whiskers
are the inner and outer tenths, and circles are extrema The sediment-impacted Lower

Greens Creek is not included here.
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The predicted Dsgs is determined as Dsgs=T/[(ps-P)gT*cs0,l, Where T=19-Ty ; other gran
Sze vaues ae measured in the fid. Equation (7) is defined as the response ratio. While
this ratio is quite Smilar to the g* formulation [i.e, (6)], it differs from g* in that it
expresses texturd response to both sediment supply and hydraulic roughness. A channd’s
ability to accommodate increased sediment loads or hydraulic roughness via texturd fming
will be exhausted as surface median gram sizes approach that of the subsurface; that is, as
(7) approaches a value of 1. Further increases in sediment supply or hydraulic roughness
can only be accommodated by sediment depostion and channd aggradation.

Of the channd types investigated, LWD-rich channels show the strongest
magnitude of textura fining (Fig. 4.1). As such, it was expected that they would have
larger response ratios and thus the least capacity for further texturd response (Buffington
and Montgomery, 1992; Buffington, 1993). Figure 4.3 shows that increased textura
fining (expressed as the ratio of observed-to-predicted Dsgg) roughly corresponds with an
increasing response ratio. LWD-rich pool-riffle channels tend to exhibit grester texturd
fining and larger response ratios than plane-bed channels (Fig. 4.3), however the zonation
of textura response by channel type is less clear than that of Figure 3.15 due to a paucity of
avalable Dsgss data. The significant overlap of response ratios amongst channel types
should preclude any a priori association of response ratio and channd type. The trend of
decreasing response ratio with increasing complexity of channel roughness does, however,
indicate that the potentia for sediment supply to influence surface textures should decline in
channels with grester bedform and LWD roughness, in that there is progressively less
capacity for further textural response. Hence, the component of sediment-supply-induced
texturd fining in channels with sgnificant structura roughness must be relatively smal.

The bankfull threshold model can aso be used to assess channel condition in terms
of sediment supply aone, provided that roughness effects on shear stress have been
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Figure 4.3 Texturd fining relative to the bankfull threshold prediction of grain size
(Observed D&Predicted Dsps) versus response ratio [(Predicted Dsge-Observed
Dsgs)/(Predicted Dsos-Observed Dsogs)]. Note that the predicted Dsgs vaue is cdculated as
Dss=T/[(Ps-P)gT¥c50,] USNG T=To-Tw. The sediment-impacted Alder Creek is not

included here.
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accounted for. Assessment of sediment loading is made by evaduating (7), with 1’
established as per (5), subtracting any shear stress dissipation caused by hydraulic
roughness elements other than gram roughness. However, prediction of ' in forest
channdls is difficult due to the spatid complexity and irregularity of both bedforms and
LWD, and is a subject for future research. The difficulty in accounting for roughness
effects during channel assessment is recognized in the watershed anayss manud
developed by the State of Washington (WFPB, 1993). Its authors recommend that when
esimating sediment loading with the q* technique (Dietrich et d., 1989), data should be
collected in planar sections of channe away from roughness eements such as bedforms
and LWD (WFPB, 1993). However, hydraulic roughness features have a reach-scae
influence on surface textures and are not limited to loca zones of response (i.e, Fig.
3.16). Furthermore, the full downstream extent of textura influence of an obstruction is
uncertain. Velocity defects caused by much simpler flow obstructions can extend over
downstream distances of several hundred obstruction-diameters (Grass, 1971). Without
correction for roughness effects, o measurements in most forest gravel-bedded channels
are suspect. Because Kinerson (1990) worked in channels with bedform and LWD
roughness and chose sample gites in a fashion analogous to that recommended by WFPB
(1993), some of his g* values may aso be affected by downstream persistence of energy
disspation and associated texturd fining.

Once channel condition is established using (7), the empiricd findings summarized
by Figure 4.1 can be used to predict generd trends of likely textural response to
perturbations in sediment supply and hydraulic roughness. For example, channes with
low response ratios will likely exhibit texturd fining as a result of aguatic enhancement
projects that add in-stream debris. Alternatively, textural coarsening is predicted for LWD-

rich pool-riffle channels that are depleted of in-stream debris as a consequence of such
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factors as debris flow scour, management stream cleaning (Meehan et d., 1969; Bryan,
1983), or recruitment decline following riparian harvest (Murphy and Koski, 1989).
Channdls directly recelving road dranage and associated sediment loads will exhibit
texturd fining iIf the response capacity is avalable; if not, depostion and channel
agoradaion is likely.

Texturd response may, however, be more complicated than indicated by the above
smple predictions. Changes in the caiber of supplied sediment will affect the assessment
of channel condition. For example, if for some reason the caiber of the sediment load
decreases, but the volume supplied does not change, then the bedload (and hence
subsurface) gram sre distribution will fine, increasing the response ratio and raising the
channel capacity for surface textura fining. LWD can aso cause complex textura
responses. Because of the influence of woody debris on forest channel morphology (i.e,
Fig. 3.13), changes in LWD loading may dter bedform configuration and roughness,
which may intensfy or counteract any LWD-induced textura response depending on the
specific circumstances. To a large degree woody debris must aso control bedload (and
hence subsurface) grain sixes by influencing the magnitude of basd shear dress avalable.
For example, addition of LWD and consequent shear stress disspation will result in a
reach-average decline in bedload (and subsurface) grain size cdiber, extending the lower
limit of potentid textural response of the surface by decreasing Dspss. Concomitant
declines in surface grain sze may, however, offset any potentid increase in channel
response ratio. Increased roughness due to the addition of LWD will aso result in
decreased velocity and water surface dope, causing increases in either water depth or width
or both (Lide, 1986a); changes in hydraulic variables such as this can dter 1y The point

of these examples is to illudrate that texturd response may not adways follow a smple,

predictable  path.
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In addition to predicting likely response trends, more specific predictions can aso
be made from the field data. Although there is consderable scater, textura fining
expressed as the ratio of observed-to-predicted Dsgs generdly declines with increasing
LWD loading (Fig. 4.4). Furthermore, for a given LWD loading the degree of textura
fining depends on channel shear stress (Fig. 4.4); higher shear stresses generdly
correspond with greater texturd fining (i.e, lower ratio of observed-to-predicted Dsps).
This is dso evidenced in Figure 4.1 by the increase in range of textura fining observed in
pool-riffle channels a greater shear stresses. Because larger channel shear Stresses dso
mean greater velocities, identicaly placed obstructions will cause greater form drag, and
hence greater textura fining, in higher-velocity channels. Textura response predictions
maede from Figure 4.4 should be viewed as edimates only, as the figure does not explicitly
include bedform dimensions and other physicd attributes of LWD which together control
macro-scale form drag and texturd fining. Form drag, and hence texturd fining, should be
correlated  with: 1) bedform amplitude and wavelength; and 2) LWD size, orientation,
postion within the flow column, and abundance. Only the later is explicitly represented in
Figure 4.4. Furthermore, sediment supply effects, while arguably smadl in these channels,
ae dso not explicitly accounted for in Figure 4.4.

Specific magnitudes of textura response to changes in sediment supply are aso
predictable when examined within the thresnold mode framework. The magnitude of
texturd fining relative to mode predictions (i.e, Predicted Dsgs-Observed Dsgs) is a power
function of sediment loading (Fig. 4.5). In contrast, textura fining expressed as the ratio
of observed-to-predicted Dsgs IS not @ unique function of sediment supply (Fig. 4.6);
rather, it is apparently dependent on the ratio of T/t¢gq,, With the rate of texturd fming
less rapid for larger values of this shear dress ratio. Like the observed-to-predicted ratio of
Dsgs, ° IS a relative measure not singularly related to sediment supply (Fig. 4.7). While
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Figure 4.4 Textural fining as a function of LWD loading in the @ Alaskan and b) Olympic
channels. Textural fining is expressed as deviaion from unity for the ratio of observed-to-
predicted Dsgs, and LWD loading is represented by pool-associated piecesm* and total
pieces/m? for the Alaskan and Olympic Stes, respectively. The sediment-impacted Alder
Creek and Lower Greens Creek are not included here.
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Figure 4.6 Sediment supply (kgm@ versus reletive texturd fining(Observed
D& Predicted Dsgps). Dsos is predicted based on T*¢4,,=0.032.
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g* can be used to infer quditative degrees of sediment loading, magnitudes of textura
fining measured within the bankfull threshold framework alow assessment of specific
sediment loading (Fig. 4.5). The uniqueness of this relaionship is, however, quite
sendtive to the T*esq, value used. Larger T*csg, vaues produce families of curves for
which the rate of textural fining with increasing sediment supply is inversely dependent on
T'ITCSOss- Smaller ¢4, vaues result in a direct dependence of fining rate on T/es s

Vaiaion of T*c5q does not affect the relative dependence on T'/tcsnes Shown in Figures

46 and 4.1.

Surface textures have direct implications for avalability of salmonid spawning
habitat. While channel characteristics such as temperature, depth, velocity, gravel
“embeddedness’ (eg., Peterson et a., 1992), subsirate content of fines, and intra-gravel
flow and upwelling are believed to affect sdection of spawning Stes, perhaps the most
important characteristic is the physical size of the gravel in which an adult samon can
excavate a redd. Typicd median grain Sres of spawning gravels used by various
sdmonids as reported by Kondolf and Wohuan (1993) are overlan on the empirica
findings of the threshold channe model in Figure 4.8. Chinook sdmon (Oncorhynchus
tshawytscha) and chum slmon (0. keta) are tolerant of a broad range of spawning gravel
gres, while pink salmon (0. gorbuscha) and brook trout (Salvelinus fontinalis) are
restricted to a very narrow range, spawning gravels preferred by the remaining salmonids
have a totd variance in median grain Sze of about 15 mm. Coupled with the empirica
findings of the bankfull threshold modd, these preferred spawning gram sires alow
examination of the geomorphic controls on species-specific spawning habitat availability.

The level of examination afforded by this coupling is quite coarse, however, as the
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Figure 4.8 Comparison of the empiricd results of the bankfull threshold model and median spawning grain Sizes used by
sdmonids. Spawning gravel ranges represent the 25th and 75th percentiles of the median grain Sze distributions reported in
Kondolf and Wolman's (1993) Figure 7. It is cautioned that these ranges should be viewed as estimates only, as Kondolf and
Wolman's (1993) synthess combines disparate and potentidly erroneous data sets. Their data include both pre- and post-
soawned gravels, grain Size didributions of which are typicdly quite different (Kondolf et d., 1993; Montgomery et d., in
review). Some sources used by Kondolf and Wolman (1993) ignored the larger grain Sizes present in spawning gravels,
skewing actud grain Sze digributions toward finer szes. Most importantly, substrate samples in fisheries studies typically
combine both surface and subsurface materiad and only measure a smal volume of sediment; as such, grain size didtributions
may be erroneous (Church et a., 1987) and of uncertain gpplication to the threshold model’'s prediction of Dsgs. There is a
need for more accurate and Standardized characterization of preferred pre-spawning gravel sizes used for salmonid Spawning.
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empirica results of the current study represent reach-average Dspg values which
unfortunately give no information on the actud variability and abundance of suitable
spawning patches within a reach. Nevertheless, it is a useful dtarting point. Figure 4.8
shows that availability of preferred spawning grain Sizes is sgnificantly enhanced by
texturd response to sediment supply and hydraulic roughness. For example, preferred
spawning gravel Szes for coho samon (0. kisutch) in fully amored plane-bed channels
(i.e, channels not exhibiting textura fining) only occur for bankfull shear stresses ranging
from about 7-14 Pa (Fig. 4.8). However, as a result of textura fining, spawning sixes
preferred by coho have the potential to occur in a variety of different channe types and over
a greater range of bankfull shear stresses (7-146 Pa, Fig. 4.8). Consequently,  texturd
response can Sgnificantly increase spawning habitat avalability for a given salmonid
SPECe€s.

Figure 4.8 can adso be used to examine the potentid impacts of textural response on
avalability of species-specific spawning gravels. Textural response to changes in sediment
supply or hydraulic roughness that extend beyond the range of median spawning sixes
preferred by a particular species may cause them to abandon such reaches as spawning
gtes. For example, brown trout (Safmo trutta), which prefer reatively smal spawning
grain Sxes, may abandon a LWD-rich pool-riffle channedl as a spawning ste if it coarsens
ggnificantly in response to a depleted wood supply. Wood loss may further compound
impacts on a salmonid populaion by decreasing pool frequency and thus availability of
potential rearing habitat (Montgomery et d., in press).

Forest channes with abundant LWD are widely recognized for the availability of
potentid spawning and rearing habitat that they offer (Everest et d., 1987; Sullivan et 4d.,
1987; Bisson et d., 1987). The man sgnificance of LWD is the channd “complexity” that
it creates; that is, the obstruction-forced spatid variability of channe hydraulics,

morphology, and grain size that satisfy some of the requirements of different salmonid




142

species and ther lifestages. The increasng complexity and spatiad variability of surface
textures with greater wood loading is clearly noted in the current anayss. Ironically the
LWD-rich pool-riffle channels may be the most vauable for sahnonid usage and potentialy
the mogt sensitive to increased sediment supply or hydraulic roughness, in that they
commonly have high response ratios (Fig. 4.3) and thus a smal capacity for further
texturd  response.




CoNcLusI oN

The bankfull threshold model provides a useful framework for examining textura
response to sediment supply and other hydraulic roughness eements in gravel-bedded
dreams. Reach-average surface textures exhibit systematic fining in response to both of
these factors. While sediment loading and hydraulic roughness are both first-order controls
on reach-average median surface gran sze, the infrequent nature of sgnificant sediment
input to forest channels likely causes sediment supply effects to be subordinate to the
pervasve influence of LWD and bedforms in forest pool-riffle channels.

The interpretation of empirical results presented hem and the assessment of reldive
magnitudes of texturd influence caused by sediment supply and hydraulic roughness
features of naturd channels is preliminary and warrants further investigation. Future work
will pursue this subject through rigorous patitioning of bedform and LWD shear stresses
usng theoreticd boundary layer caculations. Theoreticd caculations will be compared
with field measurements of channel roughness. Once shear dtress dissipation due to in-
channel roughness features is accounted for, sediment supply effects on reach-average
surface textures can be determined independently and compared with conclusons made in
the current anayss.

Texturd response to sediment supply and hydraulic roughness occurs on both a
reach and locad scale, and further investigation of the later is recommended. In particular,
textural patch dynamics should be examined in order to better understand channel
hydraulics and sediment transport a a subreach scde. When and how is sediment
transported within and between patches and how do seasond variations in shear stress and
surface texture affect this? A better understanding of surface textures at a subreach scde
would be vauable for assessing and predicting geomorphic controls on avalability of

spawning gravels for samonids and other fishes.




NOTATION

Cp, C,
Dsg, Dga, D; etc.

Ds0s, Dsoss, Dsom
Dygs

D*
D;*

Dmaxss D maxss
Dy

D sus
e, ej*

p. pi*

Q’ QS

Re*c, Re*ci

drag, lift coefficient

grain size for which 50%, 84%. 1%, etc. of the
grains are finer

median grain size of the surface material,
subsurface materia, laboratory mixture
geometric mean grain Sze of the surface materia
Didtrich’s (1982) dimensonless gram sSize
Kirchner e al.'s (1990) dimensonless grain Size,
Dyfzg

largest surface, subsurface grain Size

nomind gran Sze

maximum suspendable grain Sze & bankfull flow
Kirchner et al.'s (1990) dimensond and
dimensonless gram exposure, ey/Dj

fraction of gran sze didribution comprised by
D

gravitational constant

depth

critical depth for incipient motion

boundary roughness length scde (equivaent
Nikuradse (1933) sand gram roughness)

mixed grain size

total, gram Manning (1891) roughness
coefficient

Kirchner e al.'s (1990) dimensond and
dimensonless gran projection, py/Dy

totd volumetric fluid discharge, that over the bed
only (Meyer-Peter and Miiller, 1948)

Dietrich ¢ al.'s (1989) dimensonless bedload
transport rate

criticdl  grain/boundary Reynolds number for
Dso, Dj
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S water surface/bed surface dope in m/m

T texture

u velocity

u uniform gran sze

u* shear velocity

v* Lide and Hilton's (1992) sediment supply
parameter

W width

Wg grain fdl veocity

w* dimengonless grain fadl veocity

z height above the bed

70 totd roughness length scae

z* Kirchner et al.'s (1990) dimensionless height
above the bed, z/Dj

o empirica  coefficient

B empiricd  exponent

Y specific weight of fluid

0 bed surface dope in degrees

K von Karmén's constant

Vv kinematic ~ viscosity

0, Ps fluid, sediment densty

Ogs» Ggss» Ogm sorting  coefficient Folk's (1974) graphic
dandard deviation] of the surface materid,
subsurface materid. laboratory mixture

To totd bankfull boundary shear stress

T effective bankfull boundary shear stress

Ul component of Ty expended on bedform drag

Tg component of 1g expended on shin friction and
form drag of bed surface grains

1 component of 1o expended on LWD (see text for
mechanisms of energy dissipation)

Tw component of 1o disSpated by sdewal effects

T criticdl shear stress (value for incipient motion)
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Tep Tesos e of Di, Dsgs

Tegsos 1. Of Dsge based on empirical competence
equations determined from coupled bedload
sampling and shear stress measurement

Teesor Tersom 1. of Dsp, Dsgm for a specified reference bedload
transport rate

Tev50m T. Of Dsgm based on visua observetion of
incipient  motion

™ dimensonless shear stress

T, dimensonless criticd shear stress (value for
incipient  motion)

¥ T*es0r T es0s Tre50ss T €50m t*¢ of Dj, Dso. D50, D50ss: D50m

T T*. based on empirical competence equations

determined from coupled bedload sampling and
shear stress measurement

T¥egi ‘I:*cqso, ‘c*cqsos, "*Cqsoss 1*; of Dj, Dsg, Dsgg, D505 based on empirical
competence equations determined from coupled
bedload sampling and shear stress measurement

T Torso T crsos Trersom 1*. of Dj, Dsg, Dsgs, Dsom for a specified

reference bedload transport rate

1%, of Dj, Dsg, Dsom based on visua observation

of incipient motion

) log2 gram sze

$16. 94, etC. grain sizes for which 16%, 84%, etc. of the
grains are finer

o intergranular friction angle

* *
T*Cvi’ T Cy50° T Cv50m
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APPENDIX I: TABLE 1.1 NOTES

| Usng a dimensonless bedload transport formulation and a subset of Milhous (1973)
data, Parker and Klingeman (1982) extrapolated fractiond bedload transport rates to a
low reference value assumed representative of initid motion and calculated
corresponding T*cn. vaues from the Shidds equation. These values were in turn
expressed as a function of Dy/Dsgs. Only bedload transport data from armor-breaching

events in the winter of 1971 were used (Parker and Klingeman, 1982; Komar, 1987a).

T ¢L50 is simply the vaue of this function witb Dy/Dsge=1. The exponent of the Parker

and Klingeman (1982) t*c, function was edimated by JMB from their Fg. 3. Parker

and Klingeman (1982) report Dsgs=54 mm [pg. 1411 and Table 1, Parker and
Klingemen (1982)], however Milhous (1973) indicates that Dsps was 60-63 mm in 1971
[Tables 2 and 3, Milhous (1973)]. Usng Milhous (1973) median surface grain Sixes
and Parker and Klingeman's (1982) T function yields 1*c5m=0.03 1-0.032. GgswWas

cdculated by JMB from data presented in Parker and Klingeman's (1982) Table 1.

2 Using Parker and Klingeman's (1982) technique (note 1), t*cﬁ vaues were determined

for Milhous (1973) data and expressed as a function of the ratio Dy/Dspes (Wilcock and
Southard, 1988). ""*CrS()s was caculated by JMB from this function [Table 6, Wilcock
and Southard (1988)], taking Dj=Ds0s=54 mm (Parker and Klingeman, 1982) and
Dspss=19.5 mm [Table 1, Wilcock and Southard (1988)}; dthough it is not clear from
Wilcock (1987), | assume that in following Parker and Klingeman's (1982) analyss
Wilcock used the Oak Creek grain Size data presented by them [Table 1, Parker and
Klingeman, (1982)]. Wilcock's (1987) flume experiments were corrected for form drag
and gdewdl effects, but it is uncertain if Wilcock and Southard (1988) applied smilar
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corrections to the other data sources that they used [i.e, that of Milhous (1973)). g is

that reported for Parker and Klingeman (1982).

T, values were determined using a smplified verson of Parker and Klingeman's

(1982) technique (note 1) and regressed as a function of the ratio Dy/Dsgs (Ashworth and
Ferguson, 1989). 1*¢ 4, values were determined by JMB from these functions [egns
(8a-c), Ashworth and Ferguson (1989)] with D;/Dsgs=1. Dsgs vaues are averages of
those reported in Ashworth and Ferguson’s (1989) Table 1. In order to correct for form
drag and other types of shear stress dissipation not accounted for by a smple depth-
dope representation of critical shear stress, Ashworth and Ferguson (1989) used local
point measures Of shear stress to calculate Tejr Nevertheless, their loca estimates of
boundary shear stress likely overestimate the effective bed shear dress, as they
caculated boundary shear stress from the full velocity profile, rather than just over near-
bed heights [see discussion of segmented velocity profiles in Middleton and Southard
(1984) and Smith and McLean (1977)]. Their loca velocity measures do, however,

implicitly account for sdewall effects.

Parker's (1990) study smply revisits the Parker and Klingeman (1982) study and
expresses T¥c . in terms of the ratio Dy/Dygs, Where Dy is the geometric mean surface size

defined as InDgg=ZfilnD; (Parker, 1990); f; is the fraction of the weight distribution
comprised by Dj. T¥,;, Wes cdculated by IMB using Dgs=43.2 mm [pg. 428, Parker

(1990)] and D;=Dsge= 55 mm [Table 1, Parker (1990)]; note that these values are based

on a grain size digribution for which the sand fraction was removed (Parker, 1990).

Ogs Was calculated by JMB from data presented in Parker's (1990) Table 1.
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5 t*chOS was caculated by JMB from Andrews (1983) egn (2) using Dsgs and Dsgss

vaues reported by Andrews and Ermau (1986). Although egqn (2) was developed from
other data (Andrews, 1983) it shows reasonable agreement with the bedload transport
data presented by Andrews and Erman (1986). Andrews (1983) development of egn
(2) is, however, quite contorted. Using Shidlds (1936) equation, dimensionless critica
shear dtresses were caculated for the geometric mean diameter of the largest grain size
fraction sampled during bedload transport events in three North American rivers
(Andrews, 1983). Criticd shear stress was estimated from a depth-dope product
employing a reach-average water surface dope and the flow depth over the zone of
maximum bedload transport. The largest mobile particles for all of the sampled events in
a given river were then grouped by sze class and the average calculated critical shear
stress was determined for each size class, T*qu. These vdues from dl three rivers were
then regressed againgt the ratio Di/Dsgss, Yielding Andrews (1983) equation (2). Ggs
was caculated by JMB from gran sizes estimated from Andrews and Erman’s (1986)
Fig. 4.

6 Usng bedload trangport data from Milhous (1973). Carling (1983), and Hammond et d.
(1984), Komar (1987a) developed empirical competence equations for each Sudy Ste,
expressing competence as a power-law function between shear stress and the largest
mobile grain sze sampled during bedload events [Table 1, Komar (1987a)]. Each

competence equation was re-written in terms of a power-law function for dimensionless
critica shear stress of the form T*cqiza(Di/DSO)B [smilar to that used by Parker et d.

(1982) and Andrews (1983)]. The Milhous 't*cqi equation was determined through

dgebraic manipulation of the corresponding competence equation, taking Dsg as the
subsurface median grain Size [pg. 207, Komar (1987a)]. Noting that the Milhous
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competence equation crossed the Shields curve [us defined by Miller et al. (1977)] a
D;=Ds0ss=Dsg, Komar (1987a) determined Dsg values for the Carling and Hammond et
d. "’*cqi equations from the respective cross-over values Of D; [Fig. 3, Komar (1987a)].

Based on andogy with the Milhous data | assume that the Carling and Hammond et 4.
cross-over values correspond with Dsgss, making Komar's (1987a) reported "*cqi
equations functions of Dy/Dspss; however, cross-over points for Day’s (1980b)
competence functions apparently correspond with his reported Dsom vaues [Fig. 2,
Komar (1987a)].

Using the empiricism that Dj/Dsg=1 at the cross-over, a vaues for the Caling and
Hammond et 4d. 'c*cqi equations were fixed from cross-over points with the Miller et 4d.

(1977) Shields curve [Fig. 4, Komar (1987a)], leaving p to be back-calculated. Komar
(1987a) found that the resultant Carling T*cqi equation appeared to describe Milhous'

data quite well, so he used it to represent Milhous data, abandoning the agebraicaly
defined Milhous "*qu equation (cf. pg. 207, Fig. 5, and Table 1 of Komar (1987a)].
Reecting this unsound rationde, | have maintaned the origind agebraicdly defmed
Milhous "*cqi equation in Table 1.1.

JVMB cdculated t*

vaues from these “derived’ t*¢ . equations [Table 1,

€q50s “qi
Komar (1987a)], using vaues of Dj=Dsgs and Dsg=Dsges Culled from other sources (see

following  notes).

7 1*ch05 was caculated by JMB from the origindly defined Milhous equation,
'c*cqi=0.044(DilD50)'0-43 [pg. 207, Komar (1987a)], using Komar's (1987a) reported
values of Dsg=Dspss=20 mm (Table 1) and Dj=D505=60 mm (pg. 207). Ggs was based
on Dggs and Dygs from Milhous (1973) Table 3.
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8 The Caling T*qu expresson [Komar (1987a), Table 11 was based on a subset of

Caling's (1983) bedload transport data; only data from Greast Eggleshope Beck were
used. JMB cdculated ‘t*chOS from this expression using the cross-over value of

Dso=Ds505s=20 mMm [Komar (1987a), Tablel] and Dj=Ds5qs=62 mm [Komar and Carling
(1991), Table 1]. This Dsgs vaue is derived from the framework gravel distribution,
which is observationdly very smilar to the censored (i.e, amored) surface layer

distribution (Carling and Reader, 1982).

9 T¥cqs0s WS caculated by JMB from the Hammond et d. T¥c,; equation [Komar (1987a),

Table 1] using Komar's (1987a) reported value of Dsg=Dspgs=7.5 mm (Table 1) and
Dij=Dspe=21 mm [estimated by JMB from the Fig. 3 TV data of Hammond et 4.

(1984)).

IO MB cdculated Tegs0s from the Fahnestock (1963) competence equation reported by
Komar (1987b, Table 1), and in turn used this value to determine T*cqs{}s from the
Shields equation. For these calculations Dsgs was determined from the composite White
River gran size data {Fahnestock (1963), Table 21

Il The data sets differ from those used by Komar (1987a) in that more data from Great
Egoleshope Beck were included and, as with the Parker and Klingeman (1982) sudy,
only the subset of Milhous' (1973) data corresponding with armor-breaching events was
andyzed (Komar and Carhng, 1991). T*CqSOS values were caculated by JMB from
relevant equations [Komar and Carhng (199 1), Fig. 9] and gram sizes [Komar and

Caling (1991). Table 1]. Although the caption for Komar and Carling's (199 1) Fg. 9
indicates that the Great Eggleshope Beck T*qu equation is expressed as a function of
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median subsurface grain Size, the normalizing grain Size used by the authors (62 mm) is
that of the framework gravel [pg. 498, Komar and Carling (1991)], which is equivaent
to the censored (i.e., amored) surface size (Carling and Reader, 1982); Komar and
Carling's (1991) Table 1 aso indicates thet the 62 mm median framework size is a

surface value analogous to that of the surface materia in Ok Creek. Despite the caption
for Komar and Carling's (1991) Fig. 9, only the Oak Creek -c*cqi equation is expressed

as a function of Dsgss; the Great Eggleshope Beck ‘E*cqi equation is a function of Dsgs.

12 1% 4508 was based on Milhous (1973) Fig. 21 which is a plot of the maximum mobile

grain Sze sampled in a pit bedload trap versus thy; t* was edimated by JMB from

€q50s
contoured Shields stresses shown on this plot. Virtudly the full range of grain Szes
sampled during Milhous (1973) experiments share a common minimmn 'c*cq vaue of
0.025, re-enforcing the concept of “equa mobility” (Parker et d., 1982). Gran Szes
plotted in Milhous (1973) Fig. 21 are nomind diameters caculated from weights of the
largest particle captured by the trap. Cui and Komar (1984) argue that the nomina
dianeter of a grain is on average equivaent to the grain's intermediate diameter; this
samilarity of measures is assumed here. T was caculated from the maximum depth-
slope product during a bedload transport event. ©gs Was based on Dggs and Dygs from
Milhous (1973) Table 3.

13 Carling (1983) expressed incipient motion in terms of a power function between totd
boundary shear siress (caculated as a depth-dope product) and the average size of the
five largest bedload particles sampled during an event. Smilally, Shilds stress was
expressed as a power function of Re* (=u*Dyfv) (Carling, 1983). MB cdculated

T*cqs0s from these expressons and other reported data. For example, the following
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procedure was used for Great Eggleshope Beck: taking Dsgs as the median grain size of
the framework distribution [Table 1, Komar and Carling ( 1991)]’.%505 was determined

from Carling's (1983) equation (7); with this value, u*; and in turn Re*. was estimated,
dlowing caculation of T*°q50s from Caling's (1983) equation (9). In caculating Re*.
it was assumed that v=10-6 m?%/s. Tcqs0s [0 Carl Beck wes estimated in a smilar
fashion using appropriate equations for Carl Beck and the mean framework gravel size

reported by Carling and Reader (1982).

14 1*, aS0s vaues ae tit from a semi-theoretica criticd discharge formulation employing

Bathurst's (19878) bedload transport data which is expressed in terms of the average
maximum grain sze mobilized during a given peak discharge (Ferguson, 1994).
Ferguson's (1994) formulation combines an Andrewstype (1982) eguation (assuming
conditions of near equa mobility) with the Schoklitsch (1962) equation. Form drag and
sdewal corrections are not explicitly consdered, but may be indirectly accounted for to
some degree by the Thompson and Campbell (1979) roughness empiricism used by
Ferguson (1994); this empiricism, however, is likey only representative of the

toughness conditions examined by Thompson and Campbell (1979).

15 Using empiricaly determined values in a theoreticd criticd shear stress formulation
smilar to that of White's (1940), Kainske (1947) argues that t.=4D for uniform, sand-
szed grans with Re*c>3.5; this equality is expressed in English units. T*cgq, Was
cdculated by JMB by rewriting Kalinske's (1947) competence expresson in terms of
the Shidds equation.

16 Cegen and Bayazit (1973) examined transport rates and gran Sze digtributions of
bedload materid in an armored channel typica of naturd, mountan sreams. Equdity of
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amor and bedload gran size distributions was used to define incipient motion of the bed
surface. The corresponding critical shear stress was found to equal that required for
incipient motion of Dsgg according to Egiazaroff' s (1965) critica shear stress
formulation (Cegen and Bayazit, 1973).

17 T¥cqp, WaS based on a theoretica criticd shear stress formulation (Kirchner et dl.,

1990) employing friction angle and gram protrusion measurements mede from flume-

worked heterogeneous bed surfaces. Grain mobility here is for that of particles placed
on a bed surface. T*¢5, vaues are caculated in the absence of form drag and sidewall

effects. The specific T*cq, Value reported here was read from Kirchner and others

(1990) Fig. 18 for D/Ksp=1 and n=10.

18 T*cqq, Was determined from Kirchner et al's (1990) theoretical critical shear stress

formulation employing friction angle measurements made from bed surfaces of a natura

pool-riffle stream (Buffington et a., 1992). Grain mobility here is for that of particles
placed on a bed surface. T*¢s,, values are caculated in the absence of form drag and

sdewdl effects. The specific T*cqq, vaue reported here was read from Buffmgton and

others (1992) Fig. 13 for D/Ksp=1and n=0.1.

19 Usng a simple “dab” shear modd Jang and Haff (1993) smulated particle motion of a

heterogeneous bed surface, accounting for individual relative grain velocities,
intergranular friction, and grain-to-grain collisions. Reported T*cq,  values bracket the

cdculated threshold of “continuous’ motion, defined as one or more particles moving a

dl times (Jang and Haff, 1993) during a smulation. Bedform drag and Sdewall effects

were not present in the smulations,
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20 Using his own experiments and data reported by Casey (1935), Kramer (1925),
USWES (1935), and Gilbet (1914), Shieds (1936) caculated ™ som values for each

laboratory sediment mixture using a reference critica shear stress corresponding to an
extrgpolated near-zero bedload transport rate of the mixture. Shear stresses were
corrected for sSdewall effects in Shidds (1936) experiments, but it is uncertain if such
corrections were made for the other data sources used by Shields (1936). Some T*c ¢,
and Re*. values were read from Tison's (1953) Table H, but most were estimated by
JMB from the Shields curve presented in Rouse’s comments to Chang (1939). Diém
and Dg4y, values used to calculated Ggm Were estimated from Shields' (1936) Fig. 16.
While Shidds (1936) reports Doy values used in his experiments, it is unclear which
values correspond with a given point on the Shields curve. As such, assgnment of

Dsom vaues in Table 1 is based on a sensble match of grain size with reported T ¢,

and Re*. pairs for a paticular sediment type.

2l Dsgm vaues used in Casey's (1935) experiments were 0.85 mm, 123 mm, and 244
mm (Shields, 1936). however, assgnment of these values to reported T*¢ 5, and Re*e

pars is uncertain. Shields (1936) chose Dsom values for his granitic grain experiments
to mimic those of Casey (1935). If gmilarity of gram sze digributions is aso assumed,
then Casey's (1935) experiments employed near-uniform sixes [Ggm~0.23 for Shields
(1936) granitic grams]. Other details of Casey’'s (1935) experiments were not reported
by Shields (1936) and are unknown to JMB.

22 Kramer (1935) began measurements of bedload transport and other parameters a the
dart of each experiment, unlike other investigators who waited for some sort of

equilibrium condition before making measurements [eg., Gilbert (1914), Williams
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(1970), Wilcock and Southard (1988)). Reported Dsgm vaues were estimated by JMB

from Kramer's (1935) Fig. 1, and are again a best fit to reported ™ and Re*, pairs.

r50m
23 Sediment was sand-Sized, but other experimental details were not reported by Shields

(1936) and are unknown to JMB. These mixtures are likely non-uniform, based on

Day's (1980b) estimates of the USWES (1935) Ggm Values.

24 Gran gzes reported are the mean nomina diameters of the laboratory sediment
mixture. The first T s, ad Re*¢ pair correspond with Gilbert's (1914) grade H

sediment mixture; no bedform types were reported for these runs (Gilbert, 1914).
Bedload and other measurements were begun when the bed dope equilibrated with the
sediment feed rate (Gilbert, 1914). ogm vaues were based on the reported range of

gram SIXes in a given mixture.

25 Paintal (1971) questions the existence of a definitive threshold for mobility, arguing

that grains exposed to any current will move if one observes them long enough.
Nevertheless, two potentid % ¢, values can be estimated from Paintal’s (197 1)

andyss. Extrapolating high bedload transport rates to a zero vaue yields T*CTSOsz;OS
for Dsgm vaues, of 25 mm and 7.95 mm [Paintal (1971), Fig. 8]. Alternatively, a

draight line fit through a plot of low dimensonless bedload transport rates versus
Shields stresses of Paintd’s (1971) composite data yields 1*%50m=0.02 a a transport

rate of 10-2 [Paintal (1971), Fig. 6].

26 Mizuyama (1977) examined the influence of dope and relative roughness on gran
mobility, and proposed a modified formulation for the Shields stress, accounting for
dope and intergranular friction angle. However, a dight mistake in Mizuyama's (1977)
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force balance resulted in a proposed modified Shields stress of t"_‘%Omﬂcrsml[(ps-
P)gDsom{ tand cosO-sind py/(ps-p)}]1, rather than the correct expression

T som=T¢ rsoml[(ps,-p)gDsg.,[,(tan«I) cosB-sinB)]; a buoyancy term was neglected on the
left-hand side of Mizuyama's (1977) egn (3.27) [see Wiberg and Smith (1987) for a
gmilar correct derivation]. Furthermore, the reported intergranular friction angles, @,
are actudly angles of repose for the mass sediment mixture [cf. Miller and Byrne

(1966)]. Using the correct Shields stress expression (with the erroneous @ values),

JMB cdculated ™ er50m values with data from Mizuyama's (1977) Tables 3.1 and 3.2

Mizuyama (1977) determined 1 5, values by extrapolating bedload transport rates to a
near-zero reference level. Reported grain Szes am nomind vaues of the median (?)
gran Sze of the laboratory sediment mixture; nomina diameters are assumed equivaent
to b-axes here (see note 12). Gpm was estimated by JMB from reported sieve ranges.
Although the data are not presented here, Mixuyama (1977) dso conducted experiments
with mixed-grain sediments. It was found tha mixed-gran sediments have higher
modified Shields stresses than near-uniform grains and that T*c gq,, iNCreases
systematically with decreasing sorting, contrary to more recent findings (Migi e d.

1984; Buffington et d., 1992).

27 Misi and others (1984) Fig. 6, which is a plot of Eingein's (1950) dimensionless
bedload transport parameter versus Shields stress dratified by Dy of ther N-2 sediment
mixture, indicates that dimensionless shear stress is a function of Dj and, more
importantly, has no definable critical vaue over the transport rates that they examined,
these findings agree with those of Einstein (1950) and Paintal (197 1). The “criticad”
Shields stress reported in Table 1 was etimated by JMB from Misi and others (1984)
Fig. 6 based on the lowest transport rate (10~4) of Dj vaues that bracket Dsgm.
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28 The following criteria were used by Bridge and Dominic (I 984) in sdecting data
sources. use of laboratory sediment mixtures of near-uniform sSze and densty, dlowing
a mean grain Sre to be taken as characteritic and avoiding potentiadd armoring effects;
and experiments resulting in lower or upper stage plane-beds, minimizing form drag
effects. Wall effects were corrected “where necessary” (Bridge and Dominic, 1984).

T er50m vaues were determined empiricaly by plotting dimensionless bedload transport
rates versus Shidds stress, with the critical reference value assumed to be the Shields
dress asymptoticaly approached at low transport rates (Bridge and Dominic, 1984).

29 Collection of bedload and other data began only after attainment of equilibrium
conditions, defined by uniformity of bedforms and steady sediment transport rates (Guy
e d., 1966). Time to equilibrium varied from hours to several days. The 0.19 mm and
0.32 mm mns had water temperatures close to 20° C, but the 0.28 mm runs had water

temperatures closer to 15" C; as such, v=1.139-10-6m2/s was used in caculating Re¥*;

for the 0.28 mm runs.

30 Bedload and other measurements made after attainment of a constant bed Sope and

equilibrium of sediment input and output (Williams, 1970).

31 'r*chOm determined from the composite experiments of Femandez Luque and van Beek

(1976). Five different |aboratory sediment mixtures were used with mean (by weight)
grain sizes of 0.9-3.3 mm and densities of 1340-4580 kg/m3, See dso note 42.

32 T¥; g0y Values correspond with extrapolated zero or near-zero bedload transport rates

and were cdculated by JMB using Bathurst and others (1987) egn (15.1) and vaues in
Table 15.3. Equation (15.1) is a modified Shields stress, accounting for dope and
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intergranular friction angle. However, reported friction angles are actudly angles of
repose of the mass sediment mixture, not intergranular friction angles [cf. Miller and

Byrne (1966)]. Re*: values edtimated from Bathurst and others (1987) Fig. 15.3.

33 Reported grain szes and relative roughnesses are from Bathurst et a. (1983). Detals
of Bathurst and others' (1979) flume experiments are unknown to IMB. 1%, £SOm values
were determined by Bathurst e a. (1979) as per note 32 and were etimated by JMB
from Bathurst and others' (1987) Fig. 15.3. It is uncertain, however, if Bathurst and
others (1979) values were corrected for sidewall effects.

34 Usng the Ackers and White (1973) bedload transport equation, Day (1980b)
extrapolated fractional bedload trausport rates to a low reference value assumed
representative of incipient motion and determined corresponding initid  motion
parameters for D; of bedload experiments conducted by USWES (1935) and Day
(1980a). 1*, som VAUEs were determined by JMB from Day's (1980b) Fig. 414 for
dimensonless particle sizes corresponding with Dsgm vaues of the flume experiments
[Table 41.1, Day (1980b)]; the Ackers and White (1973) initid motion parameter in
Fig. 414 is amply the square root of the Shields equation. Few detals of the
experimental methods and conditions were presented by Day (1980b). Usng Day's
(1980b) reported values of (Dg4m/Di6m)?-> (Table 41.1), Ggy was caculated by MMB as

Ggm=[10g2(D84m/D16m)-log2(1)}/2.

35 Using Parker and Klingeman's (1982) technique (note 1), %, values were determined

and expressed as a function of the ratio D;/Dsgm (Wilcock and Southard, 1988).
T*CrSOm vaues were cdculated by JMB from these functions [Table 6, Wilcock and




181

Southard (1988)], taking D;/Dsom=1. Wilcock's (1987) data were corrected for form
drag and sidewal effects, but it is uncertain if Wilcock and Southard (1988) applied
samilar corrections to the other data sources that they used. Misi et d. (1984) applied
sdewdl and (?) form drag corrections, but analytical procedures of Day (1980a) and
Dhamotharan et d. (1980) are unknown to JMB. For the data of Misri et d. (1984),
Dhamotharan et d. (1980), and Wilcock and Southard (1988), Ggm Was caculated from
Dism and Dgsm Values reported by Wilcock and Southard (1988, Teble 1). o vaues

for Day's (1980a) experiments are the same as those described in note 34.

36 Bedload and other measurements were made after attainment of equilibrium conditions,
defined by steady sediment transport and stable bedforms (Wilcock and Southard,
1988). To better establish initid motion conditions severa runs for each sediment
mixture involved lower stage plane-bed morphologies. Bedload transport rates for these
runs were close to the assumed reference value (Wilcock and Southard, 1988). Water
temperatures were typicaly about 25° C and as such | used v=(0.893.10"6 m?/s in

cdculating Re*. values.

37 Kramer (1935) recognized three types of visua gran movement: weak, characterized
by infrequent movement of a smal number of the finest grain sixes of the sediment
mixture; medium, characterized by movement of a sgnificant number of the mean grain
dres (and smaler), but with inggnificant bedload transport and maintenance of a plane-
bed morphology; and genera, characterized by significant movement of al grain sixes,
an appreciable quantity of bedload transport, and dune-ripple development. Because
mobility of the median grain sze is the issue here, the data reported in Table 1.1 are
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vaues corresponding with “medium” bed surface mobility of each sediment mixture.

Dsgm Vaues esimated by JMB from Kramer’'s (1935) Fig. 1.

38 ¢ 50m WES caculated from the Meyer-Peter and Miiller (MPM) bedload equetion
employing the observed 7, and assuming a zero transport rate at incipient motion
(Meyer-Peter and Miiller, 1948). The MPM equation expresses bedload transport of the
composite bed materid in terms of the “effective diameter” of the laboratory sediment
mixture, defined as XDjf;, where Dj is the average grain Size within a given size class of
the weght digribution and f; is that class fraction of the digtribution. The effective
diameter was typicdly equivdent to Dsg.gom (Meyer-Peter and Miiller, 1948).

39 Threshold of mobility defmed by visua observation of ether the initiation or cessation
of motion (White, 1940). The first two *c_gp,, @d Re* pairs were caculated by JMB
from White's (1940) Table 1 (experiments lab and 2a) assuming ps=2650 kg/m3 and
p=900 kg/m3; the density of the fluid was estimated by comparing the reported depth-

dope products [Table 1, “from d,” White (1940)] with those calculated by JMB for a
fluid medium of water. The third T*CVSOm and Re* par was caculated by JMB from

data on pg. 328 assuming v=10-6 m2/s. All other vaues from White's (1940) Table 2.

40 Boundary shear dress was measured from photographed velocity profiles defmed by
hydrogen bubbles traces (Grass, 1970). Two measures of shear stress are reported by
Grass. 1) an average vaue determined from 25 of the ingtantaneous velocity profiles
selected at random throughout the measuring period; 2) an instantaneous value

interpolated from the indtantaneous velocity profiles just before and after incipient
motion (as identified from photographs of the bed surface). T*CVSOIII values determined

from the later measures am reported in Table 1 in parentheses. "*Cvsom values caculated
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from the former measures are mom comparable to a depth-dope value in that they are a
time-averaged measure; however, it is unclear if the randomly selected velocity profiles
of a given run are sampled from Smilar conditions of flume-average flow depth and

dope. Direct shear stress measures of this sort implicitly account for sdewall effects.

41 T™¢ysom vaues caculated by JMB using the Shields equation and data in Everts' (1973)

Table 1. Re*; was caculated with v=0.893.10-6 mZfs, as Everts (1973) reports a water
temperature of about 25 C.

42 Femandez Lugue and van Beek (1976) examined the effects of bed surface dope on

T vsom values and as expected found a systematic increase in t* with dope; the

Cv50m
Shidds equation as origindly written neglects the downdope gravitationa component of
the driving force. T*¢, 5o, values reported in Table 1.1 am for 0° bed slopes and were

edimated by JMB from Femandez Luque and van Beek's (1976) Fig. 2. Teysom values
were cdculated from a standard Moody diagram, usng measured velocities and an
hydraulic radius corresponding with the center 0.05 m of the flume bed (Femandez
Luque and van Beek, 1976); this technique implicitly accounts for sidewall effects,

43 Ggm Was estimated by IMB from Diom and Degm, knowing that 1.6 £ Dggm/Diom <

2.1 for the sediment mixtures employed in Ydin and Karahan's (1979) experiments.
The estimation is Ggm={log2(Dgom/D10m)-loga( 1)V2.

44 The same technique was used as in note |, however, T¥c,; values were expressed as a

function of Dj/Dspss. Ggss Was calculated by IMB from data presented in Parker and
Klingeman's (1982) Table 1.
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45 t*cqm vaues were determined by JMB from reported ‘t*cqi functions [Komar

(1987a), Table 1], with Di/Dsges=1. Note that ’I:*cq vaues were fit by Komar to the

50
Shidds curve developed by Miller et d. (1977), and as such are fixed by default a

values of 0.045 for high Re*; values (see note 6). Gges Was calculated by JMB from

Djpss ad Dgggs values presented in Milhous (1973) Table 3.




