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ABSTRACT

A process-based |andscape and channd classification is proposed as a framework
for assessing watershed response to naturd and anthropogenic environmenta change. Our
proposed classfication is based on ahierarchy of process-regimes at severd spatid scaes:
1) geomorphic province, ii) watershed, iii) valey ssgment, iv) channd reach, and v)
channd unit. The geomorphic province levd identifies watersheds developed in smilar
materids, topography, and climates, reflecting comparable hydrologic, erasond, and
tectonic processes. The watershed level distinguishes hilldopes from valeys, defining
fundamentd differences in trangport processes within a contiguous drainage basin. Valey
segment morphologies further distinguish trangport processes and generd relations
between trangport capacity and sediment supply of both channeled and unchannded
vadleys At the reach levd, didinct morphologies may be identified based on sediment
transport characterigics, channd roughness configuration. Channd reaches, in turn, are
composed of finer-scale channd units.

Within this framework, our discusson focuses manly on the valey ssgment and
channd reach levels. Vdley morphology and sediment transport characteristics define
colluvid, dluvid, and bedrock valey segments. Unchanneled valleys (hollows) are
characterized by alack of fluvial processes, resulting in a trangport-limited accumulation of
colluvium that is periodicaly excavated by mass wasting processes. Channeled colluvid
vadleysam those in which fluvial sediment trangport maintains a channd, but in which the
trangport cgpecity is insufficient to mobilize dl of the calluvium ddivered from the
surrounding hillslopes. In mountain drainage basins, colluvid valeys am dominantly
carved by mass wadting processes. Alluvid valeys contain predominantly alluvial fills and
are characterized by fluvial trangport of sediment over a variety of dluvid bed
morphologies. Alluvid valey ssgments may be ether confined or unconfined, reflecting
generd reaions between trangport capacity and sediment supply. Bedrock valey
segments lack a continuous dluvid cover dueto high transport capacities. Valley
morphology generdly reflects the relation between sediment supply and trangport capecity.

At the channe reach-leved of the classfication, bed morphology is coupled with
both the potentia for debris flow impacts and the role of large woody detris loading to
characterize channd processes and provide a framework within which to examine potentid
channel response. Colluvid and bedrock channels occupy corresponding valley segments,
but we recognize sx dluvia channd types: regime, braided, pool-riffle, plane bed, step-
pool, and cascade. We hypothesize that observed systematic and local downsiream
changes in dluvid channd morphology and channd roughness corrdate with changesin
channd dope, sediment supply (Sze and amount of materia avalable for trangport) and



trangport cagpacity (a function of the available shear dtress). These differences provide the
badis for interpreting the potentid response of different areas of the channd network to
perturbation. In generd, steep dluvid channds (step-pool and cascade) tend to maintain
ther morphology while trangmitting increased sediment loads. In contradt, low-gradient
channds (regime and pool-riffle) typicaly respond to increased sediient loads through
morphologic adjustment. In essence, stegp channd s effectively act as sediment delivery
conduits connecting zones of sediment production on hilldopes to downdope low-gradient
channels. Such didtinctions alow recognition of source, trangport, and response reaches.
Channd morphology thus reflects the loca and watershed-integrated processes influencing
sediment supply and transport cgpacity. Evaduation of channd regponse potentid within
the context of morphologicaly-characteristic processes dlows digtinction of different
response potentid for different portions of a channd network.

While the proposed channd dassficaion provides indght into potentid channel
response that can guide impact assessment, changes in sediment supply and transport
cgpacity may result in @ther smilar or opposing effects. This highlights the redlity that
changes in discharge and sediment supply cannot be examined in isolation; both need to be
congdered when assessing either watershed conditions or the potentid for furture impacts.
In particular, it is necessary to focus on agpects of channd morphology and dynamics that
are sengtive indicators of perturbation and to congder the specific channd type and
posgtion in the channd network. A number of quantitative and qudlitative goproaches
provide indght into evaluaing watershed impacts and predicting potentid responses to
continuing or anticipated watershed disturbance.



“To protect your rivers, protect your mountans’
- dtributed to Emperor Yu of China, 1,600 B.C.

INTRODUCTION

Addressing concerns over environmental degradation requires of drategies for
ases9ng land management impacts on landscapes and ecosysems. Watersheds provide
natural land management units because their boundaries coincide with those of naturd
processes. Changes in watershed processes can dter fluvial systems. At present,
however, prediction of sream channd response to land use and disturbance is a wesk link
in watershed assessment methodologies, because channd processes am ether poorly
represented or viewed in isolation from the rest of the watershed. We propose a process-
based classfication of landscape and channd form that provides a foundetion for
interpreting channel morphology, assessng channd condition, and predicting reponse to
neturd and anthropogenic disturbance.

Stream channels integrate watershed processes. Hillslope processes generate and
deliver sediment to channds; fluvial processes transport and redistribute Sediment through
the channel network. Analysis of channel characteristics requires a watershed context
because channel response to perturbation reflects this coupling of hilldope and fluvial
processes.  The nature and Style of fluvial sediment trangport aso reflects postion within
the channd network. Consequently, assessing channd condition and predicting channd
response requires identification of functiondly smilar portions of the channd network.
We contend that the processes governing landscape form provide the most logicd context
for organizing and classfying both landscapes and channd networks.

Two sample principles govern channd form and dynamics. Firs, conservation of
meass dictates that both the water and sediment supplied to the upstream end of a channd
reech mugt be ether sored or discharged downgream. Second, the morphology and
sediment trangport dynamics of a channd reflect the dyle, magnitude, and frequency of
both sediment and water input from upslope sources and the ability of the channd to
tranamit these loads to downdope reaches. Sediment ddivery, hydraulic discharge, and
channel dope vary both sysematicaly and locdly throughout a drainage network.
Conssquently, channd morphology, sediment transport dynamics, and response potentia
reflect both locd conditions and the spatid context within the drainage network

Inherent in this arguement is that channd morphology is not gatic. Over geologic
time, channds respond to tectonic uplift, subsequent erosond degradation of the
landscape, and climaticaly-driven oscillations in discharge. Land uses such as
urbanization, grazing, forestry practices, and dam congruction ater channel processes in



ways that affect both aguatic and riparian ecosystems, as well as human uses of fluvial
sysems. Concern over these impacts motivates assessing channd change to: 1) evauate
past channd response to climatic or anthropogenic disturbance, and 2) predict response to
aither future environmenta changes or land management practices. The wide variety of
channd types, the adjusment of individud channelsto locd factors, and potentid time lags
between perturbation and channd response complicate recognition and quantification of
padt, as well as prediction of future, changes in channel form or processes. In Spite of this
complexity, the intengty of contemporary land use necesstates refining a practica
methodology to assess the condition and potentia response of channd systems so that land
managers can make informed decisons when confronted with competing interests, such as
meaximizing timber harvest and minimizing impacts on downdream fish populaions

This report discusses the theoretical basis for possible channd responses and
reviews previous work on measuring and predicting channd change. We then synthesize
previous studies of channd processes into a channd classfication that illustrates how
different portions of drainage basns function and respond to perturbation. This
classfication provides a framework for both studying watershed processes and drainage
basn evolution and assessing channd condition and response potentid.

THEORETICAL BASIS FOR INTERPRETING CHANNEL ADJUSTMENTS

Natural channds range in Sze from smdl ephemerd rivulets to the large rivers of
the world and exhibit a wide variety of morphologies. In dl channds, however, the
morphology and sediment trangport dynamics of a channd reflect the syle, magnitude, and
frequency of both sediment and water input from upslope sources, the ability of the channe
to tranamit these loads to downdope reeches, and the influence of vegetation on channd
processes (Figure 1). Channel morphology and response potentid reflect both local
conditions and sysematic downstream Vvariaion of the independent parameters shown in
Fgure 1. Changes in discharge and sediment supply result in a limited number of possble
channd adjusments, which vary with channd morphology and pogtion within the
network. All of these potentid adjusments may be examined in a theoretica context,
allowing prediction of genera channd responses to disturbance.

Potential channd adjustments to dtered discharge and sediment load include
changes in width, depth, velocity, dope, roughness, and sediment sze (Leopold and
Maddock, 1953). Equations describing the physics governing channd processes formalize
controls on these possible channd adjustments. Consarvation of energy and mass describe
sediment trangport and the flow of water through both the channd network and any point
dong a channd. Other equaions describe the frictiond disspetion of fluid energy by
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channd roughness eements, the relation between boundary shear stress and sediment
trangport, and the geometry of the active transport zone.

Precipitation over a landscgpe results in downdope movement of weter, causng
erodon and energy expenditure that forms and maintains channds. The frequency and
meghitude of precipitation and the topographic rdief onto which it fals provide the source
of this potentid energy. For the Smple case of spatidly-uniform rainfal, the potentia
energy (Ep) in a catchment is equa to the integra of the product of water mass (m),
gravitationd accderation (g), and devation (2)

B - Jmga (1)

Initidly, the total energy of the sysem (E) conssts of potentid energy (mgz). Downdope
movement of water converts this potentia energy into kingtic energy (mu?/2), pressure
enargy (mgD), and energy disspated by friction and turbulence. Energy loss in this
disspdtive sygem is given by

AE = A(mgz) + A(mu?/2) + A(mgD) (2)

wherey and D are respectively the flow velocity and depth.  Combining the bed devation
(2) and the flow depth (D) into awater surface devation (H) and assuming that change in
the downstream flow velocity is negligible (Leopold, 1953), the energy loss per unit bed
area per channd length (L) can be expressed as

AE /AL~ A(D pw g H) /AL 3)

where pyw is the dengty of water. The amount and Syle of energy disspation is a function

of channd roughness (R). Thus, noting that AH/AL is the water surface dope (S),
equation (3) implies that

R o DS 4

In generd, changes in water surface dope dominate flow depth changes (Leopold et d.,
1964), s0 that channd roughness is primarily a function of water surface dope. Since
channds tend to be steep in their headwaters and decrease in dope downstream, this
implies that channd roughness generdly decreases downdream.



Hydraulic discharge () is fundamentally related to channd geometry. At every
point within a channd network, bankfull discharge is equd to the product of the channd
cross-sectiond area and the velocity of the fluid, which for a rectangular channd of width
W is

Q = WDu (5)

The velocity of flow, in turn, depends upon the flow depth, dope, and viscosty and is
inversdly related to the flow resstance offered by the channd. FHow resstance may be
caculated by one of severd commonly used formulae (cf., Leopold et d., 1964; Dunne
and Leopold, 1978)

g = (DB §U2)/n = C (DS)I2 = (8gDS /)2 (6)

where n is the Manning resstance coefficient, C is the Chezy resgance factor, f is the
Darcy-Weishach friction factor, and D is assumed to gpproxmiate the hydraulic radius, an
assumption most appropriate for wide channels. The tota roughness of a channd reflects
the rate of energy disspation and incorporates a wide variety of factors, such as 1)
resstance to flow offered by bed-forming particles, 2) bedforms, and 3) in-channd
obgtructions. These effects can dgnificantly reduce the energy available for sediment

transport.
The basal shear stress (ty,) exerted on the channd bed by flowing water is the

driving force for sediment trangport. The average basd shear stress may be expressed as
the product of fluid dengty, gravitationa accderation, flow depth, and water surface dope

Th=PwgDS (7)
The fraction of .the basd shear stress available for sediment transport, defined as the
effective boundary shear dtress (1), depends upon the amount of in-channd roughness and

energy disspation, as discussed above. The critica shear stress (t,,) represents the shear
stress Necessary to mobilize a given gram Sze (d) and is expressed as

Ter = T (Pg-Pw) gd (8a)

where p; is the sadiment dengty and 1« is a dimensionless critical shear stress (Shidds,
1936). Coarse-grained channds often exhibit a threshold for sgnificant gram mobility thet



is associated with a dominant discharge (Lane, 1953; Henderson, 1963; Andrews, 1984).
In gravel- and cobble-bed channds the bankfull Sage is the dominant discharge responsible
for establishing channd morphology and accomplishing most sediment transport (Wolman
and Miller, 1960, Andrews, 1980; Knighton, 1984). To a first goproximation, many such
gtreams can be viewed asbankfull threshold channels (Henderson, 1963; Li et d., 1976;
Jackson and Beschta, 1982; Richards, 1982; Carling, 1987), with a threshold of bed
mohbility characterized by the critical shear stress of the median surface grain size (dsg)

Terso = x50 (Ps - Pw) 8 ds0 (8b)

Trangport of bed materid occurs a discharges which generate effective boundary shear
stresses greater than the critical shear stress (1" > 1), but the frequency of the bankfull
discharge varies for different channds (Williams, 1978).

Modes of sediment trangport include both suspenson of grains within the flow
(suspended load) and rolling, diding, and sdtating of grains near the channd bed
(bedload). Suspended load typicdly accounts for the mgority (>90%) of trangported
sdiment (e.g, Richards, 1982), but bedload transport dominates channd morphology.
Numerous expressons have been developed (Gomez and Church, 1989) describing
bedload transport as a non-linear function of such inter-rlated hydrologic variables as
shear dress, discharge, velocity, and stream power. One conceptualy smple equation
expresses the bedload trangport rate (Qp,) as a function of the difference between the
effective basa shear stress and the critical shear stress (Meyer-Peter and Miiller, 1948)

Q=KW (t'. 1t )l5 (9)

where k is a congant. While me bedload transport rate from a reach determines the bedload
supply to the next downstream teach, the bedload trangport rate of any given teech isa
function of both the trangport capacity and the input of trangportable materid. The
dependence of basa shear stress on flow depth, and thus discharge, indicates thet a
ggnificant change in discharge directly influences sediment trangport, channd bed gability,
and channd scour.

The depth of scour defined by the thickness of the active trangport layer is
corrdated with hydraulic discharge (Emmett and Leopold, 1963; Leopold et d., 1966,
Hassan, 1990). However, Carling (1987) noted only aweak correlation of scour depth
and discharge for a compaosite data set from channels with distinctly different grain Szes
This suggedts that relaions between discharge and depth of scour may be Ste specific.



Leopold and Emmett (1984) further linked the depth of scour to the bedload transport rate.
Continuity requires that the thickness of the active trangport layer is a function of the
bedload transport rate

ds = Qv /up Wps (I-p) (10)

where d; is the mean depth of scour, uy, is the average bedload veocity, and p is the bed
porosity (Carling, 1987).

Potentid response to dtered sediment supply dso is governed by sediment
continuity through a channd reech. Any difference between the amount of sediment
entering (Qs) and leaving (Qqy) areach is equd to the difference between the sediment

supply (Qg) and the trangport rate and must be accommodated by a change in the amount of
sediment stored (Sy,) within the reech

Qs-Qout = A Sy (11)

If mom sediment is trangported into a channd reach then it can tranamit, then the amount of
dored sediment must increase. Barform roughness reflects the amount of materid dored in
the channd and in turn influences sediment transport rates,

Both the discharge and sediment input to a channe reach are inherited as the output
from the reech immediatdy upchannd. Although the sediment supply is intimatdy related
to discharge (as discussed above), both are imposed factors to which the other variablesin
equations (4-11) respond (e.g., Leopold et d., 1964). In response to changes in sediment
supply or discharge, a channd may: widen or degpen; change its dope through
aggradation, degradation, or changes in snuogty; dter macroscopic bedforms or the
particle gze of its bed and thus change the frictiond resstance of the bed; or dter the depth
of the active transport layer, defmed by the depth of channd scour. Each of these potentid
channe responses reflects the basic interplay among sediment supply, trangport capacity,
and sadiment Sorage.

Conceptual Modelsof Chantiel Response

The variety of potentid channd responses complicates both the prediction of
specific channd response and the recongtruction of past channe changes. In spite of these
complications, relations like (4-11) alow conceptud models of channd response to
changes in sediment load or hydraulic discharge. Drawing on both theoreticd and



empirica arguments, previous workers developed conceptud modes for predicting channd
response to changes in discharge and sediment load supplied from upstream.

Gilbert (1917) origindly hypothesized that a stream flowing over an alluvial bed is
just as deep as is hecessary to transport its imposed load. This hypothesis implies that
where the channd dope is insufficient to transport the ddivered bedload materid, it is
deposited and the local channd dope increases until sufficient to transmit the supplied load.
Where the channd dope is greater than the minimum necessary to trangport the load, the
channd incises and the dope decreases. This implies that bedload discharge Qp and
channel dope S are proportiond, or that

Qpe S (12)

With this reasoning Gilbert (1917) anticipated and subsequently confirmed downstream
channd incison in response to dam condruction.

Lane (1955) later hypothesized that bedload discharge and sediment Sze are
adjusted to hydraulic discharge and dope through

Qpdsg == QS (13)

Based on this expression, Lane (1955) argued that changes in discharge or bedload
trangport are accommodated by corresponding changes in channd dope or sediment size,
Equation (15) is more complete than Gilbert’s hypothes's, but neither modd accounts for
the ability of a channd to change its basc geometry while preserving sediment transport
rates and subdtrate Sze.

Schumm (197 1) combined empirica relations between discharge, bedload
trangport, and other descriptive morphologica variables into generd rdations for channd
response

Q (WDM/S (14)

Q= (W X §)/(Dp) (15)

where ) is channel meander wavdength and p is Sinuosity.  Schumm (197 1) used these
relations to define a series of expected channd responses to changes in sediment trangport



or discharge. Nunnaly (198.5) later eaborated on this gpproach to yield asimilar set of
relationsincluding ds;;. These relaions form a complex web of possible channel responses
to dtered conditions and indude the dominant factors describing the overdl geometry of a
channd. However, the factors listed in (14) and (15) are only afew ways in which
channels respond to perturbation.  Since these rdlations are based on large dluvid rivers,
severd additiond factors are needed to develop generd modd s for channe response.
Consdering the generd relationships between sediment supply, discharge, and the
variables in equations(4- 11) we can incorporate these additiond factors into conceptua

channd response moded's more gopropriate for mountain drainege basns, as summarized
below:

Q oc Qvds WDd5/R S Sp (16)

Q =  QudsWSSy/RDdg (17)

Some variables ligted in (16) and (17), such as W or Sy, may respond only above a
maximum transport capacity threshold, while others, such as dgp, may have a continuous
response potentid. When using rdaions such as equations (16) and (17) it is important to
remember that bedload trangport and sediment supply are rdaed to discharge. While these
relations dlow a generd prediction of the suite of possible channel changes, it is not aways
graightforward to reconstruct causes of channd change since a given response could reflect
changes in ather sediment supply, discharge, or some combination thereof. Furthermore,
concurrent changes in discharge and sediment load may lead to conflicting response
potentia. Consequently, atributing channd change to dtered discharge or sediment supply
may not be possble without independent condraints on one of these factors. In order to
predict channd response to future perturbation one needs to congder which of the possible
disturbances and channel responses are most likely for a particular channd.  Although the
predictions of (16) and (17) are gpplicable throughout channd networks, the particular style
and magnitude of response vary with channd type and pre-exiging conditions.

These rdaions dso illudrate a fundamenta problem in predicting or recongtructing
channd response: them am. seven variables, but only two relaions Fortunady, channe
processes and morphology impose condrants on potentia responses. In the next section
we examine empiricd dudies, which combined with theoreticd condderations provide the
foundation for a process-based channel classfication that systematizes channd morphology
and response potentid.
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CASE STUDIES OF CHANNEL CHANGE

Reported obsarvations of channd change highlight common channd responses and
provide a large body of empirica evidence againg which to test conceptua models.
Evidence from a wide variety of environments supports the generd predictions of reaions
(16) and (17). Much of this previous work focused on large, low-gradient channds,
dthough a few workers sudied smdler, high-gradient channels. The following section
reviews dudies that illustrate channd response to dtered sediment supply, discharge,
vegetaion, and dam congruction.

Sediment Supply

Humean activities and naturd processes affect the amount, digtribution, and
frequency of sediment trangport both to and within sream channels. While al sediment
trangport processes are episodic over some time scale, channd response to sediment inputs
depends on the dbility of the channd to trangport materia rddive to the sediment supply.
In accordance with the predictions of (17), dgnificant aggradetion, channd widening, bed
fining, podl filling, or brading occur where the amount of introduced sediment
overwhemsthe loca trangport capacity.

Soatid vaiability in sediment supply may govern channd morphology in different
portions of a drainage network. Channds with a high sediment supply often exhibit a
braided morphology with multiple active channdways defined by longitudind and medid
bar forms (Leopold and Wolman, 1957). Smith and Smith (1984) documented channe
braiding in response to a massve increase in sadiment supply dong the William River in
Saskatchewan Caneda. They report that the channd abruptly changes from a sngle thread
to abraded channd five times as wide and haf as deep in reponseto alarge increase in
bedload as the channd traverses asand dunefield. Over this distance, other factors
influencing channd width, depth, and paitern do not change gppreciadly. Other workers
aso report that channels with a high supply of coarse sediment am braided, wheress those
with a restricted supply of coarse sediment are meandering (eg., Harvey, 1991).

Tempord vaiaions in sediment supply dso influence channd form. A number of
case dudies illudrate progressve downstream aggradation and subsequent degradation in
response to an episodic increase in sediment input. Gilbert (1917) reported the effects of
huge additions of hydraulic mining debris to rivers in the foothills of the Serra Nevada of
Cdifornia from the early 1850's to the 1880's. Aggradation occurred sequentialy
throughout the downdope channd network as the mining debris was gradudly trangported
through the system Locdly, channd aggradation approached 40 meters by the late 1870's
(Whitmey, 1880). Subsequent reincision of the channels was till occurring just after the
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turn of the cenmry (Gilbert, 1917) and some channels in the Sierra Nevada were ill
responding in the 1980’ s (James, 1989, 1990), over one hundred years after hydraulic
mining cessd

This generd pattern of regponding to, and recovering from, increased sediment
supply has been observed in many other stuations. For example, Madg (1978; 1982)
sudied the Big Beef Creek watershed in western Washington and estimated that sediment
trangport rates approximatdly tripled in response to disturbance from certain land use
changes. Didurbance associated with logging activity incressed sediment ddivery to
channds and generated an aggradationd wave that took 20 to 40 years to pass through the
watershed. Channd widening also was attibuted to increased sediment supply through
comparing the exiding hydraulic geometry of Big Beef Cregk with surveys of channds in
amilar nearby watersheds.

Channd changes resulting from the 1964 floods in northern Cdifornia and southern
Oregon illugtrate another well.-documented example of channe response to magor sediment
inputs. Channe widths increased by 100% a some gaging sations and channel beds
aggraded as much as 4 m (Hickey, 1969; Janda et d., 1975, Kelsey, 1980; Lide, 1981,
1982), except for channels with nondluvid banks confined in narrow valeys (Lide,

1982). Kelsey (1980) estimated that a pulse of sediment originating in steegp headwaters of
the Van Duzen River migrated downdtream a arae of about 1 km/yr, Lisle (1982)

reported that pool infilling decreased channd roughness and accderated sediment trangport
within aggraded reaches. The mean Sze of bed materid aso decreasad in response to
aggradation (Nolan and Janda, 1979; Kelsy, 1980). Kelsey (1980) further noted that
aggradation reduced pool pacing. Helley and LaMarche (1973) reported increased
sediment storage in large gravel bars dong channd margins and described evidence for a
comparable response to prehistoric floods.

Channd widening on the middle fork of the Willamette River, Oregon, in response
to the 1964 storm reflected increased sediment ddivery from hilldopes and disturbance of
riparian vegetation (Lyons and Beschta, 1983; Grant et d., 1984). Debris flows dso
scoured many steep channels to bedrock (Grant et d., 1984). Significant flood-delivered
materid is dill sored in low-gradient reaches and the channdl is braided in places where it
isincisgng and reworking flood & posits (Sullivan et a., 1987). Such changes in sediment
dorage within a channd system may perast for decades as sediment is gradudly
trangported from the reaches in which it accumulated.

The South Fork Sdmon River in centrd 1daho presents another recently
summarized example of impact and recovery from sgnificant sediment inputs (Sulliven et
d., 1987). Severe gorms in the early 1960's following extensive logging and road
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condruction dramaticaly increased sediment loads which resulted in pool filling, burid of
gravels with sand, decreased bed roughness, and fining of the channel bed (e.g., Plaits et
a., 1989). A coincident decline in the fish populaion resulted in a moratorium on logging
in the watershed, which reduced the sediment supply to impacted channds. Cross sections
monitored over the subsequent thirteen years showed progressive reincison (Megahan et
al., 1980), as pools were re-excavated and sand was trangported out of spawning gravels
(Platts et a., 1989). This ranforces the algument for a generd re-establishment of origina
channd morphology after sediment supplies decrease.

An important characterisic of channel response to increased sediment loads is that
different portions of a drainage network may respond differently to a sngle disturbance.
An excdlent example of spatid patternsin channd response occurred as aresult of a1(0-
year gorm in the Santa Cruz Mountains that caused widespread landdiding in January,
1982 (Ellen and Wieczorek, 1988). Scour in steep channels and aggradetion in lower-
gradient channels characterized channd response (Nolan and Marron, 1985; 1988). Debris
flows and high discharges scoured many of the channels stegper than 6°, resulting in mgor
sediment ddivery to lower-gradient channds. Channd response in intermediate-gradient
channels was variable, with sgnificant locd aggradation associated with landdide
&pogtion (Nolan and Marron, 1988). In many of these channds, sand infilled pools,
buried riffles, and filled the interstices between coarse bed materia (Coats et d., 1985;
Nolan and Marron, 1988). Substantial aggradation and overbank deposition aso occurred
aong geep channels that did not directly receive sgnificant landdide debris (Nolan and
Matron, 1988). Later that winter, subsequent stream flows in stegp- and intermediate-
gradient channds scoured much of the aggraded sediment and redigtributed it downslope.
In lower-gradient channds, poadl filling and riffle burid perssted for alonger time (Coats et
d., 1985). illudrating a strong difference in the style and persstence of channd response at
different locations in the drainage network.

Changes in sediment supply dso influence the character of the channd bed.
Perkins (1989) studied the effect of landdide-supplied sediment on channel morphology in
Sdmon Creek in southwestern Washington. Based on congderations of the rdation
between sediment trangport capacity and sediment supply she argued that accderated
sediment ddivery increases the amount of materia dored in bedforms (expanding bar
volumes a the expense of pool volumes, for example) and decreases the average sediment
gzeintheteach. She argued that dimination of landdide-supplied sediment resultsin a
long-term decrease in the amount of materid stored on the bed and a greater degree. of
bedrock control on bed morphology. Her study provides an excellent example of how
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channd form and sediment storage may reflect a baance between sediment supply and
transport capacity.

The sze of bed surface materid aso responds to changes in sediment supply.
Knighton (1991), for example, reported that channd response to large inputs of fiie
sediment involved both awave of aggradation and a generd fining of bed materid.  After
passage of the wave, the channe substrate coarsened as the bed degraded toward its
origind condition. In a series of flume experiments, Jackson and Beschta (1984) showed
that increesng the amount of sand in a mixed sand/gravel bed increased grave trangport
and produced scour of previoudy dable gravd riffles. They dso showed that the dsg of
the flume bed decreased with increased sediment trangport (Jackson and Beschta, 1984).
Dietrich and others (1989) proposed that for gravel-bed channels the degree of bed surface
coarsening reflects the rdaion between sediment supply and the ability of the channd to
trangport the imposed sediment load In a series of flume experiments they (Dietrich et 4.,
1989) showed that a decrease in sediment supply resulted in surface armoring and
condriction of the zone of active sediment trangport. They further proposed a
dimensonless ratio of the sediment trangport rate for surface and subsurface particles (g«)
in order to characterize the trangport efficiency of asream. Vauesof g« equd unity
(poorly armored) when the sediment supply rate matches the transport cgpacity of the
channd, and decrease toward zero (well armored) as sediment supply declinesrelaive to
trangport cgpacity. Some empirica evidence from naturd channels supports this
hypothesis. Kinerson (1990) reported high g« velues for channels with a high sediment
supply and alow q« for channds with low sediment supply. Lide and Madg (in press)
aso report ahigh g« and poorly developed surface armoring in a channd with a high
sediment supply.  Consequently, the character of the channd bed reative to the subsurface
sediment may provide an indication of the sediment supply relative to the channd trangport

capacity.

Changes in the magnitude and frequency of the discharge a channd conveys may
result from dteration of ether the totd precipitation faling in a watershed or from changes
in runoff production and routing through the channd network. Climatic change provides
the mogt direct precipitation-related impact on discharge in channd networks.
Opportunities to monitor the influence of dimate change on channds are rare, but sudies of
dry vdleys (eg., Gregory, 1971; Gregory and Gardner, 1975) and channd initiation
(Montgomery and Didtrich, 1992; in press) suggest that channd network extent expands
and contracts in response to dimétic forcing. The following summary of dudies illudrates
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channd response to discharge variaions in downstream portions of contemporary channd
networks.

The impect of land management activities on the discharge regime and morphology
of dream channels is well documented Watershed urbanization, for example, dramaticaly
increases peak discharges because of increased impervious area, which, in tum, increases
the proportion of rapid surface runoff at the expense of infiltration (Leopold, 1968).
Channd response to urbanizaion typicdly involves channg expanson through an increase
in ether channd width or depth as a response to increased discharge. Hammer  (1972)
compared relationships between drainage area and channd width for urbanized and rurd
drainage basns in Pennsylvania and found Sgnificant channd widening in response to
increased peek flows. He dso found that large impervious surfaces (such as parking lots)
directly connected to the channe network (via sorm sewers) enhanced channd widening.
Other workers aso found significant channd widening and incison as a result of
urbanization in both humid (e.g., Leopold, 1973; Graf, 1975; Gregory and Park, 1976;
Neller, 1988; Booth, 1990) and tropica catchments(Whitlow and Gregory, 1989).

Changes in watershed vegetation may afect the flow regime in downstream
channdls through changes in water yields, summer low flows, and pesk flows. Paired
watershed experiments indicate that forest clearance generaly increases water yidds (Bosch
and Hewlett, 1982), but in some regions, the vegetation that aggressively recolonizes a
cleared forest may increase evagpotrangpiration (e.g., Harr et d., 1979) and may even
reduce discharges below origind levels (Harr, 1983). Although they may be very
important biologicaly, changes in low-flow conditions am generdly unimportant for
channel morphologic response. Increases in the pesk runoff caused by rain-on-snow
events (Harr, 1981; 1986, Berris and Harr, 1987; Coffin and Harr, 1991) in clear cut areas
may sgnificantly affect channes due to the possble change in dther the frequency or
magnitude of the channd-forming discharge. Channd responses to rain-on-snow events in
cleared areas indlude bank erosion, channd incison, and mohilization of both bedload and
large, in-channel organic debris (Harr, 1981). These effects are smilar to those occurring
from naturd large-discharge events, but a change in thair frequency could impact biologic
systems and the reach-level sediment trangport rate.

Dams

Dam condruction changes both the discharge regime and sediment supply of
downstream channds leading to channd incison, condriction or widening, and changes in
channd subgtrate. Many workers report channd incison immediatdy downstream of dams
in response to decreased sediment supply (e.g., Gilbert, 1917; Lane, 1934, Leopold and
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Maddock, 1953, Wolman, 1967, Stanley, 1972, Galay, 1983, Williams and Wolman,
1984). Tributary channds dso may incise in response to maindream channd incison
(Bray and Kelerhds, 1979) through upstream knickpoint propagation from their
confluence (Germanoski and Ritter, 1988). The decreased discharge below a dam may
cause a narrowing of the active channd width (eg., Leopold and Maddock, 1953;
Wolman, 1967; Petts, 1977; 1979; Gregory and Park, 1974; Gregory, 1976; Park, 1977
1981, Rahn, 1977; Williams and Wolman, 1984; Sherrard and Erskine, 1991) and
aggradation of bedrock channds (e.g., Allen et d., 1989). Severd workers noted,
however, that some channds widen in response to dam congruction, while other channels
exhibit little change in width (Leopold and Maddock, 1953; Petts, 1979; Williams and
Wolman; 1984). This difference in response may reflect the erodibility of channd bank
maerid and the available size and sources of sediment. Channd incigon in response to
reduced sediment supply may lead to bed armoring downsream of dams (eg., Williams
and Wolman, 1984). Although a paucity of coarse sediment may limit the potentid for
amoring (eg., Sharard and Ersking, 1991), coarsening of channd bed materia occurs
downgtream of many dams (eg., Little and Mayer, 1976; Shen and Lu, 1983; Bradley ad
Smith, 1984; Kinerson, 1990). In contrast, a number of workers (eg., Davey et d.,
1987; Petts, 1988) report accumulations of fine sediment downsiream of damsin gravel-
bed channels, presumably due to a decrease in flows that previoudy flushed finer
sediment. Conddered together, these Studies indicate thet a wide variety of potentia
channd responses may be expected downstream of dams due to coincident aterations of
both sediment supply and discharge. The specific effects likely for a given channd reflect,
among other factors, the Sze and availability of downstream sediment and the nature of the
bank-forming maerids.

Yegetation

Madification of vegetaion growing within, dong, and near channds may induce
changes in channd geometry or sediment storage and transport. For example, channd
enlargement and the dissection of unchanneled valeysin most parts of the United States
has been ascribed to overgrazing and removd of vegetaion from valey floors (eg., Rich,
1911; Bryan, 1928; Antevs, 1952; Brice, 1966, Daniels and Jordan, 1966; Costa, 1975;
Cooke and Reeves, 1976). The increased erosdon and grester drainage dengty resulting
from channd network expanson may greetly increase sediment deivery and dter
hydrograph characteridics for downdream channels. The root strength of vegetation
growing adong channd banks contributes to bank gability, especidly in rdaively
uncohesive dluvid depogts. Conseguently, dteraion of riparian vegetation can trigger
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channel dedtahilization (eg., Kondolf and Curry, 1986). ‘Viewed in this context,
vegeation growing near the channd plays an integrd role in determining the channd
geometry. Gregory and others (1991) discuss the biologica importance of riparian
corridor/stream channd interactions.

Vegetation and debris located within the channd may dso strongly impect both the
dyle and amount of sediment storage, as well as the overdl channd roughness. Large
woody debris (LWD), for example, provides trangent storage Sites for bed materid (eg.,
Heede, 1972, Beschta, 1979; Keller and Swanson, 1979; Modey, 1981; Pearce and
Watson, 1983; Bilby, 1984), stabilizes gravel bars (Lide, 1986), and can provide
hydraulically sheltered locations that dlow fine sediment to accumulate (e.g., Zimmerman
et d., 1967; Megahan, 1982). The morphology of smdler channds may respond
dramaticdly to changes in the input, transport, and decay of LWD. For example, remova
of large organic debris from smal channels rapidly acce erates sediment transport (e.g.,
Beschta, 1979; Bilby, 1984; Smith et d., in press). Pool morphology and areal extent in
some channds are strongly correlated to LWD loading (Smith and Buffington, 1991).
Changes in the supply of LWD to a channd may trigger significant changes in sediment
dorage, channd roughness, and pool morphology.

Sumumnary of Case Studies

The studies summarized above document a wide range of channd responses to
changes in sediment supply, discharge, and vegetation. Increased sediment supply can
induce channd widening and aggradation, decrease roughness through poal filling, and
decrease bed sediment size. These responses am consstent with those predicted by (18).
Increased discharge can cause channd widening, incision, and bed armoring, effects
predicted by (17). Channd response to dam congtruction and vegetation dteration
illustrates potentid effects of covarying changes in discharge and sediment supply.
Collectively, these case sudies illustrate that (17) and (18) provide a reasonable conceptud
framework for examining potentid channd response to perturbation.

CHANNEL CLASSIFICATION SYSTEMS
A channd dassfication imposes order on the wide range of morphologies found in
naturd streams basad on Smilarities of form or function. The need to address potentid
changesin fluvial sysems has fuded a proliferation of channe and valey classfication
sysems (eg., Kelerhals e d., 1976, Paustian €t d., 1983; 1992, Rosgen, 1985; Frissl
et al., 1986, Frissall and Liss, 1986, Cupp, 1989; Frissdll, 1992). A classification system
cgpable of assessing potentid channel changes should differentiate streams based on both
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processes acting within them and their potentid response to changes in ether discharge or
sediment loading. While there are many ways to organize a channd classfication scheme,
there are severd essentid criteria necessary for a geomorphic channel classification:

D It should be rdatively universal S0 that it is gpplicable on more than aregiond bas's;
otherwise proliferation of regiond channd dassfications will impede, rather than
enhance devdopment of communication and undersanding.

2) It should encompass the whole channd network. By congdering only sreams of
biologicd importance, channds with desirable or sengtive attributes, or channels
larger than an arbitrary Sze (eg. perennid channels) one ignores the redity that
each reach of a channd network inherits the products of processes acting in upslope
reaches.

3) It should be process-based and rely on those aspects of channel form that reflect
channel  processes.

4) It should be predictive, dlowing assessment of likely channd response to naturd
and anthropogenic environmenta  change.

5) It should be compatible with landscape classifications to fadlitate integration with
other land management gods.

A number of dream dassficaions have been proposed, but most am designed for
large, low-gradient dluvid rivers. Modey (1987) and Naiman and others (1991) provide
recent reviews of a number of stream dassfications used by geomorphologists, enginears,
and ecologids. -Some of these systems have predictive power, others are purdy
descriptive.  In our opinion, none are ided for broad use as a foundation for ether
assessing channd conditions or predicting changes in channd morphology. There is a
need to sysematicaly organize the vaiaions in channd morphology and sediment
trangport theat characterize sream channds in environments ranging from mountain drainege
basins to continental-scae river systems. Idedly, such a classfication would provide a
context for understanding channd processes from headwater channds to mgor rivers.

Systems for classifying channels can be traced as far back as Davis (1899)
conception of youthful, mature, and old landscapes. Since then a number of more detailed
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geomorphic clasdficaions have been proposed for large dluvid rivers. Perhgps the first
process-oriented stream classification was presented by Mdton (1936) who subdivided
channds into those whose floodplains are formed primarily by meandering, overbank
depogtion, or braiding. Leopold and Wolman (1957) presented a quantitetive basis for
differentiting sraight, meandering, and braided channd patterns based on rdaionships
between dope and discharge; Brice (1984) later proposed the use of channel pattern to
classfy sreams. Schumm (1963; 1977) classfied dluvid rivers on the basis of whether
their beds ate gable, eroding, or aggrading and he further differentiated them through the
dominance of suspended load, mixed load, or bedload sediment trangport. None of these
systems are gppropriate for dassfying seep channels in relatively smal drainage badns.
Conseguently, they provide only a limited context for channd classfication.

The most widdy-used channd dassification scheme is the concept of channel order
first proposed by Horton (1945) and later modified by Strahler (1957). In Strahler’s
sysem, the channd ssgment from the tip of the channd network to the firg confluence is
defined as afirs-order channgl. Second-order channels am downdope of the intersection
of two firg-order channds, and s0 on through the channd network. Within a given
chennd network, stream order correlates with channd length and drainage area (Horton,
1945; Schumm, 1956). Hence stream order provides an indication of relative channd size
and pogtion within the channd nework. Stream order, however, is inadequate for
comparisons between channe networks because the order assgned to the same channel
reach depends upon the criteria usad to determine where the upstream most channels begin.
A wide. varietyof methods have been used to define the extent of firg-order channels blue
lines on topographic maps (e.g., Horton, 1945; Strahler, 1957), the curvature of
topographic contours (Morisawa, 1957; Smart and Surkan, 1967; Howard, 1971;
Abrahams, 1980; Mark, 1983), a fixed gradient (eg., Kmmbein and Shreve, 1970;
Shreve, 1974) or drainage area (e.g., Band, 1986; 1989; Zevergergen and Thome, 1987,
Morris and Heerdegen, 1988), and biologic criteria (e.g., Lotspeich, 1980; Lotspeich and
Platts, 1982). Most networks so defined differ substantidly from the channds identifiable
inthefidd (eg., Morlsawa, 1957; Maxwell, 1960, Montgomery and Dietrich, 1989).
Moreover, the firg-order blue line channds differ on different scade maps of the same
watershed (eg., Scheidegger, 1966). Even mom problemétic for usng stream order to
classfy channes is that drainage dengty differs from basin to basin and thus precludes
directly comparing same-order channd's between different basins because they may have
sgnificantly different drainage aress, discharges, and morphologies Hughes and Omermnik
(1981) provide a further discussion of the shortcomings of using stream order in channd
classfication schemes. While channed ordering is a useful conceptud and organizationd
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tool for channes within a watershed, we believe it is ingppropriate as a foundation for a
geomorphic channe classficaion.

Orsborn (1990) discussed methods for segregating channels on the bas's of
hydrologic reationships. He found thet ratios of characteridic flows can be used to group
channds into hydrologic regions and subregions. Such methods provide a useful
technigue to identify channds that deviate from expected regiond rdaions. They do nat,
however, incorporate consderation of channe morphology and are thus best used in
conjuction with, rather than as, a channd classfication sysem

Gilbert (1914) proposed the first process-based channel classification when he
recognized dluvid and bedrock, or “corroding”, channds. He defined dluvid channds as
those in which the bed of the channd is composed of materid trangported by the channd.
Gilbert proposed that bedrock channels reflect a transport capacity in excess of the sediment
supply and that dluvia channels represent a transport capacity lessthan, or equd to, the
sediment supply. He further recognized thet different portions of a channd network may
be composed of different channd types and channd patterns,

Other dassfication systems am defined on the bass of channe characteristics.
Howard (1980; 1987), for example, dso described channels as ether aluvia or bedrock
on the basis of whether the channd bed has a layer of active dluvium. He further
subdivided dluvid dreams into sand-bed and grave-bed channds corresponding to regime
and threshold channds, respectively. The bed of aregime channd is highly mobile even a
low flow and both sediment transport and bedform roughness change with incressing
discharge, whereas the bed of a threshold channd typicdly is mohbile only beyond some
critical discharge. This classification provides ingght into the potentia response of
different channd types, but is too broad to be useful for diginguishing between channds
within mountain drainege baans

Frissell and others (1986) proposed a channd network classfication based on
spatid and tempora scaes of variation in fluvial systems. They distinguished watershed,
gream system, reech, pool/riffle, and microhabitat levels into which stream systems could
be classfied [Orsbom and Anderson (1986) proposed asimilar conceptual heirarchy].
Within each of these levels, processes acting over different spatid and tempord scales
determine the channd network dructure. This nested heramhy provides a powerful
conceptua agpproach for linking channel responses at different spatid scales (i.e, influence
of channe] pattern changes on bed microhabitat). However, it would be difficult to @ther
predict potential channel changes, or assess current channe conditions based upon such a
heirarchicd classfication syssem. Nonethdess, such a conceptud framework is crucid for
identifying the dominant fectors influencing a channd network a different tempord and
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Spatid scdes In paticular, it provides a context within which to examine connections
between biologicd and geomorphic systems[see dso Vannote and others (1980) and
Gregory and others (1991)].

Bisson and others (1982) defined a system for visudly dassifying in-channd
hebitat into different types of pools and riffles which they termed channd units They
(Bisson et d., 1982) reported complex associaions of channel unit utilization by different
fish pecies and recognized six types of pools and three types of riffles on the basis of
pogtion in the channd, flow characteristics, and flow-contralling features. These channd
unit definitions are determined a low flow and are to some degree Sage dependent, While
each of these units describes a digtinct variety of in-channd habitat, this dassfication is not
useful in a predictive sense because of the associaion of pool types with the type and
orientation of specific in-channd flow obstructions. While dassfication sysems based on
the channd unit levd may be useful for interpreting the availability and qudity of fish
habitat, they need to be coupled to a process-based classfication system in order to provide
a basis for predictive channe characterization.

Severd dream classficaion sysems are gpplicable to the full suite of channd types
present in natural channels and are presently used to dlassfy streams and ddlinegte Smilar
channd types for mom detailed biologic, engineering, or geomorphic assessments.
Kelerhas and others (1976) classfied channds by channd pattern (e.g., Straight, sSnuous,
meandering), the frequency of idands (eg., occasond, frequent, braided), and bar type
(eg., Sde channd, mid-channel, or point). They adso consdered river valey features such
as the rdation of the channd to valey walls, land use, and surficial geology. Rosgen's
(1985) stream segment classification is based on stream gradient, width to depth ratio,
subgrate Sze, channe confinement in a vdley, and assessment of near-channd landform
gability. Rosgen’s system has been used extensvely by the U.S. Forest Service, but it
neither directly differentiates channd's based on bed morphology (as opposed to sediment
gze), nor on sadiment trangport processes. It does, however, provide a comprehensve
description of the channd that provides a solid foundation for channd assessment and
restoration.

Valey segment classfications (e.g., Paustian et a., 1983; 1992; Frissall and Liss,
1986; Cupp, 1989) based on valey cross-sectiond shape, valey bottom gradient, channel
pattern, and channd confinement (expressed as the ratio of channe width to valey bottom
width) commonly are used to sratify channds in biologic studies. Cupp’'s (1989) system,
for example, has been used to guide extensve habitat monitoring efforts in the
State of Washington (Ralph et d., 1991). Of these gpproaches, only Frissdl and Liss
(1986) approach implies a process-based interpretation. Further information, rules, or
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guiddines am necessary to use these dassficaion systems for predicting ether potentia
channd response or assessing current channd conditions. A process-based classfication
should relate both channd morphology and potentia channd responses to the processes
governing channd form. The premise underlying this assartion is thet if one can identify
the types of processes operating in a given channel reach, then one may assess potentia
channd response(s) to specific Perturbations. A method for organizing differences in
channel processes would be useful for delineating potentid channel responses within a
channe network. Bradley and Whiting (1991) proposed a classfication sysem for smal
stream channels in mountainous terrain based on vdley Sde dope gradients, valey to
channd width ratios, and the relation between channd substrate Sze and boundary shear
dress. Ther system represents a fit attempt to generate a process-based classfication
goplicable to sreams found in mountain drainage basins.

PROPOSED LANDSCAPE AND CHANNEIL CLASSIFICATION

In the following sections we develop a channd dassification scheme within a
broader landscape context that provides a process-based framework for geomorphic,
biologic, and land management goplications. Channd types are ddlineated based on
channed morphology, sediment transport processes, and sediment flux characteridtics as
controlled by hydraulic discharge and sediment supply. Combined with descriptions of
channd confinement, LWD loading, and potentia debris flow impects, these channd types
dlow prediction of potentia channd response to atered sediment loads or discharge.

Channel dasgfication encompasses a range of scaes over which different factors
influence channd properties. A natura divison of scaes that reflects differences in
processes and controls on channd morphology is given by i) geomorphic province, ii)
watershed, iii) valey segment, iv) channd reech, and v) channel unit scales. Channd
morphology a each of these scales is rdated, but reflects different levels of resolution.
Mog importantly, each levd of this goetia hierarchy provides a framework for comparing
channels at finer spatia scales.

5 hic Province Level
Climate, geologic higtory, and bedrock geology influence channe morphology
through large-scde controls on discharge, vegetation and the nature, amount and spatid
digribution of sediment supply. Geomorphic provinces are regions of Smilar land forms
that reflect comparable hydrologic, erosona, and tectonic processes. Geomorphic
provinces thus reflect broad controls on channd processes. Typicaly, they are bounded by
mgor physiographic, dimetic, and geologica features. They consst of watersheds of
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roughly amilar rdief and dimate developed in rocks that share some geologic efinity.
Thus the generd controls on channd processes and morphology (Figure 1) are reasonably
amilar for mog watersheds within a geomorphic province. Consequently, the geomorphic
province level provides bounds on what channels are potentialy comparable in terms of
relaions between drainage area and discharge, sediment supply, and subdtrate sze. The
geomorphic province levd is a fird-order analyss tool, ussful for dratifying areas within
which comparable watersheds may be found, but it is too generd to be useful for predicting
specific channd responses.

Watershed Level

A watershed is the drainage area upslope of any point dong a channd network.
The watershed defines the naturd boundary for the processes generating sediment and
runoff into channds and is the only logicd organizationd unit for channd networks
Although the scde of the watershed-leve classfication ultimately must be tailored to the
problem a hand, for many purposes, watersheds of about 100-500 km? provide practical
planning units. For watershed-levd dassification, we suggest differentiating mgor
watersheds within geomorphic provinces. However, some large rivers may traverse
severd geomorphic provinces. Classfying watersheds based on smilar geologic history
(dlaciated or ungleciated), rock type (highly fractured sedimentary rocks or competent
igneous rocks), and land use (agriculturd, forestry, park) can identify channd networks
ether wdl, or ill-suited for comparison. Watersheds may be subdivided into aress in
which geologic materids and dimate impose smilar controls on channel processes.

At the most generd leved, awatershed can be divided into hilldopes and valeys
independent of the locd influences discussed above (Figure 2). Different hilldope and
valey morphologies reflect fundamentd differences in sediment production and transport
processes.  Further subdivison of valeys define higher-resolution levels of our generd
landscape classification.

Hillslopes

Hilld opes are the undissected portions of alandscape that are zones of sediment
production and transport to valeys. Sediment flux off of hilldopes may be ether trangport
or production (weathering) limited (eg., Sdby, 1982). On production-limited hilldopes
soil trangport exceeds the rate a which soil is produced and made available for trangport.
Soil cover isthin, if present, and dope form is controlled largely by the properties of the
underlying bedrock. Thus, the soil production rate primarily controls downdope sediment
flux. In contradt, soil flux on transport-limited hilldopes is less than, or equd to, the rate
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of bedrock weethering. Consequently, soil profiles develop and dope form is controlled
by the properties of the materid overlying fresh bedrock. On soil-mantled hilldopes,
bedrock is converted to soil that is gradudly transported downdope through the action of
processes such as raingplash, soil creep, and biologic activity. Sediment trangport on such
dopes may be thought of as aconveyor belt that gradudly collects materid as it moves
downdope until the accumulated materid is ddivered across a channe bank. Sediment
flux on transport-limited hilldopes is controlled primarily by locd dope (e.g., Gilbert,
1909; Kirkby, 1971), rather than the availability of materid susceptible to eroson. In
generd, dopes in arid environments tend to be weathering limited, whereas dopesin
humid regions tend to be trangport limited. However, sediment transport rates dso may
exceed sediment production in steep portions of humid landscapes. The presence of ather
thin soils and bedrock, or a well-developed soil mantle a the ground surface distinguishes
production- and trangport-limited hilldopes.

Valleys

Vdleys am regions of the landscape that focus runoff and sediment transport
through downdope topographic convergence. Networks of valeys collect and redistribute
sediment delivered from adjacent hilldopes. Depending on vdley postion within a
landscape, sediment transport and valey evolution am dominated primaxily by ether fluvial
or mass wadting processes. Process digtinctions associated with different valey
morphologies are discussed further a the valey segment leve of the channd dassfication.

Vdlev Segment [ evel

Vdley ssgments defire portions of the vdley network with smilar morphologies
and governing geomorphic processes. Basad on the nature of the vdley fill, sediment
transport processes, channe transport capeacity, and sediment supply, We recognize three
terredtria valey segment types: colluvid, bedrock, and dluvia (Figures 2 & 3). These
divisons are amilar in spirit to Frissell and Liss (1986) valey segment classfication
developed for the Oregon Coast Range. Because we choose to focus on terredtrid
networks we have not included estuarine valeys in our dassfication scheme; however, we
do recognize estuarine valeys as important links between terredtrid and marine
environments. More daborate valey segment classfications (eg., Paudtian et d., 1983,
1992; Cupp, 1989) may be useful for linking channd classfication with resource
assessments, but they often are region spedific. Furthermore, many of the features
included in such systems are, in our opinion, best included in a reach level dassfication.
The following sections describe our valey segment types.
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Colluvial ~ Valleys

Colluvid valeys may be channded or unchannded, but fluvial trangort is
reatively ineffective in transporting sediment delivered from surrounding hilldopes. In
steep landscapes debris flow processes dominate colluvid valey morphology, whereas in
low-gradient landscapes colluvid valeys are maintained by periodic expanson of the
dluvid channd network. In generd, colluvid vdleys are those in which colluvial fiis
accumulateand am perodically excavated.

Unchanngled Colluvial Vdleys (hollows)

An unchannded vadley morphology implies thet fluvial sediment trangport is
insufficient to initiate and maintain a channd and thus is unlikely to accomodate the
sediment supply ddlivered from surrounding hillslopes. Unchanneled valleys (regiondly
referred to as hollows, swales, headwals and a host of other terms) extend upslope of the
finest scde channds in many soil-mantled environments. They are defined as topographic
valeys lacking evidence of sediment transport concentrated within well-defined banks.
The downslope trangtion from an unchannded vdley to a firg-order channd represents the
initiation of channd processes(Dietrich & d., 1986; Montgomery and Dietrich, 1988;
1989, 1992). Classfication schemes are available for describing unchanneled valeys (see
discusson in Montgomery and others (1991)), but we do nat subdivide them further in our
landscape classification.

Hollows function as sediment storage Sites that gradudly accumulate colluvid soils
transported from surrounding hilldopes and periodicaly deliver the stored sediment to
downgtream channds (Dietrich and Dunne, 1978). Topographic convergence concentrates
hydrologic response and eevates pore pressures aong hollow axes (e.g., Dunne and
Black, 1970; Anderson and Burt, 1978; Pierson, 1980; Wilson and Dietrich, 1987; Petch,
1988; Montgomery, 1991). making hollows a primary source of debris flows in steep
landscapes (Figure 4). Hilldope sediment transport processes subsequently refill
excavated hollows, resulting in a cycle of long-term accumulation punctuated by periodic
catagtrophic eroson (Dietrich and Dunne, 1978; Dietrich €t d., 1982; 1986; Reneau et d.,
1986). The depth of calluvium in a hollow is then a function of bath the rate a which
sediment is ddivered to the hollow and the time since the deposit began accumulating
(Reneau et al., 1984; 1986; 1990; Matron, 1985; Benda and Dunne, 1987). Intermittent
sediment ddivery from hollows to channds punctuates the more continuous supply of
sediment delivered by hilldope transport across channd banks. The association of hollow
falure with infrequent hydrologic events suggests thet sediment flux from hollows is
trangport limited. On the other hand, a number of workers have argued that the colluvium
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in a hollow needs to exceed a minimum thickness in order to fall (Dietrich and Dunne,
1978; Okunishi and [ida, 1981, 1983; Montgomery, 1991) and that the colluvium within a
hollow is not dways available for transport. For the present discusson, however, we
consder hollows to be a trangport-limited source of episodic sediment delivery to channels.

Channded Colluvial Valeys

Channded colluvid valeystypically occur just downdope of hollows. However,
colluvid channds may aso occupy the tips of the channd network in low-gradient
landscapes, or they may occur where transport capacity decreases rapidly downdope, such
as where tributary channds flow across the floodplains of larger channdls. Because of me
nature of the valey fill, the streams within these valeys am termed colluvid channds

Little research has focused on these smdl headwater channels, even though first-
order channels compose goproximately haf of the tota channd length in a channd network
(Montgomery, 1991). Especidly in mountainous terrain, colluvid channds are important
linkages between sediment production on hilldopes and its ddivery to downdope dluvid
channds. Flow in colluvid channds is generdly shdlow and ephemerd. Consequently,
basa shear stresses may be inaufficient to mobilize much of the colluvid sediment
introduced to the channd, reaulting in storage of this materid (Benda, 1990). Soil creep,
tree throw, burrowing, and smdl-scde dope ingahility introduce sediment into colluvid
channds from across channel banks. Intermittent flow may rework some portion of the
surface of the accumulated materid, but does not govern depostion, sorting, or transport
of the mgority of the bed-forming materid. Large clasts, woody debris, bedrock steps,
and in-channd vegetation may further reduce the energy avalable for sediment trangport.
Thus fluvial processes have little influence on long-term channd form and valey
devedopment. Indead, intermittent scour by debris flows may govern vdley form and
indsion.

Detrisflows from upslope hollows might either scour or deposit materid in a
colluvid valley depending on the Sze, velocity, and viscodity of the debris flows, as well
as the effectiveness of flow obstructions. Débris flow scour may convert a colluvid valey
into a bedrock valey. Unlike a hollow, fluvial processes may maintain a channdl as the
valey gradudly refills with colluvium. Thus, sediment delivery to colluvid valeys occurs
from rdively continuous ddivery by hilldope processes and from intermittent mass
wading. The frequency of sediment mohilizing discharges or debris flows may thus
determine the amount of sediment stored in colluvid valeys Large volumes of sediment
accumulate between infrequent scouring events, implying that sediment trangport from
colluvid valleys is trangport-limited
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We have noted that the grain sze of materid on colluvid channd beds is liner than
found in downdope channds. This contragts with the downstream fining typicd within
fluvial channds. With increasing downdope discharge, however, finr materids are
sdectivey trangported from the bed surface, resulting in bed coarsening and the dominance
of fluvial processes. The maximum surface dso dong a channd network may indicate the
trangtion from a dominantly fluvial to a mass wadting control on valey incison and form
(Figure 5).

Bedrock Valleys

Bedrock valeys are characterized by confined fluvial channgsin which a
contiguous dluvid bed is ahsenr Some dluvid maerid may be temporarily stored in
scour holes, or behind flow obstructions, but in generd the channel bed lacks an dluvid
cover and there is little, if any, valey fill. Evidencefrom badland landscapes suggests that
bedrock channds are steeper than dluvid channds with smilar drainage areas (Howard
and Kerby, 1983). Although smilar data for larger channd systems is not available,
bedrock channds presumably lack an dluvid bed due to high trangport capacity associated
with steep channd gradients and/or deep flow. Few observaions are available concerning
sediment transport in bedrock channels, but it is reasonable to adopt Gilbert’s (1914)
hypothesis thet ther trangport capacity exceeds the sediment supply.

Two diginct varieties of bedrock valeys reflect different processes giving rise to
bedrock channel morphologies. One represents a stable fluvial morphology, while the
other is tempordly variable. Fluvia] channds that are stegp enough am bedrock floored and
will not undergo sgnificant morphologicd change without dramatic externd change in
process rates or magnitudes. Such channds often are associated with knickpoints and
lithologic contrals. In contrast, low-order channds in steep landscapes may dternate
between bedrock and colluvial morphologies in response to periodic debris flow scour. At
any one time, the proportion of bedrock channds in the debris-flow-susceptible reaches of
awatershed mog likdly reflects the history of debris flow activity in the catchment. Thus
bedrock channds in low-gradient portions of a watershed reflect a high rdative transport
capacity, whereas those in stegp debris-flow-prone portions of a watershed may aso reflect
recent debris flow scour.

Alluvial Valleys

Alluvid valleys am characterized by fluvial trangport of sediment over a
predominantly aluvia vdley fill. To varying dgrees, the channds in dluvid valeys are
cgpable of trangporting and sorting the load supplied to them from upslope channels, but
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they do not have trangport capacity sufficient to scour the valey to bedrock. Alluvid
channds exhibit a variety of morphologies discussed in detall at the reech levd. At the
valey ssgment leve they may be ather confined, with little to no associated floodplain, or
unconfined, with a well established floodplain. Both the specific channd morphology and
degree of confinement reflect the locad channd dope, sediment supply, and hydraulic
discharge.

The valey segment levd is useful for disinguishing valey morphologies on the
basis of the dominant sediment trangport processes (fluvial versus mass wadting) and
generd sediment flux characteristics (transport- versus supply-limited) and providing
indght into the spatid linkages that govern watershed response to disurbance. These
digtinctions enable first-order response predictions for mgor sections of the network
experiencing changes in discharge or sediment supply. However, dluvid channds exhibit
avaiety of morphologies, some of which gopear functiondly smilar a the valey ssgment
leve, but that may actudly respond differently to smilar perturbations of sediment load and
discharge. In paticular, the valey segment level does not alow prediction of specific
response to atered discharge or sediment supply. Consequently, we believe the reach leve
Is the most useful for undergtanding both morphologicaly sgnificant processes and
response potentid.

Channel Reach Level

A reach is alength of channd that exhibits a consstent association of bedforms, or
channd units and is many channe widths long. Colluvia and bedrock valey segments
contain corresponding morphologica teaches, namely colluvial channels and bedrock
channels. However, dluvid channds have a wide variety of bed morphologies and
roughness configurations. Obsarvationdly these different morphologies and roughness
dements sysemdicdly vary with dope and postion within the channd network. We
hypothesize that such variaions in channd morphology and roughness are functions of
sediment supply (Sze and quantity) and available trangport capacity (shear Stress or stream
power). Consequently, each bed morphology and associated roughness dements represent
the sable channd configuration for a given regime of sediment supply and shear dress,
Because these bed morphol ogies reflect process differences, one would expect associated
differences in potentid channd response. With this in mind, we recognize sx dluvid
channel reach types. cascade, step-poal, plane-bed, pool-riffle, regime, and braided
channds. Trangtions between morphologies may be gradud in the fidd, as this
classfication imposes order on a continuum of natural morphologies. The following
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discusson describes morphologies and processes characterizing each channd type; channd
response is discussed later.

cascade Channels

Cascade channdls are the stegpest dluvid channelsin our classfication and arc
hypothesized to reflect the highet rates of energy disspation. Most previous sudies of
seep dluvid streams focused on step-pool morphologies (discussed in next section), and
have ather not recognized or subsumed cascade morphologies in their analyses of step-
pool channels. While the term “cascade’ has been used in severd of these dudies it has
generdly been synonymous with step-pool morphologies. In contrast we recognize
cascade channedls as morphologicaly digtinct from step-pool channdls. Because cascade
morphologies are rdativdy undudied, portions of the following discusson rely heavily on
knowledge of the dynamics of step-pool morphologies and dluvid channds in generd.

Our ddinestion of cascade channels focuses on high-gradient streams in which flow
is srongly three dimendond, and energy disspation is dominated by jet-and-wake flow
and hydraulic jumps around individud large dlasts (Figure 6). Cascade channds are
characterized by longitudinally and lateraly disorganized bed materid, typicdly congsting
of cobbles and boulders. The size of the largest grains may exceed the bankfull flow depth
and individua bed dements provide the primary channd roughness by creating flow
obstructions and loca hydraulic jumps (Grant et d., 1990). In steep landscapes, cascade
channds typicdly exhibit supercritica flow that follows a tortuous convergent and
divergent path around individud dasts. Tumbling flow over and around individud large
grans dissipates much of the mechanicd energy of the flow. Some cascade channels
exhibit samdl pools that gpan a portion of the channd width. Because they are typicdly
located in the upper portions of the channel network, cascade channd's may be scoured by
debris flows originating upslope. Cascade bed morphology, however, is dominated by
fluvial sediment trangport between debrisflow events.

Large particle Sze rdative to flow depth make the largest bed-forming materid of
cascade channds effectively immohbile during typicd flows. Studies of stegp-gradient
channds report that large bed-forming grains only become mokile during infrequent
hydrologic events (Grant et al., 1990; Kondolf et d., 1991; Whittaker, 1987a; Schmidt and
Ergenzinger, 1992; Wohl, 1992). Mobilization of these larger clasts is accompanied by
high sediment trangport retes (Sawada et d., 1983; Warburton, 1992), due to the release of
finer sediment previoudy trapped under and around large grains

While the bed-forming material of cascade channels generdly is boulder- and
cobble-szed, limited amounts of gravel and finer maerid axe often depogted in low-energy
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zones created by flow obstructions (Kondolf et d., 1991). Grains may be trapped behind
or in the wake of larger dasts and buttressed by large woody debris (LWD) or deposited in
asociated veocity shadows. The bed materid depodited in low-energy Stesin steep-
gradient channdsis often believed to be characteridtic of the bedload (Griffiths, 1980;
Schmidt and Ergenzinger, 1992). One tracer study (Kondolf et a., 1991) showed that
meaterid in such depogtiond Stes was completely mobilized during a 7 year recurrence
interva event, while no tracer movement was observed during flows of less than annud
recurrence interva.

The above observations suggest that them are two thresholds for sediment transport
In cascade channds. At a moderate recurrence interval threshold bedload meterid is
rapidly and efficiently trangported over the more stable bed-forming clagts, these grains
may in turn be mobilized during more infrequent events. However, we hypothesze that
because of steep gradients and the nature of flow through cascade channds, aswell asthe
paucity of depositiond gtes (Kondolf et d., 1991), mog of the finer materid introduced to
the channd is rapidly transported downgtream. Our conception of sediment trangport in
cascade channds is based, in great part, on the hypothesis that continuous supercritica
flow rapidly trangports al but the coarsest sediment supplied to the channd. Fine sediment
that remains on the bed typicaly congds of materid trgpped behind obstuctions or
deposited in locd low-energy environments.

The lack of dgnificant in-channd storage and the rgpid scour of depodtiond Sites
during moderatey-frequent high flows suggedts that sediment trangport in cascade channds
IS supply-liited. Bedload trangport Sudies demondrate that Sleep mountainous sreams
can be seasondly or dtochasticaly supply-limited (Nanson, 1974; Ashida et a., 1981).
Because of this high transport cgpacity rdative to sediment supply, we propose that cascade
channds function primarily as sediment trangport zones thet repidly ddiver the mgority of
their sediment supply to downgtream lower-gradient channels.

Step-pool  Channels

Step-pool channd's are characterized by large clasts organized into discrete channel-
gpanning accumulations that form a series of steps separating pools containing finer
materid (Figure 7) (Griffiths, 1980, Ashida et d., 1981; Whittaker and Jaeggi, 1982,
Whittaker and Davies, 1982; Whittaker, 1987a,b; Chin, 1989; Grant et a., 1990). Step-
foming clast Sires are typicaly comparable to bankfull flow depths. Primary flow and
channel bed oscillations in step-pool channels are verticd, rather than laterd, asin lower-
gradient pool-riffle channels. Step-poal channdls tend to exhibit a poal spacing of roughly
one to four channel widths (Bowman, 1977; Whittaker, 1987; Chin, 1989; Grant et d.,
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1990), sgnificantly less than the five to saven channd widths that typifies pool-riffle
channels (Leopold et d., 1964; Keller and Melhorn, 1978). Steps provide much of the
elevation drop and roughness in sep-pool channels (Ashida et d., 1976; Whittaker and
Jeeqgi, 1982; Whittaker, 1987a:b). Step spacing decreases with increasing channd dope
(Heede, 1972; 1981, Grant et al., 1990), presumably reflecting the gregter rate of potentia
energy dissipation imposed by seeper channd dopes.

Step-pool morphology is associated with steep gradients, coarse bed materids, and
smal width to depth ratios. Step-forming local accumulations of coarse materials may be
viewed as a kinematic wave (Langbein and Leopold, 1968) or as aresult of local
congestion of large grains that causes increased locd flow resstance and further
accumulation of large particles(Nowell and Church, 1979; Church and Jones, 1982).
Severd flume sudies have investigated sep-pool morphogenesis as well. Whittaker and
Jeeggl (1982) demondrated that for high discharges and low sediment supply, step-pool
sequences form on steep dopes (>0.075) through armoring processes. They (Whittaker
and Jaeggi, 1982) further showed that step spacing corresponds to maximum flow
resstance, providing stability for a bed that would have otherwise been mobile. Based on
another flume study, Grant and Mizuyama (1991) suggested that step-pool formation
reguires a heterogeneous bed mixture and supercriticd flow. From field investigations
Grant and others (1990) suggested that low sediment supply and infrequent discharges
cgpable of moving the coarse sediment are required for development of stepped-bed
morphology. Ashida and others (1981) also observe that step-pool morphologies are most
srongly developed in regions characterized by high discharge and low reative sediment
supplies.

The style of sediment trangport in step-pool channels differs from trangport in other
channd types. The stepped morphology of the bed results in dternating critica to
supercritical flow over steps and subcritica flow in poals (c.f., Bowman, 1977; Chin,
1989). Bedload sudies of stegp-gradient streams (predominantly step-pool morphologies)
indicate that sediment transport rates depend on both seasond and stochadtic input of
materia from geomorphic processes(Nanson, 1974; Griffiths, 1980, Ashida et al., 1981,
Sawada et d., 1983; Whittaker, 1987ab; Warburton, 1992). Consequently, complex
relations between hydraulic discharge and bedload trangport result; sediment trangport
reflects sediment input, flow magnitude and duration of both previous and current events
(Griffiths, 1980; Ashida et d., 1981; Whittaker, 1987a; Warburton, 1992). For example,
Ashida and others (1981) observed aten hour lag between hydrograph pesk and onset of
bedload trangport for step-pool channels that were scoured of dl pool-filling sediment
during previous gorms. This time lag presumably represents the time required for
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sediment introduced upsream to reech the sampling Ste. Hydrograph and bedioad
transport were directly corrdated during a subsequent sorm, due to the availability of
sediment deposited in Sorage Stes during the dedline of the previous sorm’s discharge.
Tempord and pulsed variationsin bedload transport can occur (perhaps due to the release
of trapped finer grains by sporadic movement of larger grains) during uniform
(Ergenzinger, 1988; Warburton, 1992) or decreasing (Beschta, 1981) flows.

Severd thresholds for sediment trangport have been documented for step-pool
morphologies. Large bed-forming materid is generaly stable and is mobilized only during
infrequent hydrologic events (Whittaker, 1987ab; Grant et d., 199(0; Schmidt and
Ergenzinger, 1992). However, Warburton (1992) indicates that step-forming clasts in
proglacial channes may be mobile annualy due to seasond glacid ablation. Significant
movement of al grain Szes occurs during extreme floods, but step-pool morphology is re-
established during the fdling limb of the hydrograph (Sawada et al., 1983; Whittaker,
1987a; Warbuton, 1992).

During more typica floods of shorter recurrence intervd, finer materid trandgently
gtored in poolsis mobilized and travels asbedload over the large, stable, bed-forming
clasts (Ashida et d., 1981; Whittaker, 1987ab; Schmidt and Ergenzinger, 1992). Ina
series of tracer testsin a step-pool channd, Schmidt and Ergenzinger (1992) found that al
of the tagged partides placed in pools mobilized during a series of frequent, moderate flood
flows. During these events, materid in trangport was preferentidly eroded from, and
redeposited into pools. The rapid trangport of al of the pool-filling materid indicates that
sediment trangport through step-poal channds is controlled by the availability of sediment
susceptible to transport. Based on a sediment trangport modd presented by Jackson and
Beschta (1982), Warburton (1992) recently suggested three phases (thresholds) of
sediment trangport in step-pool channds characterized by a low-flow flushing of tines, a
frequently recurring high-flow mohbilization of grave pavement and underlying fmes [do
noted by Sawada et al. (1983)], and a less frequent higher-discherge mohilization of step-
forming grans However, there is some dissgreament within the literature regarding
models describing the different thresholds of sediment transport in step-pool channels
[compare Whittaker (1987a), Ashida et a., (1981), and Warburton (1992)].

Fner maerid is trandently sored in pools between bedload mohilizing events
(Whittaker, 1987a; Ergenzinger and Schmidt, 1990, Grant et d., 1990, Schmidt and
Ergenzinger, 1992). In a flume study of step-pool dynamics Whittaker and Davies (1982)
showed that flow velocity increases with pod tilling, with maximum veodity achieved
when pools are completely filled. From these findings Whittaker and Davies (1982)
suggest that the trangport capacity of the channd increases with poal tilling. Thisis
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conggtent with the hypothess that the sepped morphology of the bed provides the primary
bed roughness. Furthermore, these observations suggest that there is a negative feedback
discouraging Sgnificant sediment storage in step-pool channdls, as increased poal tilling
enhances boundary shear velodities. Nonetheless, poal filling may be an important
trandent response mechanism, dlowing increased sediment loads to be rgpidly transported
downgtream.

Step-pool and cascade channd morphologies am distinguished by differences in the
goatid dengty and organization of large clags (Figure 8). Although these morphologies
condiitute an overlgoping continuum in the fidd, we suggest digtinctions based on the
compogtion and frequency, or spacing, of zones of supercriticd flow. Step-pool  channels
are defined by adiscreterib of channd-gpanning clasts between poolsthat occur a a
gpacing of 1 to 4 channd widths. Channdls with essentidly continuous supercritical flow
or apool spacing of less than the channe width am cascade channdls. Boundaries between
these channd types are indidinct, but in our experience it is not difficult to replicate
classifications usng these guiddines.

Plane-bed  Channels

Pane-bed channelslack well-defined bedforms and are characterized by long
dretches of reatively planar channd bed that may be punctuated by occasiond channel-
gpanning rapids (Figure 9). They are morphologicdly digtinct from both step-pool and
pooal-riffle channds in thet they lack rhythmic bedforms. Smdler rdative roughnesses
(ratio of the 90th percentile particle Sze to the bankfull flow depth) and the albsence of both
grongly three dimendond flow and ggnificant, gran-induced, hydraulic jumps disinguish
plane-bed from cascade channels. Observationally, plane-bed channels occur at gradients
and reldive roughnesses intermediate between pool-riffle and step-pool channds.

Pane-bed morphology encompasses channe units that have previoudy been termed
glides, riffles, and rapids (Bisson et a., 1982; Sullivan, 1986; Grant et d., 1990),
gpanning a range of dopes (typicadly 0.01-0.03) and relative roughnesses. The flow field
around particles that are large rddive to the flow depth may disrupt deveopment of
channe-spanning circulation and decompose the laterd flow component into a series of
smdler circulation cells. Thus, we hypothesize that plane-bed channds do not possess
aufficient latera flow convergence to cause pool development. Introduction of flow
obgructions may force local pool and bar formation, but as a rule such features am not
typica of plane-bed channds.

Plane-bed channds are usually armored by a bed surface layer that is coarser than
the subsurface, and are threshold channels (Lane, 1953; Henderson, 1963; Li et d., 1976).
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Due to ther range of characteridtic dopes and roughnesses they may have a range of
dominant discharges. Lower-gradient and smdler-grained plane-bed channds (glides and
riffles) are bankfull threshold channds, while some steep bouldery plane-bed channels
(rgpids) may exhibit dud-threshold bed mobility similar to step-pool and cascade channds.
The lack of depostiond features, such as barforms, and the presence of surface armoring,
indicative of low sediment loads (Dietrich et d., 1989), demongtrate some supply-limited
characterigtics of plane-bed channels. However, studies of armored gravel-bedded
channels (Milhous, 1973; Jackson and Beschta, 1982, Sidle, 1988) demonstrate a generd
correlation of bedload trangport rate and discharge during bed-mobilizing flows, indicating
a trangport-limited nature of mohility during sgnificant flow events. Although sediment
trangport in plane-bed channds is typicaly dependent on a dominant discharge threshold, a
high sediment supply may cause surface fining, lowering the threshold for sediment
transport.

Pool-riffle Channels

Pool-riffle channels have an undulaing bed that defines a sequence of bars, pools,
and riffles (Leopold et d., 1964) (Figure 10). This lateral bedform oscillation
digtinguishes poal-riffle channds from the other channd types discussed above. Pools are
topographic low points within the channd and bars are the corresponding high points, these
bedforms are thus defined rdlative to each other [see O'Neill and Abrahams (1984) for
further discusson]. Although riffles am the topographic cross-over from a pooal to a ber,
the term riffleis dso loosely gpplied to the entire shalow channd area (including bars) that
is didinct from the pools. Poal-riffle channels are the best sudied channe type and are
often congdered as representative of channds in generd, at the expense of the other
channd types outlined herein.

Bar and pool topography (Figure 8) is generated by loca flow convergence and
divergence that may be eaither fredy formed by cross-stream flow and sediment transport,
or forced by flow through channd bends and around in-channe obgtructions that control
locations of flow convergence and divergence. Lide (1986) showed that LWD may anchor
and gabilize pool and bar forms. Channds with high LWD loading exhibit particularly
complex arrangements of bars, pools, and riffles.

Free-formed pool-riffle sequences result from cross-channd oscillating flow that
causes flow convergence and scour on dternating banks of the channd. Downgream flow
divergence results in locd sadiment accumulation in discrete bars. The mechanics of pool-
riffle sequences are essantidly the same in draight and meandering channds, with
centrifugd forces becoming increasingly important with grester channd snuosty. How
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through channd meanders causes superdevation of the water surface toward the outside of
the bend, resulting in a secondary cross-channd circulation of outward surface flow and
inward bottom flow (Leopold and Wolman, 1960). Although pool scour and bar
maintenance have been attributed to sediment transport by secondary circulation cdls
resulting from channdl bends (Leliavsky, 1955; Leopold and Wolman, 1960), secondary
circulation may form bars and pools in straight channels (Leopold, 1982). While cross-
channd circulation cells are important for bar maintenance and sediment trangport (Dietrich
et a., 1979), the effect of topographically-driven convective acceerations is Perhaps of
mom dgnificance in the devdopment of convergent and divergent flow petterns and thus
pooal-riffle morphogeness (Dietrich and Smith, 1983; Dietrich and Whiting, 1989; Nelson
and Smith, 1989). Cross-channel and downstream convective accelerdions effectively
shift the high-velocity core across the riffle toward the pool and outsde bank (Dietrich and
Smith, 1983; Dietrich and Whiting, 1989). The resulting cross-channel shear stress may
be as sgnificant as downstream boundary shear dress (Dietrich and Smith, 1983; Dietrich
and Whiting, 1989). Continued bar development reinforces the topographicaly-driven
convective accderaion, providing a feedback mechaniam through which bar development
and flow osaillation result from an initid flow perturbation or deflection. Free-formed
dternate bar development requires a sufficiently large width to depth ratio (W/D) and small
gram Szes easly scoured by the cross-channd flow. However, streams with very large
W/D may form braided, rather than aternate bars.

Pool-riffle bedforms am rdatively stable morphologic festures, even though the
materid forming the bed is trangported annudly. Pools are rhythmicaly spaced about
every 57 channd widths in sdf-formed channds without sgnificant LWD loading
(Leopold et al., 1964; Keler and Mdlhom, 1978). Free dternate bar formation in naturd
channds is limited to gradients € 0.02 (Florsheim, 1985), dthough flume Sudies indicate
that alternate bars may occur a steeper gradients (Bathurst et d., 1983; Lide et d., 1991).

Sgnificant form roughness is dtributable to bedform resstance from bars in pool-
riffle channels (e.g., Parker and Peterson, 1980). At low-flow conditions, pools appear as
flat reaches of relatively smooth flow and riffles appear as steeper reaches of higher
velocity flow. Kdler (1971) proposed that as discharge increases the velocity in pools
increases fadter than in riffles and that a bankfull discharge the flow velocity in pools
exceeds that in riffles This velocity reversal may maintain pool-riffle sequences (Kdler,
197 1) and cause deposition of finer sediments in pools on the receding limb of the
hydrograph. Lide (1979) documented such a reversa in the average bed shear stress with
increasing sage for a poal-riffle type channd.
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While bedforms are rddively sable features in a pool-riffle channd, bankfull
events tend to cause sgnificant local scour and fiil within a given bedform (e.g., Leopold
and Maddock, 1953; Emmett and Leopold, 1963; Andrews, 1979). Campbell and Sidle
(1985) reported net accumulation of coarse sediment in pools at discharges less than
bankfull and excavation of pools during discharges greater than bankfull, an observation
condstent with the velocity reversa hypothesis of pool-riffle sequence maintenance.
Although the degree of scour and fill revedled by repeated cross-sectiond profiles may be
used as an indicator of changing discharge or sediment supply (Dunne and Leopold, 1978),
the spatid pattern of scour and fill can be quite complex (Hassan, 1990).

Poal-riffle channds typicdly have heterogeneous beds that exhibit a variety of
sorting and packing, commonly with a coarse surface layer and a finer subsurface (Leopold
et d., 1964, Milhous, 1973). The size of the largest bedload maerid in pool-riffle
channdsis afraction of the bankfull flow depth. Bedload transport increases non-linearly
with stage (Milhous, 1973; and many others), but for armored channds the threshold for
generd mobility of the surface layer is associated with an gpproximately bankfull Sage
(Jackson and Beschta, 1982; Andrews, 1984). Movement of surface grains releases fine
sediment trgpped by larger grains and exposes the finer subsurface sediment to the flow,
contributing to a eep rise in bedload trangport with increasing shear sress (Milhous,
1973; Jackson and Beschta, 1982; Emmett, 1984). Observationdly, the grain size
composition of the subsurface sediment gpproximates the composition of the bedload in
trangport by the channe (Milhous, 1973). Bed movement a bankfull flow is sporadic and
discontinuous, depending on gram protruson (Fenton and Abbott, 1977; Kirchner et d.,
1990), friction angle (eg., Buffington et d., 1992), imbrication of grains (Komar and Li,
1986), degree of buria (Hammond et d., 1984; Buffington et d., 1992), and the
occurrence of turbulence-induced high-velocity sweeps of the channd bed Veay rady is
the whole bed in mation and materid eroded from one riffle commonly is depodted on a
proxima downdream riffle. Although one would intuitively expect smdl grains to trave
farther than large grains, the literature presents conflicting results with respect to gran
travel distances [compare Butler (1977), Laronne and Carson (1976), Sobocinski €t al.
(1990), and Ashworth and Ferguson (1989) with Leopold et a. (1966). Brayshaw et dl.
(1983). and Carling (1983; 1987)1.

Bedload transport rates are generdly proportiond to discharge during flows that
transport sediment (e.g., Milhous, 1973; Jackson and Beschta, 1982; Sidle, 1988).
However, congderable fluctuations in observed trangport rates reflect the stochadtic
component of grain mobility caused by the previoudy mentioned grain interactions and
turbulent swegps, trangent grain entrgoment by bedforms (Jackson and Beschta, 1982,
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Sidle, 1988), and perhaps eror introduced by the method of bedload sampling (Wilcock,
1992). Magnitudes of bedload transport may dso be varigble for amilar discharge events,
depending on season and occurrence of previous trangporting events (Milhous, 1973; Reid
et d., 1985; Sidle, 1988). These observations and the fact that many poal-riffle channels
exhibit approximatdy bankfull threshold conditions for dgnificant sediment trangport
(Jackson and Beschta, 1982; Andrews, 1984) suggest that poal-riffle channels are supply-
limited in many regards. Neverthdess, during armor breaching events trangport rates am
genegrdly corrdaed with discharge, indicating that during dominant discharges sediment
trangport is limited by transport capacity, rather than the availability of potentidly mobile
sediment. Thisis in marked contrast to sediment transport in steep channd types.

Regime Channels

Regime channds(Lindley, 1919; Lacey, 1930; Howard, 1980; Richards, 1982)
exhibit a variety of mobile bedforms thet provide the primary flow resgtance (eg.,
Kennedy, 1975) and am obsarvationdly dependent on flow depth, velocity, and bed grain
dre. Regime channels typicdly are low-gradient, sand-bedded channels, but even grave
and boulder-bed channds may exhibit regime characterigtics (eg., Dinehart, 1992; Pitlick,
1992). In generd, these channdls exhibit a successon of bedforms with increeang flow
velocity. In sand-bed channds, this follows the well-known sequence of planar bed,
ripples, sand waves, dunes, high-energy planar bed, and findly antidunes. In channds
trangporting moderately- to poorly-sorted sediment, migrating bedload sheets composed of
thin accumulations of sediment dso may develop (Whiting et d., 1988). Severd scaes of
bedforms may coexist; ripples, bedload sheets, and small dunes may dimb over larger
dunes as they dl move down the channd. A complete theoretica explanation for the
development of multiple-scale bedforms does not yet exist, but regime characteridtics are
asociaed with low reative roughness and low dope. In addition, regime channels may
support point bars or other bedforms forced by channd geometry. Sediment trangport in
regime channels occurs a al stages, and is strongly discharge dependent; as such, these
channds are trangport-limited. Sope, frequency of bed mobility, and presence of ripples,
or dunes throughout the channd bed distinguish regime channds from poal-riffle channds.

Braided Channels

A braided pattern of longitudind and media bars may form in both regime and
threshold channels (Figure 11). Braided channels are usually wider and shallower than
adjacent unbraided channds. High sediment supply and easily erodible banks favor
formation of a braided channd, as frequent deposition of bars causes laterd channd
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shifting across the channd bed (Leopold and Wolman, 1957; Leopold et d., 1964).
Bedforms am mobile and the location of the active channd in braided reaches may change
rapidly. The large channd width associated with a braided channd pattern implies a
shallower flow depth than for an andogous confined channd. Several workers developed
empirica thresholds that define braided and meandering channd petterns on the basis of
channd dope and discharge, flow characterigtics, and channel geometry (e.g., Leopold and
Wolman, 1957; Parker, 1976; Ikeda, 1977), but erodible banks and lack of valey
confinement aso are necessary for laterd channd migration to develop a braided
morphology. The abundant supply of sediment and rgpid response to discharge varidions
suggest that sediment movement in braided channds is effectivay trangport limited.

Channel Unit Jevel

Fluvial channds display a variety of morphologies within channd reaches.

Channe units are morphologicdly digtinct areas within a channd reach that are on the order
of one to many channd widths in length. Common channd unit names are pooals (of which
as many as Sx types have been defined), riffles, cascades, step-pool cascades, dip-face
cascades, glides, runs, and rapids (e.g., Leopold et d., 1964; Bisson € al., 1982;
Sullivan, 1986; Grant et d., 1990). Didtinction between these units is essentidly based on
organization and areal dengty of clasts, local dope, flow depth, flow veocity and to some
extent gram sze. These channd units are associated with specific habitat characterigtics
and thus different fish-utilization patterns (Bisson &t al., 1982; Hankin and Reeves, 1988).
Sullivan (1986) reported that the channd units so defined have characteridtic velocities and
depths, but descriptive channd unit dassficaion provides minima process indght into
channd condition and response patentia. In addition, definitions of these channd unit
morphologies tend to overlgp and are somewhat stage dependent; channd unit classfication
by different observers yidd inconsstent classifications (Ralph et d., 1991).

Although driking differences in numbers and Szes of channd units have been
correlated with the degree of LWD loading within a channd (Smith and Buffington, 1991),
the actud didribution of specific unit types gppears to be sochagtic. For example,
previous workers differentiated Sx poal types on the bags of ether thaer mode of
formation (Bisson et d., 1982) or flow characterigtics (Sullivan, 1986). These Specific
poal types, however, are controlled by the Sze, location, and orientation of individud flow
obstructions. No theory is available to predict these properties and thus specific pool
types, based on channel type. While we recognize the biologicd importance of channel
units, we contend that more reliable channd response predictions can be made a the reech
level, and subsequently applied to specific teach inventories of channd units.
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Confinement

Channd morphology and response are influenced by both the materid composing
channel banks and the degree of confinement by valley walls. Channd confinement may
be expressed as the retio of the width of the valey floor to the bankfull channd width.
Unconfined channels may reflect tectonic boundary conditions (as in the case of dluvid
fans at the base of block-faulted mountains), an inherited morphology (as in the case of
underfit channds or u-shaped glacid vdleys), or long-term dluvid aggradation ad
floodplain development where sediment supply exceeds transport capecity (Richards,
1982). Sysemdtic downdope changes in channd confinement dong a channd network
generdly reflect the latter case.

Steep channels in mountain drainage basins typicdly are confined by valey wdls
and shdlow bedrock Inggnificant sediment storage in these valey ssgments indicates that
virtually all of the materid delivered to the channd is trangported downstream; the channe
has a rdaively high trangport capacity. In contrast, thick dluvid valey fill depostsin
unconfined lower-gradient channes (Figure 3) imply a long-term excess of sediment
supply, reflecting the greater sediment supply (due to greeter drainage areq) and the lower
trangport cgpacity of gentle channd gradients. In mountainous terrain, unconfined
channels should occur in reaches of the channd network where thereisalocad downdope
decrease in sediment trangport cgpacity, which forces loca depostion of some portion of
the channd load. This would occur most readily where them is an dorupt decrease in
channd gradient with little increase in flow depth. Low-gradient reeches may be
lithologicaly controlled or may reflect conditions imposed on the channd by its tectonic,
geomorphic, or dimatic history (Richards, 1982). In an area in which valey morphology
reflects current channed morphology, channe confinement is implied from channd bed
morphology; regime, pool-riffle, braided, and plane-bed channds are likely to be
unconfined and step-pool and cascade channds are likely to be confined.

Yegetation

Vegetaion growing within, dong, and near channds influences channd
morphology and processes. In paticular, the root drength of riparian vegetation growing
aong channd banks contributes to bank stability (Gilbert, 1914), especidly in rdaively
uncohesive dluvid deposts. The influence of riparian vegetaion on channd bank dtability
is greetest in low-gradient, unconfined reaches where loss of bank reinforcement may
result in draméatic channd widening; this is not as sgnificant a factor in seep, confined
channds. In addition to enhancing bank gahility, riparian vegetation provides a source of
large woody debris recruitment to channels. The compostion and stand sructure of
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riparian vegetation aso reflects channd processes. Narrow bands of riparian vegetaion
adong seep channels reflect the influence of disturbance by avaanches and debris flows.
Broader riparian associations on lower-gradient floodplains reflect abandoned channds,
dde channds, floodplain disturbance, and channd bar recolonization. Thus, riparian
vegetaion both influences, and is influenced by, channe processes.

Large woody debris, on the other hand, is an externd condraint to which a channd
must respond. LWD forms gructurd eements of a channd in three ways: 1) by deflecting
flow and causing loca scour of pools where flow converges; 2) by forcing depostion
where flow diverges, and 3) by impounding sediment. LWD can force pool and bar
formation in any channd type, but the amount, Sze, orientation, and podtion of LWD
determine the morphologic impact, Thus, the influence of LWD in a channd reflects rates
of debris recruitment, transport, and decay (Bryant, 1980; Murphy and Koski, 1989).
Additiondly, the rdative importance of LWD in controlling channd morphology and
providing locd sediment storage dements varies through a channd network.

Murphy and Koski (1989) observed that for southeast Alaskan old-growth forests,
LWD loading in dluvid channds was grestest in lower-gradient (< 0.01) channds, with
relatively steeper (0.01-0.03) channels presumably having higher percentages of LWD
suspended above narrower bankfull widths (see dso Nakamura and Swanson, 1993).
They further observed that there is some tendency for depletion (trangport, arason, and
&cay) of amdler LWD to be directly corrdaed with channel size, while depletion rates of
thelargest LWD issmilar a al stes (Murphy and Koski, 1989). Thisindicates that LWD
that is introduced into smaler channds is comparatively mote sable, and thus may have a
ggnificant long-term effect on channd morphology. Furthermore, in smdl streams, LWD
may provide the dominant control on sediment sorage and bar formation, wheress larger
channds exhibit a greater proportion of free bars. Some evidence suggests that woody
debris smdler than about haf the channd width is ungtable and thus provides only very
trandent sediment storage Stes (Bilby and Ward, 1989).

Because of the assodiaion with channd 9ze, LWD plays an important role in the
architecture of smdler channels. Transversaly-oriented logs may form steps that create
local hydraulic jumps, form plunge pools, and buttress significant amounts of sediment
(Figure 12). Obliquely-oriented debris can result in scour pools and proxima sediment
sorage by both upsiream buttressing and downstream deposition in low-energy zones.
Hume studiesindicate that WD placed close to the bed and oriented perpendicular to the
flow results in maximum scour (Cherry and Beschta, 1989); however, scour area and
depth are not Sgnificantly different from obliquely-oriented LWD a smilar pogtions
within the flow. The obsarvation that a Ingle log can influence the formation of up to five
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different pools (Smith and Buffington, 1991) demondtrates the potentia significance of
LWD on channd morphology.

In many channd types LWD can force specific morphologies on the channd. In
forested badins, for example, L WD may create seps in stegp channds and dissipate energy
that otherwise would be available for sediment transport (Keller and Swanson, 1979;
Heede, 1981; Marsten, 1982). These organic Seps may dominate the channd roughness
and provide a Sgnificant proportion of sediment sorage in sep-pool channds. Moreover,
organic seps may provide sufficent roughness to sabilize an dluvid bed in channds with
asmdl sediment sze (due, for example, to ather rapid downsream fining or lack of coarse
sediment). Depending on dope, discharge, and sediment load, remova of organic seps
may transform aforced step-pool channel into a step-pool (Heede, 1985), cascade, or
bedrock channdl (Figure 13). Forced step-pool morphologies may be found on steeper
dopes in channd syslems where LWD is an important influence on channd morphology.
Pane-bed and pool-riffle channds aso respond to woody debris inputs. In particular,
LWD may force pool and bar formation in channds that otherwise would be plane-bed
Consequently, plane-bed channds may be rare in undisturbed forested environments where
the mgority of pools and bars are LWD dominated. Remova of LWD from forced pool-
riffle channdls may result in either poal-riffle morphology (Smith et d., in press) or
metamorphods to a plane-bed morphology (Figure 13). Pool-riffle morphology aso may
be forced due to imposed sinuostty or the introduction of other obsgtructions.  Channds in
which woody debris provides a dominant control on pool formation and sediment sorage
(e.g., forced poal-riffle or forced step-pool channels) are particularly sengtive to changes
in the Sze, species, and amount of recruited LWD (Bryant, 1980).

The influence of large woody debris on sediment sorage and channd form
decreases with increasing channdl size. In larger rivers, sizable old growth logs are
deposited on bar tops during the faling stage of flood flows (Figure 14). However, LWD
may gill form loca scour poolsin large rivers where it becomes trapped againgt channd
banks, but such effects are trandtory and LWD primarily acts as sediment. Woody debris
aso influences sde channd deveopment (Bryant, 1980) and bank cutting (Nakamura and
Swanson, 1993) in large dluvid rivers. In many larger channds, debris jams may control
channe avulson and thus influence both channel pattern and floodplain processes.

Debris Hows

Periodic debris flow scour may dominate the morphology and disturbance
frequency of steep mountain channds. Both the time since the latest debris flow and the
rate of channd recovery control the morphology of channds subject to debris flow
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processes. Detris flows generdly originate dong low-order channels or in bollows steeper
than 26" (50%) (e.g., Campbdl, 1975). In addition to this tempord varigbility, the style of
debris flow impacts changes downstream. Debris flows typicaly scour high-gradient
channds and aggrade the first downstream reach with a gradient low enough to cause
depogtion of the entrained Materia. Consequently, the effects of debris flow processes on
channel morphology may be divided into those related to scour and those rdaed to
depogtion.

In mountainous terrain, debris flows intermittently traverse low-order channds with
gradients greater than about 6° (10%) (e.g. Campbell, 1975; Ikeya, 1981; Takahashi et al.,
1981; Benda and Dunne, 1987, Reneau & Dietrich, 19873 Benda & Cundy, 1990).
Channd dope and tributary junction angles are important controls on the travel distance of
debris flows in mountain channds. Debris flows originaing a the heads of long draight
channels tend to be far travelled, scouring long channd segments, and ddivering sediment
to downdope dluvid channds. Delris flows originating in obliquely-oriented tributaries
tend to be deposited a channd confluences and increase sediment loading in downdope
channels (e.g., Grant et ., 1984; Benda and Dunne, 1987; Benda and Cundy, 1990).
Subsequent events large enough to scour the accumulated materid in the main channd can
have catastrophic impacts on downstream dluvid channds. Such events dso may scour
the base of adjacent hillslopes, hollows, and tributary channels, activating smaller fallures
that contribute to the sediment load impased upon downdope channds. The morphology
of a stegp mountain channd reflects the time since debris flow scour, as well as position
within the fluvial system (Figure. 15).

Other effects associated with debris flow processes may influence both channd
morphology and water temperaure. Canopy response provides an example of how debris
flows influence riparian processes, which in turn affect channd morphology. Debris flow
scour and depostion typicaly disturb channd-margina vegetation and expand the canopy
opening over a channd (eg., Grant et d., 1984; Grant, 1988). Following disturbance,
riparian vegetation recolonizes the disturbed zone and doses the canopy opening. Riparian
disturbance afects rates of LWD recruitment and may influence channd temperature by
reducing channd dhading. Sudtained riparian disturbance dso may influence rates of in-
channd LWD decay by dtering the type of vegetation type entering channds

Dam bresk floods aso scour steep dluvid channds when organic debris dams
mohilize catastrophicaly during high discharge events (Johnson, 1991). Failure of these
organic debris dams releases impounded weater and sediment as a large flood wave that may
propagate through downdope channds. Often it is the incorporation of woody debris into
debris flow deposits that forms large organic debris jams. Thus an increase in debris flow
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frequency increases the probaility and impact of subsequent dam breek floods by
increesing both the number of channd-gpanning debris accumulaions and the volume of
impounded ssdiment and weter.

Debris flow deposition occurs when the channd dope declines to the extent that the
yidd grength of the flowing debris is sufficient to resst further trangportation and
deformaion.  This angleis typicdly between 3” and 6" for the range of water contents
typicd of debrisflows (e.g., Ikeya, 1981; Takahashi et d., 1981; Benda and Dunne, 1987;
Benda and Cundy, 1990). Incorporation of abundant LWD in the leading edge of a debris
flow may result in deposition on even steeper dopes, we have observed debris flow
deposits behind LWD jams in the Olympic Peninsula and Oregon Coast Ranges in steep
(>6°) channds. These deposits am subject to incorporation into subsequent debris flows.
In debrisflow-prone aress, the probability of depogtion is highest in the firsd downdope
channel reach with a dope less than 6°. Lower-gradient channels (< 3*) may be impacted
by detris flows from tributary channds, but impacts are typicaly restricted to locdl
depogtion at tributary confluences where debris flow fans extend into mgor channds.

ORIGIN OF REACH-LEVEL MORPHOLOGES

We recognize eight digtinct reach-level channel morphoiogies controlled by dope,
hydraulic discharge, and sediment supply. Together with condderations of confinement,
LWD loading, and the potentia for debris-flow impacts, these reach-level morphologies
provide a process-based classfication of natura channels. Obsarvationdly, thereis a
downgiream progresson from steep headwater channes to lower-gradient channds that
proceeds as colluvia, cascade, step-pool, plane-bed, pool-riffle, and regime channds
(Figure 16). Bedrock channes may occur in steep reaches anywhere within the network,
while braided channels am redricted to lower-gradient, unconfined reeches. Not all of
these channd types are present in all watersheds and this pattern may vary downstream,
reflecting factors controlling channe dope, discharge, and sediment supply. Below we
eaborate our hypotheses for the origin of channd confinement and these reech-leve
morphologies.

Reations between drainage area, sediment supply, and transport cepacity illudrate
controls on the pattern of confined headwater channds and unconfined downstream
channds with well-defined floodplains. The transport capecity of a channd reach is
proportiond to the product of channel depth and dope. Many workers (e.g., Leopold et
d., 1964) report that flow depth and drainage area are positively corrdated and that dope
and drainage area are negatively corrdated, with oecific rdaionships characterizing river
gygems in different regions. In mountain drainege basns however, dope typicdly

43



decreases faster than flow depth incresses. In a basn with uniform sediment production
and little orage, the sediment supply of a channd reach increases with dranage area
Thus, the trangport capacity as defined by the depth-dope product generdly decreases
downstream, while the sediment supply increases. We suggest that the longitudina
arangement of channd types and downdream trangtions from confined to unconfined
channds reflect both this tendency and local controls (Figure 17). This further implies that
headwater channds generdly are supply limited whereas lower-gradient channdls are
trangport limited.

In free-formed dluvid channels, the totd channd roughness decreases downstream
and reflects the boundary shear dress, a function of the depth-dope product [see equation
(4)]. We suggest that downdope and locad changes in bed morphology, and thus channel
type, provide this changing roughness. We further suggest that the dluvid ‘bed
morphology for a teach reflects the minimum roughness necessary to sabilize the channd
bed for the channd-forming shear stress and the Sze and volume of supplied sediment.
Sorting and sdlf-organization of the supplied load generate a sable dluvid bed The degree
to which the imposed sediment load is sorted and organized to produce a stable dluvid bed
controls channd morphology. While them are characteristic patterns of changing
morphology and roughness configuration downstream through a nework (Figure 16), the
roughness configuration for a given depth-dope product is not universal and depends on
loca sediment supply.

Different mechaniams rdaed to channd morphology provide this roughness in
different channel types. In steep channds, shear dress is dissipated dominantly by
hydraulic jumps and jet-and-wake turbulence from flow over and around large bed-forming
clasts. This syle of energy dissipation is spatidly continuous in cascade channds and
intermittent in step-poal channeds. Skin friction and loca turbulence associated with
moderate particle Szes are sufficient to stabilize the bed for the lower shear stresses
characteridic of plane-bed channds. In pool-riffle channels, smaler grain sizes make both
cross-channd flow oscillations and scour more effective, causing bar and pool formation,
which together with grain and LWD roughness cause locd flow separation and turbulence.
Particle roughness in regime channds is smal due to the low relative roughness, and bed
roughness is controlled primarily by regime bedforms, which together with bank resstance
cause large-scale eddies and turbulence. The importance of bank roughness varies with
channd type, depending on width to depth ratio and vegdative influences, but in Seep
channels bank resstance is less important compared to energy dissipation caused by
tumbling flow. These differences in channd roughness configuration control the reach-
levd channd morphology.
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We further suggest that these didtinct roughness configurations reflect the rdaive
trangport cgpacity of the channd, defied as the ratio of channd trangport capecity (Qc) to
sediment supply (Qg). Colluvid channels are transport-limited (Q¢ < Qs), as indicated by
the accumulation of colluvium between non-fluvial scouring events. In contragt, the lack of
an dluvid bed indicates that bedrock channds are supply limited (Q¢ > Qg). Alluvid
channds, on the other hand, maintain an adluvid bed through morphologic response that
adjudts trangport capacity to the sediment supply (Qc 2 Qs). In this sense, vdley
morphology (colluvid, dluvid, bedrock) identifies the long-term baance between sediment
supply and transport capacity. Reach-level channel morphology reflects this balance over
shorter tempord and spatid scdes. Colluvid and bedrock channeg morphologies define the
end members of a continuum from trangport- to supply-limited conditions (Figure 18).
Steep dluvid channds (cascade and step-poal) have high rdative transport cagpacities. The
reldive trangport capacity of lower-gradient aluvid channels (regime, pool-riffle, plane-
bed) ranges from an gpproximate baance for an unarmored channd bed to an excess of
trangport cgpacity for an amored bed An increase in sediment supply to an amored
channd will result in fining of the bed surface until the trangport rate matches the sediment
supply (Dietrich et d., 1989). The variety of dluvid channd morphologies reflects bed
dabilization through sorting and organization of the sediment load and thus provides an
indication of relative trangport capacity.

We further hypothesize that these differences in rdative trangport capacity cause
sgnificant differences in response potentid and rates of recovery from increased sediment
loads. Cascade and step-pool channds have a high reative transport capacity, and are
cgpable of rapidly trangmitting sediment smaller than the large clasts forming the Sable
channel bed. Channds in which bedform and particle roughness dominate energy
disspation (regime, pool-riffle, plane-bed) have a low reative trangport capacity and
exhibit more persgtent morphologic change in response to adtered sediment supply.

RESPONSE POTENTIAL

Areas of alandscape in which different processes dominate the generation,
trangport, and dorage of sediment respond differently to changes in sediment supply or
discharge. Potentid impeacts differ for hilldopes, hollows, and each of the channe types
discussed above. Alluvid channds, in particular, exhibit a variety of potentid channd
responses that vary with channd processes and morphologies. Congderation of processes
acting in different channel types alows assessment of the potentid for specific channd
responses. Differences in confinement, bed morphology, and reative transport cgpecity
(Figure 19) suggest thet different types of channels are mom or less sengtive to adjustment
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of channd width, depth, grain sze of the bed surface, bed roughness, and sediment
dorage. A fird gep in the assessment of potentid management impeacts in a watershed
should be to identify different channd teaches in the watershed. Potentia reach-level
morphologica responses to perssent, moderate, perturbations are described below and
summarized in FHgure 20. Extreme changes in discharge and sediment loading can dter
channd type. While Figure 20 ligts generd differences in response potentid for the various
channd types, exact responses depend on specific locd conditions, and the effects of LWD
and debris flows (see dso Figure 16).

Hillslopes

Soil mantled (transport-limited) and bedrock (production-limited) hillslopes have
different response potentids. Sediment flux on and from soil-mantled hilldopes is
sendtive to changes in processes controlling both sediment production and transport. In
generd, surface eroson on undisturbed soil-mantled dopes is insengtive to hydrologic
change, as runoff occurs primarily by subsurface flow. As such, sediment trangport is
dominated by dope-dependent processes (such as soil creep) and thusisrelaivey
condant. The long-term supply of materid avalable for trangport, however, depends on
the rate at which bedrock is converted to soil, a process that may strongly depend on
biologic activity. Changes in biologic activity can dso effect sediment trangport and have
long-term implications for soil profile development. In some aress, for example, much of
the production and trangport of colluvial soils on hilldopes is due to soil/bedrock mixing
and net downdope soil movement from tree throw. Repesated clear-cutting effectively
terminates this process, and should decrease the long-term production and ddlivery of
sediment from hilldopes to downdope hollows and channds. Burrowing activity is
another important agent of soil trangport that could increase in response to climate change
or land management. Ground surface disturbance also acceerates downdope movement of
colluvium toward hollow axes and across channd banks. Compection of the ground
surface reduces infiltration rates and may dramaticaly acceerate hilldope eroson. On
bedrock hilldopes with thin soils, sediment flux responds primarily to changes in
processes infhtencing soil production rates. In generd, however, changes in hilldope
processes impact downdope morphologies and processes through changes in the frequency
and magnitude of sediment input.

Hollows

Changes in land use and dimate can affect both the amount of colluvium gored in
hollows and ther gability, thus changing the rate of sediment ddivery to downdope
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channds. Hallows essentidly have two ways to respond to atered sediment inputs or
hydrologic conditions ether the rate of colluvium accumulation or the frequency of
excavaion may change.

The rate of soil production and hilldope sediment trangport control the rate of
colluvium accumulation in hollows. Direct digturbance on the surrounding hilldopes or
changes in biologicad sediment transport processes can dter sediment ddlivery to hollows.
Over human time scaes, however, the rate of sediment influx into hollows is likely to be
gable, much greater changes in sediment storage and its ddivery to downdope channels
results from short-term impacts on hollow ability.

Alteration of surface or subsurface hydrologic processes may influence sediment
gorage in hollows. Compaction of the soil surface or a reduction in the erosond
resstance of the ground surface, such as often accompanies heavy grazing activity, can
initiate rilling or gullying in hollows where these processes previoudy did not occur.
These processes generdly dominate the potentid response of low-gradient hollows.
Hollows on steep dopes an more sengtive to changes in subsurface hydrology and root
grength. Changes in ether the srength properties of the colluvid soil (root decay) or in
the hydrologic controls on pore-pressure development within colluvia soils (canopy
cleerance or drainage dteration) may profoundly impact the stability of colluvium-filled
hollows. Sope gability modes indicate that a decrease in the root strength of the
vegetation growing withii hollows reduces the piezomettic level necessary to initiate dope
ingtability (e.g., Burroughs, 1984; Burroughs et d., 1985; Reneau and Dietrich, 1987b;
Montgomery, 1991; Sidle, 1992). Consequently, changes in root strength resulting from
climaticaly-induced vegetation change, forest clearance, intense tires, or herbicide
gpplication would tend to accderate landdiding from hollows. Decreased
evgpotranspiration from forest canopy dearance and concentration of road drainage into
hollows also may accelerate landsliding, due to an increase in pore-pressure response for a
given rainfdl. Dramatic examples of the latter occur in stlegp watersheds in both the
Olympic Peninsula and the Oregon Coast Range, where concentration of ridgetop road
drainage has destabilized many hallows (Montgomery, submitted). Management-related
destahilization of hollows may dramaticaly accderate sediment delivery to channels [see
Montgomery (1991) and references therain|.

Collyvial Channds

Colluvid channels respond to dtered discharge or sediment supply primarily
through changes in sediment storage. In steep landscapes, colluvid channds have only a
thin dluvid mantle, typicaly occur in narrow, bedrock-walled valeys, and are unlikely to
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sgnificantly change channd width or depth. In contradt, colluvid channds in low-gradient
landscapes may occupy wide valeys with thick valey fills. Increased discharge may
trigger gullying, tilling, and channd head advance that may destabilize valey fills and
dramaticaly increase sediment delivery to downdope channels. A rise in discharge may
aso tend to cause both grester bed mobility and bed coarsening, resulting in an increasingly
dluvid character to the channd. In steep landscapes, debris-flow scour trandently depletes
valey sediment sorage and may convert colluvid channds into bedrock channds until
colluvium reeccumulates in the valey bottom. Conversdly, sediment storage in a colluvid
channd could increase from ether gullying or landdiding in upslope hollows, or
acceleration of colluvid trangport across channd banks. Increased sediment storage may
result in larger downdope ddiveries of sediment during the next mgor channd-scouring
event. The integrated nature of the channd network requires thet short or long-term
changes in sediment ddivery to, sorage in, and trangport from colluvid channels affect the
sediment supply of downdope channels.

Bedrock Channels

Bedrock channdls are generdly insengtive to short-term changes in sediment
supply or discharge. Change in bedrock channd geometry generdly does not occur over
short time scaes because bedrock channels are confined; channel width and depth will
increase in response to greater discharge, not by incision, but by smple expanson of flow
aea. The paucity of dluvid cover in bedrock channds generdly precludes sgnificant
adjugments in the bed materid Sze, bedform roughness, or sediment sorage. Only a
perdstent decrease in discharge and/or an increase in sediment supply sufficient to convert
the channd to an dluvid morphology would sgnificantly dter fluvial bedrock channels.
Channels scoured to bedrock ‘by debris flows, on the other hand, recover their pre-scouring
morphology a a rate determined by the sediment supply and fluvial trangport capecity. In
generd, moderate changes in discharge or sediment load are transmitted downdope without
ggnificant morphologicd change within a bedrock reach.

Cascade Channels

The hypothesized undercapacity bedload transport rates, as well as stable bed-
forming grains that are adjusted to long recurrance interva flows make cascade channels
reslient to dtered sediment supplies or dicharges. Cascade channels generaly are floored
by rdatively coarse, immobile aluvium and are laierdly confined by valey wadls.
Conseguently, channd bank cutting or bed incison are unlikely responses to changes in
sediment supply or discharge. However, width and depth in these confined channels can
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respond to increased discharges by smple flow expandgon. Significant bed roughness
changes are unlikely, due to the lack of distinct bedforms. With decreased discharge or
large increases in sediment supply, some decrease in dsg may occur with depogition and/or
entrapment of finer bed materid behind large grains and in their wakes However, high
relaive trangport capacities generdly imply the potentid for rapid downstream trangport of
increased sediment loads. Because of their podtion within the network, cascade channels
typicdly are subject to debris flow impacts. We hypothesize that burid of cascades by
debris flow deposition is generdly short-lived, as these high energy channds excavate
themsdlves rapidly. Recovery from debrisflow scour, however, depends on the ddivery
of large bed-forming clasts to the channe reach.

Step-pool Channels

Adjusments to changes in flow or sediment supply in step-pool streams can be
quite complex, in which a variety of possible response scenarios may be envisoned,
dependent on both current and previous watershed events. Neverthdess, high rddive
transport cagpacities enable increased discharges or sediments loads to continue to be rapidly
passed downgtream even though morphologic response may have occurred within a step-
pool reech. Aswith other confined channds, increased discharge may result in flow width
and height expangon without bank cutting or channd incison, as bed-forming step-poal
grans am essentidly static. However, pool depth, and thus channe storage and depth of
scour, are sengtive to changes in both sediment input and flow characteristics. For
example, a dedine in the frequency and duration of pool-scouring flows combined with an
increase in sediment input would likely cause alarger volume of bedload materid to be
trangently stored in pools between mohilizing events. Poal-filling materid of this sort is
efficiently scoured during frequent high-flow events, but bedload travel distance depends
on flood duretion.

Savere increases in sediment loads will result in Sgnificant pool filing, reduction of
channd roughness, and the potentid for bank incidon (Whittaker, 1987a). However,
Whittaker and Davies (1982) suggest that pooal filling is discouraged by the Smultaneous
reduction in sep roughness, indicating the tendency for re-establishment of a stepped
morphology if high sediment loads am not sustained Similarly it has been obsarved that
channel morphology is rapidly m-established after extreme flood events (Sawada et d.,
1983; Warburton, 1992). Large sustained changes in discharge may be compensated for
by dteration of channel roughness by changes in step/pool spacing (see Whittaker and
Jaeggi, 1982). Texturd response in terms of bed armoring or fining is the more likey
reponse to moderate changes in supply or discharge.
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Pane Bed Channels

Mane-bed channds have a variety of potential responses to perturbations. They
may be ather confined or unconfined and may or may nat be free to widen or incise with
changes in discharge or sediment supply. Increased discharge can coarsen the bed,
potentidly causing an increase in the rdative roughness and thus the turbulent energy
disspation. We have not observed snuous plane-bed channels and so roughness changes
of that sort seem unlikely. Changes in sediment loading and discharge can cause
ggnificant bed aggradation or degradation, thus changing the amount of bed Sorage.
Increased sediment supply is expected to result in ether fining of the bed surface or channe
aggradation.  Although plane-bed channdls are characterized by alack of bedforms; it is
possble that with rapid aggradation an unconfined plane-bed channd may metamorphose
into a braded morphology. Anticipated response of a plane-bed channd to dtered
sediment load or discharge involves changes in bed surface texture, channd geometry, or
depth of scour. Additions of significant LWD to a plane-bed channd may provide
sufficient flow convergence and divergence to cause poal deveopment and transform the
channd to a forced pool-riffle morphology. Conversdly, a reduction in the supply of LWD
to a seep-gradient (1°-3°), forced poal-riffle channd may result in converson to a plane-
bed morphology (Figure 13). Consequently, identification of channd reaches with the
potentia for a plane-bed morphology is an important aspect of assessing the impact of
LWD loss accompanying intendve timber harvesting. Plane-bed channels are hypothesized
to have lower reative trangport capacities than step-pool and cascade reaches and therefore
are more morphologicaly respongve to perturbations in discharge or sediment supply.

Pool-riffle Channels

Pool-riffie channds tend to have the widest variety of potentid responses They are
generdly unconfined, which dlows widening in response to ather increased discharge or
sediment supply.  Increased discharge may aso cause bank cutting and meander
development, potentidly decreasing channe dope. Aggradation can occur due to higher
sediment loads or decreased discharge. Pool filling in response to increased sediment
loading reduces bedform roughness and increases sediment sorage. Higher sediment
loads encourage fining of the channd bed, while decreased sediment supply enhances the
tendency for bed amoring. Increased sediment supply dso may result in expansion of the
zone of active trangport within the channd.  An increase in the fine sediment load can result
in the devdopment of longitudinal accumulaions of fine Sediment, sometimes referred to as

sand dripes. Higher pesk flows or more frequent sediment trangporting discharges can
potentidly increase the depth of scour. Furthermore, higher discharge increases the
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difference between basd shear stress and the critical shear siress for bed mobilization,
which would increase bedload transport rates, decrease sediment storage and potentialy
coarsen the channed bed. Less frequent channd-forming flows, on the other hand, favor
poal filing and increased sediment Sorage.  Increased sediment supply concurrent with
channd widening may result in a braided channd.

The nature of the controls on pool and bar formation condrain the potentid
responses of pool-riffle channds. Forced pool-riffle channds are extremely sendtive to the
availability of flow obstructions. Preiminary field obsarvations indicate that forced pool-
riffle channds occur in the same gradient range as plane-bed channdls (.01 -.03). A
decrease in the supply of LWD in a steeper-gradient, forced pool-riffle channd may result
in dgnificant morphologica changes, including: pool loss, increased effective shear Stress,
and potentid converson to a plane-bed morphology. Even with LWD removd, lower-
gradient (i.e, S$<.01) forced poadl-riffle channds may mantain a pool-riffle morphology,
abat with different pool characteridtics (i.e. depth, 9ze, and spacing) (Smith et d.,
submitted). In forced pool-riffle channds, LWD is the dominant roughness dement and
regponse to dtered sediment supply may be limited to a narrow range of grain Sze response
before significant bedform aggradation/degradation is initiated (Buffington and
Montgomery, 1992). Due to low relative transport capacities, pool-riffle channds are
morphologicaly regponsve to changes in sediment supply and discharge. Prediction of
specific response of pool-riffle channels is complicated by the large number of possible
channd adjugments. Unfortunately, pool-riffle channds are both of primary concern for
anadromous fish habitat and are those mogt likely to experience sgnificant, persagent
impacts.

Regime Channels

Regime channels am expected to have the lowest rdative trangport capacities, and
are thus condderably sengtive to perturbations. Regime channds typicaly occur in low-
gradient valeys and are unconfined by valey wals. Bank materid usudly conssts of
sediment previoudy transported by the channd. Consequently, the channd may widen in
response to both increased discharge or aggradation resulting from higher sediment loads.
Higher sediment loading aso may result in greeter floodplain orage. Regime channds
typicaly are poorly armored with little potentid for changes in bed materid sze. Bedform
roughness is unlikely to change in response to dtered sediment supply, as flow sage
dominantly controls bed roughness. Changes in the discharge regime, on the other hand,
am reflected in the sequence of bedfotms present in the channd. As sediment trangport in
regime channds does not have a digtinct threshold, the rate of sediment transport increases
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with discharge. Increased discharge dso can result in meandering, causing decreased dope
and increased channd roughness. Thus the primary regponse potentid for regime channds
Is changes in channel geometty or trangport rates.

Cragieels

Braided channels reflect a condition of high sediment supply rdative to transport
capacity. Consequently, a ggnificant increase in discharge or decrease in sediment supply
may result in converson to a sngle-thread channd. Increased sediment supply may result
in further widening of the active channd and/or aggradetion of the bed surface. The
compastion of the channd bed, the number of medid and longitudind bars and the
amount of sediment sorage, dso may change in response to dtered sediment supply or
discharge. Even 0, braided channds are rdaively insendtive to dl but mgor
perturbations.

Confinement

Channd confinement :is important for interpreting potentid channd response. The
geomery of the channd above the bankfull Sage strongly controls the response of the
channd bed to high-discharge flow. Unconfined channels may have extensive floodplains
across which overbank flows spread At stages above bankfull, a greater increase in flow
depth occurs in response to a unit increase in discharge in a confuted channd than in an
unconfined channd (Figure 21). Laterd spreading of overbank flow from an unconfined
channd across the floodplain effectively limits the depth of flow, and thus the basd shear
dress, to about thet associated with the bankfull flow depth, mitigating the effect of pesk
discharges on channd morphology. The geometry of a confined channd, on the other
hand, trandates discharge greater than bankfull into increased basal shear stress. Sediment
trangport rates and the depth of bed scour in unconfined channds should reflect the
duration thet flow is greater than that required for bed mohbility. Consequently, the amount
of time flow exceeds bankfull Sage, rather than the pesk flow magnitude, may contral the
response of unconfined channds to changes in discharge. In contradt, transport rates in
confined channds may reflect both the full magnitude of pesk discharge and the duration of
flow in excess of that required for bed mohilization.

Isolation of unconfined channds from their flocxlplains can entall dramétic
conseguences, as connections between a channd and its floodplain are an important
geomorphic component of many biologic sysems. Prevention of overbank flows by
dikes, or other flood control measures, may trigger channd entrenchment. How
diversons or regulation thet prevent or decrease the frequency of floodplain inundation
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change both Sde channd and floodplain processes. Abandonment of sde channels and
ponds may diminate important habitet dements. Prevention of overbank flows also stops
sediment and nutrient ddlivery to floodplain soils, which may affect both floodplain-
dwelling organisms and the long-term productivity of agriculturd land.

Vegetation

Changes in channd-margin vegetaion can have dramaic impacts on channd
morphology and processes. Riparian vegetation may contribute subgtantial cohesion to
channd banks. Unconfined dluvid channes with reatively uncohesive bank-forming
materid are paticularly susceptible to dramatic channd widening as a result of riparian
vegetaion cearance. Alteration of channd margin vegetation dso influences the
recruitment of LWD to channels, which may trangently change both the age and species of
wood etering the fluvial sysem. This may afect the magnitude and persstence of the
morphologic influence of LWD through changes in LWD sre and decay rate.

Channd response to changes in the supply of LWD depends on its role in sediment
dorage and pool formation. As discussed above, these effects vary sysemdticdly through
a channd network. A decrease in the supply of LWD acceerates sediment trangport and
decreases sediment storage in smal channels where woody debris provides significant
sediment sorage. Smilarly, a decrease in the supply of LWD reduces in-channd
roughness and may eiminate pools in channds where LWD contrals in-channe flow
convergence and divergence. For example, removd of LWD from channds in which
abundant LWD maintains a poal-riffle morphology may result in ether a change in the dre
and location of pools or conversgon to a plane-bed morphology (Figure 13). Sgnificant
morphologic change dso may accompany a decreased supply of LWD to achannd in
which LWD plays a mgor role in sep formation and sediment storage (eg., Marston,
1982). Where a supply of large, sep-forming clasts is not available, a forced step-pool
channd may convert to a bedrock channd following LWD removd. Hence mgor
morphologic change may occur in amdl to moderate Sre channds in response to changes
in LWD input, trangport, or decay. Changes in the amount of LWD supplied to colluvid
channds margindly affect sediment storage, but may subgtantialy affect debris flow
ddivery of LWD to cascade and step-pool channds. Dramatic increases in debris loading
may result in more frequent dam-breek floods, which may significantly dter the frequency
of scour and thus morphology of downdope channels.

Changes in the amount of LWD aso may impact larger channds in which LWD
primarily acts as sediment. In some channels, debris jams control channe avulsons and
sde-channd development across floodplains. A decrease in the supply of large, jam-
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forming debris delivered to the main channel could lead to side channel abandonment.
Channd type, Sre, and podtion in the channel network control potentia response to
changesin LWD recruitement, trangport, and decay. In generd, fied obsarvations are
required to assess potentid impacts associated with LWD.

Debris Flows

The potentid effect of debris flow processes reflects channd dope. and position in
the channd network. Debris flow passage may mobilize bed materid and scour channels to
bedrock Debris flow depodgtion, on the other hand, may result in aggradation and
obliterate the channd as a morphologica festure. Recovery from debris flow impacts
differs for steep and low-gradient channds. Steep, high-energy channdls recover quickly
from sediment depogtion, recover mom dowly from bedrock scouring events, and may be
gregtly influenced by the availability of coarse sediment and LWD recruitment.  Step-pool
and cascade channdls impacted by debris flow depostion recover quickly, due to the high
redive trangport capacities. Lower-gradient channds, on the other hand, may take
ggnificant time to recover from debris flow depogtion, because of ther lower rddive
trangport capacity. Although channd gradient often corrdates with the style of potentia
debris-flow impacts, channe network architecture dso influences the routing of debris-
flow impacts Assessment of potentid debrisflow impects involves differentiating areas of
potentid debrisflow initiation, scour, and depodtion. Digitd terran modes for debris
flow source areas and run out paths provide both this patial context and assessments of
reldive debris flow hazard (Montgomery and Dietrich, submitted).

SOURCE, TRANSPORT, AND RESPONSE REACHES

At the mogt generd level, network position and sediment transport characterigtics of
the reach-level morphologies define source, transport, and response reaches. In steep
landscapes, source reaches are trangport-limited, sediment storage sites subject to
intermittent debris flow scour (colluvid). Trangport reaches am morphologicdly reslient,
high-gradient, supply-limited channels (bedrock, cascade, and step-pool) that rapidly
convey increased sediment inputs. Response reeches are low-gradient, transport-limited
channds (plane-bed, poal-riffle, regime, braided) in which sgnificant morphologic
adjusment occurs in response to increased sediment supply.

The spatid didtribution of source, trangport, and response reaches governs the
didgribution of potential impacts and recovery times. Generd responses for source,
trangport, and response reaches define patterns of sengtivity to dtered discharge, sediment
supply, or debris flow scour within a watershed. Downgtream trangtions from trangport to
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response reeches, in particular, define locations in the channd network where impacts from
increased sediment supply are both pronounced and persgtent. In addition to sysematic
downgtream changes, loca impacts may occur where them is a rapid decrease in trangport
capacity relaive to sediment supply, such aswould occur a the head of locad low-gradient
reaches controlled by lithology or geologic structures. Upstream trangport reaches rapidly
deliver increased sediment loads to the first downstream reech with insufficient transport
cgpacity to accommodate the additiond load. Viewed in alandscape context, the mgority
of sediment ddivered to trangport teeches is rapidly ddivered to the fit downstream
response reech where sediment accumulates and is gradualy trangported downstream.
Consequently, locations in the channd network where transport reaches flow into response
teaches are particularly susceptible to impacts from accelerated sediment supply. In this
regard, the reech-level classfication identifies areas most susceptible to locd increasesin
upsream sediment inputs. Thus the “cumulaive’ effects of upstream increases in sediment
supply are magnified in a reponse teech where longer time and/or Sgnificant
morphologica change is required to transport the additiond sediment. Downstream
impacts will also occur, of course, but these locations provide opportunities to monitor
network response and potentidly may serve as a critica components of watershed
monitoring dudies. In many aress, these locations are those of fundamenta concern for
aguatic resource management because of the associated habitat vaues. Most importantly,
this relation between channd classfication and potential response provides a direct linkage
between upstream sediment inputs and downstream response,

The concentration of peragent impects at identifiable postions in the channd
network has important correlations with resource vulnerability, as different species of fish
utilize different portions of the channd network. In the Peacific Northwest, for example,
resident trout typicaly occupy step-pool and cascade channds, whereas anadromous
sdmonids tend to spawn in pool-riffle channels. This Suggests that resdent trout
populations are subject to different naturd disturbance and recovery regimes than are
anadromous species. The conceptua channd response mode presented above indicates
that impacts of increased sadiment supply from landdiding and road condruction are
concentrated and persgent primarily in anadromous Species habitat. Impacts on the
physca habitat in seeper trangport reaches are more trandent, but may be dramétic
nonethdess if the extent and frequency of disturbance increases sgnificantly. This
diginction of response and trangport reaches provides a context for examining connections
between watershed modifications, impacts on channd morphology, and biologic response,
Further reseerch on the relation between disturbance regimes and the population dynamics
of different fish species should receive high priority.
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The regponse potentia for different channd morphologies highlights an important
consequence of the nature of sediment trangport in channd networks, and steep landscapes
in particular. Channd response cannot be predicted through congdering only management
activities proxima to and directly impacting some portion of the channd network, such as
fidrbearing waters, as is commonly done in mogt regulatory and manegement arenas.
Although management regulations typicaly do not gpply to smal, segp channels because
they do not harbor fisheries resources, such palicies are not based on aredidtic
condderation of channe network processes, as increased sediment production and ddlivery
to steep low-order channds is rapidly transmitted to downdream fish bearing waters.

APPLICATION TO CHANNEL NETWORK CLASSIFICATION

Identification of potentia source, trangport, and response reaches provides a firg
step for assessing potentid channel responses. There are two gpproaches to mapping
channdl types: field ingpection and prediction. Field mapping is the modt reliable method
for establishing the spatid didribution of channd types in a watershed, but it is both labor
and time intendve. Prediction of channd type is less accurate, but eedly automated
Prdiminary corrdaions of channd types and dope suggest that either topographic maps or
digital evation models may be used & areconnaissance level to predict potentia source,
trangport, and response reaches.

When field information is available on channd type, a Smple abbreviated code may
be used to delineate reach-level morphologies and illugtrate their Spatid linkages(Figure
22). Each channd morphology may be represented by a smple code: B = bedrock; CO =
colluvium; BR = braided; CA. = cascade, SP = sep-pool; PR = pool-riffle; PB = plane-bed,
R = regime. Channds in which LWD provides the dominant control on bed morphology
(forced step-pool and forced pool-riffle) may be designated with a subscript " (i.e., SPy,
PRp).

Primiiary fidd obsarvaions in mountain drainege bagns in the Pacific Northwest
(Montgomery, in prep.) indicate that channe dope differentiates dluvid channd types.
pool-riffle channels occur at gradients < 0.02, plane bed channdls occur at gradients
between 0.01 and 0.03; step-pool channels occur at gradients between 0.03 and 0.08;
cascade channels occur at gradients between 0.08 and 0.30. In mountainous drainage
basnsin this region, colluvid channels occur at gradients > 0.20 and bedrock channels
have unusudly steep dopes for their drainage area (Montgomery, in prep.). These gradient
divisons are not absolute, and morphologic trangtions between channd types may be
gradual. Drainage area and both loca and regiond conditions may aso influence channd
type. Our experience to date, however, suggeds tha these gradient divisons are rddively
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robust. For reconnaissance-level classfication this can be. generdized to predict the
digribution of source (S >0.30), trangport (0.03< S <0.30), and response (S ~0.03)
reaches from digital devation data once the channd network is delineated (see discusson in
Montgomery and Foufoula-Georgiou, in press). Comparison of these dopes with generd
criteriafor debris-flow impact discussed earlier suggests that colluvia and cascade channels
am subject to scour, sep-pool channes to deposition, and pool-riffle and plane-bed
channds to locd depogtion depending upon position within the channd network.

Automated channel dassification based on digita devation data dlows prediction of
the spatid distribution of channd types that can guide fidd work. For example, channels
30 defined from the U.S. Geologicd Survey Owl Mountain 7.5 quadrangle on the
Olympic Peninsula, Washington (Figure 23) indicate that source reaches occupy basin
headwaters, transport reaches occupy mgjor tributary valleys, and response reaches occupy
the mgor dluviated valeys dong the main rivers. Fidd mapping of channd types dong
the South Fork Hoh river confirms this generd pattern of channdl types. Moreover, in this
same area land-management related impacts are concentrated and persstent a the trangtion
from trangport to response reaches where channd gradients decline repidly as steep
tributary valleys enter larger valeys. This gpproach provides a smple method for rgpidly
generating a Site-gpecific conceptud model of generd watershed processes.

ASSESSING CHANNEL CHANGE

Three generd approaches axe possible for evauating past channe changes and
assessing the present gate of a channd: comparison of current channd conditions with
historica records of past conditions;, comparison of current conditions with those in a
“comparable’ channd; and theoretical predictions of channd morphology (cf., Gregory,
1977). The higtorica gpproach does not have predictive power, but is the most direct and
convincng method for documenting past channd changes. Such an gpproach is only
possible, of course, when the necessary information is available. Typicdly, only
fragmentary information exigs, as concern for channd integrity usudly arises only once
sgnificant change dready has occurred. Comparison of channd conditions with those in
undisturbed or otherwise desirable channds provides an dternative when.appropriate
higoricd information is not avallable. However, any such subgtitution of space for time
involves sgnificant uncertainties, and deciding what condtitutes a desiresble channd
necessarily involves some judgement. To be meaningful, assessment of channd conditions
using these gpproaches must be based on channd type. One of the most important
implications of these methods is that assessment of channe condiitions and prediction of
channd reponse require fundamentaly different goproaches.
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Asessment of past impacts requires evauation of current conditions with respect to
some expected condition. This is best accomplished through an underganding of channd
processes and condraints on the potentia response of different channe types. Essentidly,
we need to know what types of response to expect in different types of channds and how
to look for evidence of past regponse to perturbations. Moreover, Snce some reponses to
dtered discharge and sediment supply potentialy offset each other, how can we distinguish
the impect of variaions in both sediment supply and discharge? Mog importantly, we
must focus assessments on those aspects of a channel that are potentidly respongve to
perturbations of interest (eg., changes in sediment supply, discharge, and debris flows, or
the supply of large woody debris). These aspects include channd width, depth, sediment
sze, surface amoring, bedform roughness, the style and amount of sediment storage, pool
depths, and depth of scour. Unfortunately, however, there is no theory avalable a present
to independently predict these channd attributes based on factors such as rainfal, drainage
area, bedrock type, valey confinement, and riparian vegetation. Consequently, Smply
measring any of these parameters does Not assess whether a channel has changed in any
of these repects. We need to have a reference frame in which to evauate observed channd
characterisitics.

An underganding of watershed processes provides a vauable framework for
assessing suspected pagt, or potentid future channd changes. While our proposed channd
classfication provides a framework within which to andyze channd change, thereis a
tempora component to assessing channd change that dso must be congdered.  Sediment
routing and storage may dramdicaly affect both the extent to which a disturbance will
propagate through a channd network and the time lag between upslope distiurbance and
downstream response. Any evidence for channd change should be evduated againgt
potentid causd mechaniams for the watershed in question.

Higtorical evidence provides a powerful tool for assessng channd changes, but
documentation of previous channd conditions typicaly is inedequate. For Stes where such
informetion is avalable, examination of higoricd maps, gaging Sation records, surveyed
cross sections, and sequentia aerid photographs may reved whether some aspects of
channd conditions changed over the period of record. Even when historicd deta on
channd conditions are available, they typicdly include observations on only severd of the
possible channel adjustments. Changes in the annud depth of scour and bed sediment sze,
for example, are extremely difficult to recondruct from most hitorical data sources, but
may be crucid for evauating channd condition vis-4-vis ecological concerns.

Aerid photographs provide a wedth of historical data for many watersheds. The
extent of riparian canopy opening provides a disurbance indicator useful for recongructing
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landdide frequency when sequentid aerid photographs are available (eg., Grant & al.,
1984, Grant, 1988). Spatia patterns of riparian openings can be compared on
contemporaneous coverage. Applied carefully, these techniques dlow both recondruction
of the timing and spatid patterns of past events, and assessment of assodiations with land
manegement.

In the Stuation where higtoricd data are unavailable, assessment of past channd
changes must be basad on edimation of expected channd conditions. The primary
guantitative opportunity for this approach lies in empiricd relations that describe trends in
channd geometry over regiond scaes. In essence, we may compare present channel
conditions with those expected for a comparable “undisurbed’ channd in the same region.
This brings up the problem of what measurable channd aitributes are sendtive to
management effects, am possble to collect, and have predictive cgpability when
extrgpolated from control channels to channels of interest. A number of correlations
between channd atributes may be exploited to define expected channd conditions,
dthough defining “comparable’ channds and the naturd variability of channd atributes are
nat trivial problems.

Reationships between channd width, depth, and ether drainage area, or discharge
(Leopold and Maddock, 1953) are smilar for channels developed on comparable
lithologies in the same hydrologic region. Comparison of observed channd widths and
depths with those from an “undisurbed” channd with a Smilar drainage area can imply
gross changes in channd geometry. A dmilar rdaionship is implied in data presented by
Hack (1957) for sediment size and the product of drainage areaand dope.  Sydematic
trends in bed fining or coarsening may be reveded by comparing obsarved sediment sze
with data from undisturbed channds. Smilarly, comparison of the amount and Sze of
LWD in rdation to channel Sze (eg., drainage area or width), as wdl asiits influence on
sediment sorage and pool formation, may indicate differences between digurbed and
undisturbed channds. Changes in some channd atributes, such as the annua depth of
soour, am difficult to determine from this type of andyss Such consderations do,
however, provide a framework for supplementing historicd data in the assessment of some
channd conditions,

Sadiment budgets provide another method for assessing the impact of watershed
management on channd networks, but are not widely used for this purpose. A sediment
budget conads of identifying and quantifying sediment sources and production rates,
trangport processes and rates, and storage eements and residence times (Dietrich and
Dunne, 1978). Usng this gpproach, the syle and rates of sediment input and processng
through a watershed may be characterized (e.g., Dietrich and Dunne, 1978; Lehre, 1981,
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1982, Dietrich € a., 1982, Lehre et &., 1983, Prestegaard, 1988). This approach alows
comparison of sediment trangport through similar waersheds under different management
conditions (eg., Kesd et d., 1992) and thus provides indght into potential sources of
obsarved, or inferred, channd changes and recovery times, as wel as identification of
aress sendtive to increased sediment loading.

Indications of the relation between sediment supply and transport cgpacity are
another tool for inferring past changes in channd morphology and sediment transport.
Two quantitetive techniques are available for assessing the reation between sediment load
and trangport cgpacity from channd morphology. Dietrich and others (1989) proposed a
dimensonless ratio of the sediment trangport rate for the surface and subsurface bed
meterid (q+) as a measure of sediment supply relative to transport capacity. A poorly-
amored cheannd with a high g« is interpreted to have a high sediment supply. Conversdy,
achannd with awell-developed surface armor layer and alow g« isinterpreted to have a
low sediment supply relative to transport cgpecity. Thus, a channe with little potentia for
further bed surface fining (g+= 1) must respond to future increases in sediment supply
through other morphologic adjusments (eg., channd aggradation and poal filling).
Channds with low g+ vaues have the potentia to respond to increased loads Smply by
texturd fining without other morphologica change and therefore have a higher capadity to
accomodate change. This, however, does not mean that other morphologic adjustments
may not occur concurrently. Although g« provides a quantitative assessment of the
capacity for bed surface texture change in response to increased sediment loading, response
to episodic increases in sediment supply may be trandent and difficult to monitor.

Lide and Hilton (1991; 1992) proposed thet the average ratio of the volume of fine
materiad overlying coarser channel bed materid to totd pool volume (V) provides a
measure of the amount of sediment in trangport, and thus of the sediment supply. They
further showed that this index corrdates with percelved sediment supply and thet it may
vary in response to locd increases in sediment supply. While both g+ and V+ provide an
assessment of the contemporary baance between sediment supply and transport capecity,
neither of these gpproaches are directly gpplicable in egp channds.

A number of quditative channd atributes indicate a high sediment supply rddive to
trangport capecity. Agegradation, braiding, medid gravel bars, presence of sand dripes,
and awide active channd are indicative of high sediment supply (Dietrich €t a., 1989). In
contrast, a wide inactive zone of rdatively coarse sediment on the margins of a channd
implies alow sediment supply (Dietrich et d., 1989). Such observations provide
quditative ingght into the relaive magnitude of sadiment supply and trangport cgpecity.
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It is crudd to use the above indicators of relaive sediment supply within a
watershed context, as some channdls have a naturdly high sediment supply. Identification
of potentid sediment sources in the watershed is necessary to assess the cause of a high
sediment supply relative to trangport capecity. In generd, the most likely candidates are
landdides, bank falures, and roads or compacted areas draining into upstream channels.
One gpproach is to base inferences of the effect of managment on relations between ¢ or
V+ and quantitiative measures of management intendty, such as road dengty or Percent of
the watershed harvested. However, these parameters (g* and V+) primarily reflect the
chronic sediment supply of a channd. Increased sediment loading from episodic
disturbance may result in other dramatic changes, tha may not persst in the bed surface
texture once the sediment supply is reduced Conversdly, measurement of these varigbles
during passage of an episodic disturbance may erroneoudy evaduate the long-term supply
or discharge Thus, it is important to recognize the context within which any of these
measures ae meaningful.

The sze of sediment supplied to a channd may change in response to watershed
disurbance. The particle Sze digtribution of the subsurface bed materid gpproximates that
of the bedload materid transported by the channd (Milhous, 1973; Parker et d., 1982). If
the composition of the bedload trangported by a channd changes, then the compostion of
the subsurface aluvium should reflect this change. Thus an increase in the proportion of
fine sediment supplied to a channd will result in an increase in the fine sediment content of
the subsurface sediment in portions of the channd network in which sediment of the sze
under condderation travels as bedload. Detection of such a change, of course, depends on
knowing the pre-disurbance size didribution. In threshold dluvid channds, transport of
fine sediment a discharges less than bankfull reflects either the availability of fine sediment
on the bed surface or introduction of fine sediment to the channd during modest sorms.
The mogt likely source is sediment produced from runoff over unpaved mad surfaces (eg.,
Reid and Dunne, 1984). Sampling programs designed to assess the impact of watershed
management on the fiie sediment concentration of a channd mugt indude subsurface, as
well as bed surface particle Sze digtributions.

Suspended load dso may diffuse through the bed surface during low-flow periods
when bedload isnat in transit. Incressed suspended loading may accelerate diffuson into
the channd bed and thus the concentration of fine sediment in the subsurface sediment
(Lide, 1989). The proportion of tine materia in subsurface sediment is a biologicaly
important factor that integrates the dischaerge regime and sources of sediment entering the
channd system (Lide and Lewis, 1992). Many workers reported that increases in the
percentage of fine channd subdrate are corrdaed with reduced salmonid survival-to-
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emergence [see recent reviews in Chgpman (1988) and Peterson and others (1992)]. Low-
gradient channds, in particular, are susceptible to increasad proportions of fine sediment in
the channd subdrate.

Fine sediment transported over an armored bed during low flow (eg., Jackson and
Beschta, 1982) could not be derived from subsurface sediment, as the bed armor is not
mohilized during low-flow events Fine sediment in trangt during low-flow events mud,
therefore, represent ether materid mobilized from the surface of the channd bed (such as
fine sediment tored in pools) or sediment ddivered to the channd by runoff produced
during sorms that do not generate armor-mohbilizing discharges. The latter could come
from road surface runoff, or from eroson of bare ground. Thus, the production and
ddivery of sediment to channds during frequent orm events may control the amount of
tine sediment in trangport during low-flow events and this, in turn, may control the rate of
fine sediment diffuson into the channd bed.

Aggradationd waves may propagate through channd networks, resulting in smilar,
but temporaly-offset impacts in different portions of the channd network. This tempora
delay in downstream impacts must be. conddered in addition to the spatid digtribution of
potential impacts. The rate & which an aggradational wave will move through a channd
sysem is determined by the controls on the frequency of bed materid movement and the
typicd travd digance. This is a complex, poorly-understood problem. These effects are
important, however, for examining vaidions in reponse and recovery time in naturd
channe networks.

Severd quditative methods have been proposad for assessng channd
modifications due to dtered Peak flows. Pfankuch's (1978) method relies on descriptions
of factors such as bank cutting, dgd saning of clasts, bed materid size, and perceived bed
dability to assess impacts from increased pesk flows. This method essentialy assumes
that there is only one channd type, and that dl channds respond smilarly to dtered pesk
flows. We disagree with this assumption. Metzler (1992) modified this generad approach
to include more channd types, but her method il is based on the assumption thet the
effects of dtered peek flow are distinct from changes in either sediment supply or debris
flow impacts. While these approaches are well-suited for ether describing channd
conditions or predicting the likdy syle of future channd response, we maintain thet in
many ingances a watershed-leved andlysis is needed to ascertain whether past channel
change occurred from discharge or sediment supply modifications.

Visud inventories of in-channd habitat units (Hankin and Reeves, 1988) are being
used a present to assess channd conditions and provide a basdine for monitoring studies
in many basins in the western United States. Unfortunately, replication of hebitat
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classfication usng such methods is poor (Ralph et d., 1991). Smplification of the
potentid habitat types might improve replicability. More importantly, however, such
detalled inventories are gppropriate for assessng channd conditions (as opposad to habitat
avallability) only when data collection is gratified by channd type and them is some control
on what defines the “expected’ condition.

We contend that an anaylsis of watershed processes usng all available information
IS necessary to assess evidence for past or the syle of future channd changes. Higorica
data sources should be examined for direct evidence of changes in channd morphology.
Comparison of exiding conditions to ether anticipated conditions or those in undisturbed
channels should be based on channd type to dlow meaningful comparison. Perhgos most
importantly, channel assessments should include a watershed context incorporating spdtid
differences in both hilldope and channd processes. Further development of scientific
methods for recondructing and predicting channe change is strongly recommended.

WATERSHED MANAGEMENT

The effectiveness with which classfication of channd processes is trandated into
enhanced resource qudity depends on the philosophy employed to implement watershed
manegement.  Input and output management define two fundamentdly disinct drategies
for watershed management. Output management essentidly identifies areas thet have been
impacted and promotes their recovery or minimizes future degradation. Input management
identifies aress likdy to be impected in the future and modifies management activity to
minimize impects in sengtive areas. Both gpproaches are necessary for effective watershed
management and restoration.

At present, the most commonly usad gpproach is output management, which rdies
on the premise that a watershed can be managed to prevent or respond to channd
degradation below certain threshold conditions. An inherent aspect of this manegement
strategy is that activities which do not change channe conditions beyond a prescribed
threshold are congdered acceptable. Only once achannd is degraded to a sufficient ate
do modified management prescriptions take effect. Thus, there is a tendency over time to
favor resource degradation to conditions just shy of the datutory response threshold
Accurate determination of response thresholds is thus extremey important  Unfortunately,
amgor problem with this goproach is that even if we were able to identify, quantify,
model, and monitor potentid changes in channd systems, the biologic response to these
changes may remain dauntingly complex. Moreover, discrete response thresholds do not
exig in many physica and biologic sysems, as incrementd changes in some varidble or
process will result in incremental changes in associated processes. Rather, response
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thresholds often are management tools imposed on the naturd system for the convenience
of the land manager. While it is difficult to imagine ever having enough information to
confidently protect biologic resources through output management, this strategy does
provide an effective mechaniam through which to define an acceptable limit to resource
degradation. As a restoration Srategy, however, a threshold-based gpproach favors
establishing specified habitat characteridtics rather than conditions mat alow natura
processes to persist.

Input management relies on identifying the effects of land use disurbance on
natura processes and taloring land management operations to minimize these impacts.
Input management is not Smple, but is potentidly mom effective in preventing long-term
resource degradation. Effective implementation requires knowledge of the processes
governing the sysem of interest. The effect of potentid or existing land management
practices on these processes aso must be known. For the case of channd networks, the
processes producing, delivering, routing, and storing sediment must be ascertained. Input
management focuses on how management activities dter these processes, ther rates and
linkages, and adjudts the syle and intengty of land management to minimize impacts to
these processes. The mogt effective input management would preserve the magnitudes and
frequency of naturaly-occurring processes in the system of interest. Examples of this
goproach are the establishment of riparian buffer zones to provide shade and a source of
woody debris for channds and the redesign of logging roads to prevent drainage
accumulation and ddlivery of fine Sediment to channels.

Input and output management provide didinct, but not mutudly exdusve,
draegies for watershed management. Output management is necessary to identify and
restore arees that aready have been impacted, whereas input management is necessaxy to
prevent further resource degradation, especidly in reatively unimpacted aress. This
highlights a fundamenta difference between monitoring/rehahilitation efforts and programs
amed & preventing or minimizing cumulaive watershed impacts We maintain thet input
management is better suited to long-term watershed management, because of the
complexity of interactions between physca and biologic sysems and the tenuous
foundation for identifying response thresholds in naturd sysems. Minimizing changes in
the processes that cregte physica habitat provides the only method for assuring that all
components of that habitat will be available to biologic resources. Although operationa
changes generdly will he necessary for implementing effective input managemert, it
provides a solid foundation for incorporating naturd resource protection into land
managemant.
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Watersheds are complex systems that integrate processes acting over different
scdes The wide array of processes influencing the morphology and dynamics of naturd
channd systems suggests no Smple solutions to problems of channe degradation, let done
the attendant biologic response. We have tried to systematize channd processes into a
framework for examining the potentid responses of channd systems. Our gpproach is not
exhaudtive and additiond methods are needed to address channd condition, potentia
responses, and the impact of watershed management on both geomorphic and biologic
sysems. It is imperaive, however, that new methods be wel-founded in an underdanding
of channel processes and watershed dynamics.
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Figure 4 Photograph of a debris flow from a hollow in the Oregon Coast Range.
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Figure 7 Photograph of a step-pool channel.



Figure 8 llludration of differences between cascade, sep-poal, and poal-riffle
channd  morphologies



IFigure 9 Photograph of a plane-bed channel.



Figure 10 Photograph of apoadl-tiffle: channd.



Figure 11 Photograph of a braided channel.
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Figure 14 Photograph of LWD on bar tops in a large, low-gradient channdl.
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General reach-level channel type characteristics.
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Figure 2 1 lllugration of the effect of an incrementd increase in distharge above
bankfull stage for confined and unconfined chennds
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Figure

green channzsls represent transport reaches, and red channels represent response reaches.
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