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Channel-reach morphology in mountain drainage basins

David R. Montgomer y*
John M. Buffington®

ABSTRACT

A classification of channel-reach morphology in mountain drainage
basinssynthesizes stream mor phologiesinto seven distinct reach types:
colluvial, bedrock, and five alluvial channel types (cascade, step poal,
plane bed, poal riffle, and dune ripple). Coupling reach-level channel
processes with the spatial arrangement of reach morphologies, their
linksto hillslope processes, and exter nal forcing by confinement, ripar -
ian vegetation, and woody debris defines a process-based framework
within which to assess channel condition and response potential in
mountain drainagebasins. Field investigationsdemonstr ate char acter -
istic dope, grain size, shear stress, and roughnessranges for different
reach types, observations consistent with our hypothesisthat alluvial
channel morphologies reflect specific roughness configurations ad-
justed to therelative magnitudes of sediment supply and transport ca-
pacity. Steep alluvial channels(cascade and step pool) have high ratios
of transport capacity to sediment supply and areresilient to changesin
dischar geand sediment supply, whereaslow-gradient alluvial channels
(poal riffleand duneripple) havelower transport capacity tosupply ra-
tios and thus exhibit significant and prolonged response to changesin
sediment supply and discharge. General differencesin theratio of
transport capacity to supply between channel types allow aggregation
of reachesinto source, transport, and response segments, the spatial
distribution of which provides a water shed-level conceptual model
linking reach morphology and channel processes. These two scales of
channel network classification define a framework within which toin-
vestigate spatial and temporal patterns of channel responsein moun-
tain drainage basins.

INTRODUCTION

Geologists and engineers have long recognized fundamental differences
between mountain channels and their lowland counterparts (e.g., Surell,
1841; Dana, 1850; Shaler, 1891). In contrast to self-formed flood-plain
channels, the gradient and morphology of mountain channels are tremen-
dously variable and prone to forcing by external influences. Although
mountain channels provide important aquatic habitat (e.g., Nehlsen et a.,
1991; Frissell, 1993), supply sediment to estuaries and the oceans (e.g., Mil-
liman and Syvitski, 1992), and transmit land use disturbances from head-
water areas down through drainage networks (e.g., Reid, 1993), they have
received relatively little study compared to lowland rivers.

Improved ability to relate morphology and processesin mountain chan-
nelswould facilitate understanding and predicting their responseto both hu-
man and natural disturbance. Classification schemes can organize such un-
derstanding into conceptual modelsthat provide further insight into channel
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processes (e.g., Schumm, 1977). With few exceptions (e.g., Paustian et al.,
1992; Whiting and Bradley, 1993), classifications of mountain channelsare
not process based, which compromisestheir use for ng channel con-
dition, response potential, and relations to ecological processes.

In order to provide a useful genera classification of mountain channels,
atypology should be applicable on morethan aregiona basis, yet adaptable
to regional variability; otherwise proliferation of regiona channel classifi-
cations could impede rather than enhance communication and understand-
ing. Moreover, a classification should rely on aspects of channel form that
reflect channel processes. Furthermore, it should encompass the whole
channel network, rather than consider only channelsinhabited by desirable
organisms or indicator species. A process-based understanding of spatial
linkageswithin awatershed isessential for assessment of channel condition,
prediction of channel response to disturbance, and interpretation of the
causes of historical channel changes.

Herein we systematize achannel classification that expands on Schumm'’s
(1977) general delineation of erosion, transport, and deposition reaches and
providesaframework for examining channel processesin mountain drainage
basins. We aso report afield test of the classification using datafrom drain-
age basinsin Oregon and Washington and propose a genetic explanation for
the distinct channel morphologiesthat werecognize. Thetieto channel proc-
and morphogenesis provides a defensible theoretical and conceptual
framework within which to classify channel morphology, assess channel
condition, and interpret response potentia. In particular, coupling of process-
based channe classification with landscape-specific spatial linkages can pro-
videinsight into how disturbances propagate through drainage basins. Our
classification arose from field work in mountain drainage basins where we
repeatedly observed the same general sequence of channel morphologies
down through the channel network. Herewe draw on previouswork and our
own field observations to discuss these morphol ogies and propose a theory
for theorigin of distinct aluvia channel types. Although devel oped based on
literature review and field observations in the Pacific Northwest (Mont-
gomery and Buffington, 1993), subsequent field work confirmsthe relevance
of the classification in other mountainous regions.

Channél-reach Morphology

A voluminousliterature on channel classification atteststo the wide vari-
ety of morphologies exhibited by stream channels. No single classification
can satisfy al possible purposes, or encompass al possible channel types;
each of the channel classificationsin common use have advantages and dis-
advantages for use in geological, engineering, and ecological applications
(seediscussionin Kondolf, 1995). Although stream channel s possess acon-
tinuum of characteristicsidentifiable at spatial scales that range from indi-
vidual channel unitsto entire drainage basins (Frissell et al., 1986), channel
reaches of at least 10 to 20 channel widthsin length define a useful scale
over which to relate stream morphol ogy to channel processes, response po-
tential, and habitat characteristics.
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TABLE 1. DIAGNOSTIC FEATURES OF EACH CHANNEL TYPE

Dune ripple Pool riffle Plane bed Step pool Cascade Bedrock Colluvial
Typical bed material Sand Gravel Gravel-cobble Cobble-boulder Boulder Rock Variable
Bedform pattern Multilayered Laterally oscillatory Featureless Vertically oscillatory Random Irregular Variable
Dominant Sinuosity, bedforms Bedforms (bars, Grains, banks Bedforms (steps, Grains, banks Boundaries (bed Grains
roughness (dunes, ripples, pools), grains, pools), grains, and banks)
elements bars) grains, sinuosity, banks banks

banks

Dominant sediment Fluvial, bank failure  Fluvial, bank failure  Fluvial, bank failure,

Fluvial, hillslope,

Fluvial, hillslope, Fluvial, hillslope, Hillslope, debris

sources debris flows debris flows debris flows debris flows flows
Sediment storage  Overbank, Overbank, bedforms Overbank Bedforms Lee and stoss sides Pockets Bed
elements bedforms of flow
obstructions
Typical confinement Unconfined Unconfined Variable Confined Confined Confined Confined
Typical pool spacing 5to7 5t07 None lto4 <1 Variable Unknown

(channel widths)

We recognizethree primary channel-reach substrates: bedrock, aluvium,
and colluvium. Bedrock reaches lack a contiguous alluvial bed and reflect
high transport capacitiesrelative to sediment supply; they aretypically con-
fined by valley wallsand have steep dopes. In contrast, aluvia channelsex-
hibit awide variety of morphol ogiesand roughness configurationsthat vary
with dope and position within the channel network, and may be either con-
fined, with little to no associated flood plain, or unconfined, with awell-
established flood plain. We recognize five distinct dluvia reach morpholo-
gies: cascade, step pool, plane bed, poal riffle, and dune ripple. Colluvia
channels form an additional reach type that we recognize separately from
aluvial channels, despite the common presence of athin aluvial substrate.
Colluvia channdstypicaly are small headwater streams that flow over a
colluvia valley fill and exhibit weak or ephemeral fluvial transport. Each of
these channel typesis distinguished by a digtinctive channel-bed morphol-
ogy, alowing rapid visua classification. Diagnostic features of each chan-
nel type are summarized in Table 1 and discussed below.

Cascade Channels

The term “cascade” connotes tumbling flow, although its specific mor-
phologic definition varies and often is applied to both channel units and
reaches(e.g., Bissonet al., 1982; Grant et d., 1990). Our ddlineation of cas-
cade channels focuses on streamsin which energy dissipation is dominated
by continuous tumbling and jet-and-wake flow over and around individual
largeclasts (e.g., Peterson and Mohanty, 1960) (Fig. 1A). Cascade channels
generaly occur on steep dopes, are narrowly confined by valley walls, and
are characterized by longitudinally and laterally disorganized bed material
typically consisting of cobbles and boulders (Fig. 2A). Small, partialy
channel-spanning pools spaced lessthan achannel width apart are common
in cascade channels. Tumbling flow over individua grain steps and turbu-
lence associated with jet-and-wake flow around grains dissipates much of
the mechanical energy of the flow (Fig. 3A).

Large particle size relative to flow depth makes the largest bed-forming
material of cascade reaches effectively immobile during typical flows. Stud-
ies of steep-gradient channelsreport that large bed-forming grainstypicaly
become mohile only during infrequent (i.e., 50-100 yr) hydrologic events
(Grant et al., 1990; Kondolf et al., 1991; Whittaker, 1987b). Mobilization of
these larger clastsis accompanied by high sediment transport rates due to
therelease of finer sediment trapped under and around large grains (Sawada
etal., 1983; Warburton, 1992). During lesser floods, gravel storedinlow en-
ergy sitesismohilized and travel sasbedload over larger bed-forming clasts
(Griffiths, 1980; Schmidt and Ergenzinger, 1992). Gravel and finer materia
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arelocally stored on stoss and lee sides of flow obstructions (i.e., large
grains and large woody debris) due to physical impoundment and genera-
tion of velocity shadows. One tracer study (Kondolf et al., 1991) showed
that material in such depositional sites was completely mobilized during a
seven-year recurrence-interval event, whereas no tracer movement was ob-
served during flows of lessthan the annual recurrenceinterval.

These observations suggest that there are two thresholdsfor sediment trans-
port in cascade channels. During moderate recurrence-interval flows, bedload
material israpidly and efficiently transported over the more stable bed-form-
ing clasts, which have a higher mohility threshold corresponding to morein-
frequent events. The lack of significant in-channel storage (Kondolf et d.,
1991) and the rapid scour of depositional sites during moderately frequent
high flows suggest that sediment transport iseffectively supply limitedin cas-
cade channels. Bedload transport studies demongtrate that steep channelsin
mountain drainage basins are typicaly supply limited, receiving seasond or
stochastic sediment inputs (Nanson, 1974; Griffiths, 1980; Ashidaet d., 1981;
Whittaker, 1987). Because of thishigh transport capacity rdlaiveto sediment
supply, cascade channels function primarily as sediment trangport zones that
rapidly deliver sediment to lower-gradient channels.

Step-Pool Channels

Step-pool channels are characterized by longitudinal steps formed by
large clasts organized into discrete channel-spanning accumulations that
separate pools containing finer material (Figs. 1B and 2B) (Ashidaet al.,
1976, 1981, Griffiths, 1980; Whittaker and Jaeggi, 1982; Whittaker and
Davies, 1982; Whittaker, 1987a, 1987b; Chin, 1989; Grant et al., 1990). Pri-
mary flow and channel bed oscillations in step-pool reaches are vertical,
rather than lateral, asin pool-riffle channels (Fig. 3B). The stepped mor-
phology of the bed results in alternating critical to supercritical flow over
steps and subcritical flow in pools (Bowman, 1977; Chin, 1989). Step-pool
channels exhibit a pool spacing of roughly one to four channel widths
(Bowman, 1977; Whittaker, 1987b; Chin, 1989; Grant et a., 1990), signif-
icantly less than the five to seven channel widths that typify self-formed
pool-rifflechannels (Leopold et a., 1964; Keller and Melhorn, 1978). Steps
provide much of the elevation drop and roughness in step-pool channels
(Ashidaet a., 1976; Whittaker and Jaeggi, 1982; Whittaker, 1987a, 1987b;
Chin, 1989). Step-pool morphology generally is associated with steep gra-
dients, small width to depth ratios, and pronounced confinement by valley
walls. Although step-forming clast sizestypically are comparableto annual
high flow depths, a stepped longitudina profile also may develop in steep
sand-bedded channels (G. E. Grant, 1996, personal commun.).
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Figure 1. Alluvial channel-reach morphologies: (A) cascade; (B) step
pool; (C) planebed; (D) pool riffle; (E) duneripple; (F) colluvial (chan-
nel in photois0.5 m wide); and (G) forced pool riffle.

Step-forming material may be viewed as either akinematicwave (Lang-  (Church and Jones, 1982), or as macroscal e antidunes (McDonald and
bein and Leopold, 1968), a congested zone of large grainsthat causesin-  Banerjee, 1971; Shaw and Kellerhals, 1977; Grant and Mizuyama, 1991).
creased local flow resistance and further accumulation of large particles  Step-pool sequences form through armoring processes under high dis-
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Figure 1. (Continued—caption on facing page).

chargesand low sediment supply (Ashidaet ., 1981; Whittaker and Jaeggi,
1982). Grant et al. (1990) suggested that low sediment supply and infre-
quent discharges capable of moving the coarsest sediment are required for
development of stepped-bed morphology, and Grant and Mizuyama (1991)
suggested that step-pool formation requires a heterogeneous bed mixture
and near-critical flow. Furthermore, step spacing corresponds to maximum
flow resistance, providing stability for a bed that would otherwise be mo-
bile (Whittaker and Jaeggi, 1982; Abrahamset a., 1995).

Step-pool channels have several sediment transport thresholds. Large bed-

Geological Society of America Bulletin, May 1997

forming materia generally ismobile only during relatively infrequent hydro-
logic events (Whittaker, 1987a, 1987b; Grant et d., 1990), athough Warbur-
ton (1992) showed that step-forming clastsin steep proglacial channels may
be mobile annually. Significant movement of al grain sizesoccursduring ex-
treme floods, and step-pool morphology is reestablished during the falling
limb of the hydrograph (Sawada et d., 1983; Whittaker, 1987b; Warbuton,
1992). During more frequent discharges, finer material stored in poolstravels
as bedload over stable bed-forming clasts (Ashida et a., 1981; Whittaker,
1987a, 1987b; Ergenzinger and Schmidt, 1990; Grant et d., 1990; Schmidt
and Ergenzinger, 1992). In a series of tracer tests in a step-pool channel,
Schmidt and Ergenzinger (1992) found that al of the tagged particles placed
in pools mohilized during frequent, moderate discharges and were preferen-
tialy redeposited into pools. Transport of al the pool-filling materiad indicates
that sediment transport of non-step-forming grainsissupply limited. Bedload
studies in step-pool channels demonstrate complex relations between dis-
charge and sediment transport; transport rates are dependent on seasonal and
stochastic sediment inputs, flow magnitude and duration, and antecedent
events (Nanson, 1974; Griffiths, 1980; Ashida et al., 1981; Sawadaet a.,
1983; Whittaker, 1987a, 1987b; Warburton, 1992). Ashida et d. (1981), for
example, observed a10 hr lag between the hydrograph pesk and onset of bed-
load transport for step-pool channels scoured of dl pool-filling sediment dur-
ing previous storms. Hydrograph pesks and bedl oad transport were, however,
directly correlated during a subsequent storm due to the availability of sedi-
ment deposited in pools. Warburton (1992) suggested three phases of sedi-
ment transport in step-pool channes: alow-flow flushing of fines; frequent
high-flow mobilization of pool-filling gravel (also noted by Sawadaet al.,
1983); and less-frequent higher-discharge mobilization of step-forming
grains.

Although step-pool and cascade channel morphologies both reflect
supply-limited transport, they are distinguished by differencesin the spatial
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density and organization of large clasts. Step-pool channels are defined by
discrete channd -spanning stepslessthan achannel width in length that sep-
arate pools spaced every oneto four channel widths. Cascade channels are
defined by ubiquitous tumbling and jet-and-wake flow over aseries of indi-
vidual large clasts that together exceed a channel width in length, with
small, irregularly placed pools spaced less than a channel width apart. The
regular sequence of pools and stepsin step-pool channels probably repre-
sents the emergence of afluvialy organized morphology in aluvia chan-
nels. In contrast, the disorganized large clasts of cascade channelsmay in-
clude lag deposits forced by nonfluvial processes (e.g., debris flows,
glaciers, and rock falls).

Plane-Bed Channels

The term “plane bed” has been applied to both planar bed phases ob-
served to form in sand-bed channels (Simonset d., 1965) and planar gravel
and cobble-bed channels (Florsheim, 1985) like the coarse-grained, thresh-
old canals described by Lane and Carlson (1953). Our use of thetermrefers
to thelatter and encompasses glide (run), riffle, and rapid morphologies de-
scribed in thefisheriesliterature (e.g., Bisson et d., 1982). Plane-bed chan-
nelslack discrete bars, acondition that isassociated with low width to depth
ratios (Sukegawa, 1973; Ikeda, 1975, 1977) and large values of relative

600

Figure 2. Schematic planform illustration of alluvial channel mor-
phologiesat low flow: (A) cascade channel showing nearly continuous,
highly turbulent flow around large grains; (B) step-pool channel
showing sequential highly turbulent flow over stepsand moretranquil
flow through intervening pools; (C) plane-bed channel showing single
boulder protruding through otherwise uniform flow; (D) pool-riffle
channel showing exposed bars, highly turbulent flow through riffles,
and more tranquil flow through pools; and (E) dune-ripple channel
showing dune and ripple formsas viewed through the flow.

roughness (ratio of 90th percentile grain size to bankfull flow depth).
Church and Jones (1982) considered bar formation unlikely at relative
roughnesses of 0.3 to 1.0. Plane-bed reaches occur at moderate to high
dopesin relatively straight channels that may be either unconfined or con-
fined by valley walls. They typically are composed of sand to small boulder
grain sizes, but are dominantly gravel to cobble bedded.

Plane-bed channels differ morphol ogically from both step-pool and pool -
riffle channelsin that they lack rhythmic bedforms and are characterized by
long stretches of relatively featureless bed (Figs. 1C and 2C). The absence
of tumbling flow and smaller relative roughness distinguish plane-bed
reachesfrom cascade and step-pool channels (Fig. 3C). Plane-bed channels
lack sufficient laterd flow convergence to develop pool-riffle morphol ogy
dueto lower width to depth ratios and greater rel ative roughness, which may
decomposelatera flow into smaller circulation cells. However, introduction
of flow obstructions may force local pool and bar formation.

Plane-bed channels typically exhibit armored bed surfaces calculated to
have a near-bankfull threshold for mobility, although elevated sediment
loading can cause textural fining and alower calculated mohility threshold
(Buffington, 1995). Plane-bed channel swith armored bed surfacesindicate
atransport capacity greater than sediment supply (i.e., supply-limited con-
ditions), whereas unarmored surfaces indicate a balance between transport
capacity and sediment supply (Dietrich et &l., 1989). Nevertheless, beyond
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Figure 3. Schematic longitudinal profiles of alluvial channel mor-
phologies at low flow: (A) cascade; (B) step pool; (C) plane bed;
(D) pool riffle; and (E) duneripple.

the threshold for significant bed-surface mobility, many armored gravel-
bedded channels exhibit a general correspondence between bedload trans-
port rate and discharge (e.g., Milhous, 1973; Jackson and Beschta, 1982; Si-
dle, 1988), implying transport-limited conditions. The above observations
suggest that plane-bed channels are transitional between supply- and trans-
port-limited morphologies.

Pool-Riffle Channels

Pool-riffle channels have an undulating bed that defines a sequence of
bars, pools, and riffles(Leopold et d., 1964) (Fig. 1D). Thislateral bedform
oscillation distinguishes pool-riffle channels from the other channel types
discussed above (Fig. 2D). Pools are topographic depressions within the
channel and bars are corresponding high points (Fig. 3D); these bedforms

Geological Society of America Bulletin, May 1997

are thus defined relative to each other (O’ Neill and Abrahams, 1984). Pools
are rhythmically spaced about every five to seven channel widthsin self-
formed, pool-riffle channels (Leopold et al., 1964; Keller and Mellhorn,
1978), but channels with a high loading of large woody debris exhibit
smaller pool spacing (Montgomery et al., 1995). Pool-riffle channel s occur
a moderate to low gradients and are generally unconfined, and have well-
established flood plains. Substrate size in pool-riffle streams varies from
sand to cobble, but typicaly is gravel sized.

Bar and pool topography generated by local flow convergence and diver-
gencemay beeither freely formed by cross-stream flow and sediment trans-
port, or forced by channel bends and obstructions (e.g., Lisle, 1986). Free-
formed pool-riffle sequencesinitialy result frominterna flow perturbation
that causesflow convergence and scour on aternating banks of the channdl;
concordant downstream flow divergence resultsin local sediment accumu-
lation in discrete bars. Topographically driven convective accelerations re-
inforce convergent and divergent flow patterns, and thus pool-riffle mor-
phogenesis (Dietrich and Smith, 1983; Dietrich and Whiting, 1989; Nelson
and Smith, 1989). Alluvial bar development requires a sufficiently large
width to depth ratio and small grain sizes that are easily mobilized and
stacked by the flow (Church and Jones, 1982). Bar formation in natural
channels appears to be limited to gradients <0.02 (Ikeda, 1977; Florsheim,
1985), although flume studies indicate that alternate bars may form at
steeper gradients (Bathurst et al., 1983; Lideet a., 1991). Bedform and
grain roughness provide the primary flow resistance in free-formed pool-
riffle channels.

Pool-riffle channels have heterogeneous beds that exhibit a variety of
sorting and packing, commonly with a coarse surface layer and afiner sub-
surface (Leopold et a., 1964; Milhous, 1973). Armored gravel-bed channels
typicaly exhibit a near-bankfull threshold for general and significant bed-
surface mobility (e.g., Parker et a., 1982; Jackson and Beschta, 1982; An-
drews, 1984; Carling, 1988; Buffington, 1995). Movement of surface grains
rel eases fine sediment trapped by larger grains and exposesfiner subsurface
sediment to the flow, contributing to a steep rise in bedload transport with
increasing shear stress (Milhous, 1973; Jackson and Beschta, 1982; Em-
mett, 1984). Bed movement is sporadic and discontinuous, depending on
grain protrusion (Fenton and Abbott, 1977; Kirchner et a., 1990), friction
angle (Kirchner et d., 1990; Buffington et al., 1992), imbrication (Komar
and Li, 1986), degree of burial (Hammond et a., 1984; Buffington et al.,
1992), and turbulent high-vel ocity sweeps of the channel bed. Very rarely is
the whole bed in motion, and material eroded from oneriffle commonly is
deposited on aproximal downstream riffle.

Poal-riffle channels, like plane-bed channel's, exhibit amixture of supply-
and transport-limited characteristics depending on the degree of bed-surface
armoring and consequent mobility thresholds. Unarmored pool-riffle chan-
nelsindicate a balance between transport capacity and sediment supply,
whilearmored surfaces represent supply-limited conditions (e.g., Dietrich et
al., 1989). Nevertheless, during armor-breaching events, bedload transport
rates are generally correlated with discharge, demonstrating that sediment
trangport is not limited by supply once the bed is mobilized. Considerable
fluctuationsin observed transport rates, however, reflect astochastic compo-
nent of grain mobility caused by grain interactions, turbulent sweeps, and
transient grain entrapment by bedforms (Jackson and Beschta, 1982; Sidle,
1988). Magnitudes of bedload transport also may vary for similar discharge
events, depending on the chronology of antecedent transport events (Mil-
hous, 1973; Reid et d., 1985; Sidle, 1988). Although both pool-riffle and
plane-bed channelsdisplay amix of supply- and transport-limited character-
istics, the presence of depositional barformsin pool-riffle channels suggests
that they are generally more transport limited than plane-bed channels. The
trangport-limited character of both of these morphologies, however, contrasts
with the more supply-limited character of step-pool and cascade channels.
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Dune-Ripple Channels

Dune-ripple morphology is most commonly associated with low-gradient,
sand-bed channels (Figs. 1E, 2E, and 3E). A flow regime-dependent succes-
sion of mobile bedforms provides the primary hydraulic resistance in dune-
ripple channels (e.g., Kennedy, 1975). However, even gravel-bed channels
can exhibit a succession of multiple-scale bedforms during extreme dis-
charges (e.g., Griffiths, 1989; Dinehart, 1992; Pitlick, 1992). The bedform
configuration of dune-ripple channels depends on flow depth, velocity, bed-
surface grain size, and sediment transport rate (e.g., Gilbert, 1914; Middle-
ton and Southard, 1984), but generally follows a well-known morphologic
sequence with increasing flow depth and velocity: lower-regime plane bed,
ripples, sand waves, dunes, upper-regime plane bed, and antidunes (Gilbert,
1914; Smonset d., 1965; Harmset ., 1975). |n channe stransporting mod-
erately to poorly sorted sediment, migrating bedload sheets composed of thin
accumulations of sediment also may develop (Whiting et al., 1988). Severa
scales of bedforms may coexist in a dune-ripple channel; ripples, bedload
sheets, and smal dunesmay climb over larger mobile dunes. A completethe-
oretica explanation for the development of such multiple-scale bedforms
does not yet exigt, but they are typically associated with low relative rough-
ness. Dune-ripple channels also exhibit point bars or other bedforms forced
by channel geometry. In contrast to the threshold sediment transport of
plane-bed and pool-riffle streams, dune-ripple channels exhibit “live bed”
transport (e.g., Henderson, 1963), in which significant sediment transport oc-
curs at most stages. Hence, dune-ripple channels are effectively transport
limited. The frequency of bed mobility and the presence of ripples and/or
dunes digtinguish dune-ripple channels from pool-riffle channels.

Colluvial Channels

Colluvia channels are small headwater streams at the tips of a channel
network that flow over acolluvid valley fill and exhibit weak or ephemeral
fluvid transport (Fig. 1F). Little research hasfocused on colluvia channels,
even though first-order channels compose approximately haf of the total
length of achannel network (Montgomery, 1991). Dietrich et a. (1982) rec-
ognized that shallow flowsin headwater channelshavelittle opportunity for
scour, and therefore sediment delivered from neighboring hillslopes gener-
ally accumulatesto form colluvia valley fills. Bendaand Dunne (1987) ex-
amined sediment in steep headwater valleysin the Oregon Coast Range and
concluded that benesath a water-worked coarse surface layer, the valey fill
consists of relatively unsorted colluvium delivered from surrounding hill-
sopes. Shallow and ephemeral flow in colluvia channels appears insuffi-
cient to mobilize al of the colluvia sediment introduced to the channel, re-
sulting in significant storage of this material (Dietrich and Dunne, 1978;
Dietrich et a., 1982; Benda, 1990). Large clasts, woody debris, bedrock
steps, and in-channel vegetation further reduce the energy availablefor sed-
iment transport in colluvia channels. Intermittent flow may rework some
portion of the surface of the accumulated material, but it does not govern
deposition, sorting, or transport of the valley fill.

Episodic transport by debrisflows may account for most of the sediment
transport in steep headwater channels. A sediment budget for asmall basin
in northern Cdliforniaindicated that debrisflowsaccount for morethan half
of the long-term sediment yield (Lehre, 1982). Swanson et d. (1982) esti-
mated that only 20% of thetotal sediment yield from afirst-order channel in
the Cascade Range is accommodated by fluvia transport. Hence, the long-
term sediment flux from low-order channelsin steep terrain appears to be
dominated by debris-flow processes. Differencesin channedl profiles support
the hypothesis that different processes dominate the erosion of steep head-
water channels and lower-gradient alluvial channelsin the Oregon Coast
Range (Seidl and Dietrich, 1992).

602

Dietrich and Dunne (1978) recognized that the residence time of sedi-
ment in headwater debris-flow—prone channels was on the order of hun-
dredsof years. Kelsey (1980) also estimated that the sediment stored infirst-
and second-order channels is scoured by debris flows every 300 to 500 yr.
Benda (1990) proposed a conceptual model for the evolution of channel
morphology in steep headwater channelsthat involves cyclical ateration of
bed morphology from gravel to boulder to bedrock in response to episodic
sediment inputs. The accumulation of colluvid valley fills during periods
between catastrophic scouring events indicates that transport capacity,
rather than sediment supply, limits fluvia transport in colluvia channels.

Bedrock Channéls

Bedrock channelslack acontinuousalluvial bed. Although somealluvia
material may be temporarily stored in scour holes, or behind flow obstruc-
tions, thereislittle, if any, valley fill. Hence, bedrock channelsgeneraly are
confined by valley walls. Evidence from both anthropogenic badlands and
mountain drainage basins indicates that bedrock channels are steeper than
aluvial channels having similar drainage areas (Howard and Kerby, 1983;
Montgomery et a., 1996). It is reasonable to adopt Gilbert's (1914) hy-
pothesisthat bedrock channelslack an dluvia bed dueto high transport ca
pacity associated with steep channel gradients and/or deep flow. Although
bedrock channels in low-gradient portions of a watershed reflect a high
transport capacity relative to sediment supply, those in steep portions of a
watershed may also reflect recent catastrophic scouring.

Forced Morphologies

Flow obstructions can force areach morphology thet differsfrom thefree-
formed morphology for asimilar sediment supply and transport capacity. In
forested mountain drainage basins, for example, large woody debris may
force local scour, flow divergence, and sediment impoundment that respec-
tively form pools, bars, and steps (Fig. 1G). In an extreme example, Mont-
gomery et a. (1996) found that log jamsforced dluvia streambedsin other-
wise bedrock reaches of amountain channd network in western Washington.

Forced pool-riffle and step-pool channels are the most common obstruc-
tion-controlled morphologies in forested mountain drainage basins. A
forced pool-riffle morphology is one in which most pools and bars are
forced by obstructions such as large woody debris, and a forced step-pool
channd isonein which largewoody debrisformsmost of the channel-span-
ning stepsthat define the bed morphology. Forced morphol ogies can extend
beyond the range of conditions characteristic of analogous free-formed
morphologies (i.e., to steeper gradients and/or lower sediment supply). We
recognize forced morphologies as distinct channel types because interpre-
tation of whether such obstructions govern bed morphology isimportant for
understanding channel response.

Intermediate and Other M or phologies

The channdl types described above represent identifiable members dong
acontinuum that includes several intermediate morphol ogies: riffle bar (pool
riffle—plane bed); riffle step (plane bed—step poal); and cascade pool (step
pool—cascade). Mixed alluvial and bedrock reaches exhibit subreach scale
varigionsin aluvia cover. In our experience, however, it is smple to repli-
cateidentification of the seven basic reach types, even though they liewithin
acontinuum of channel morphologies. Whether intermediate channel types
are useful for classification purposes depends on the context of the applica
tion. Although our proposed classification does not cover al reach typesin
all environments (e.g., estuarine, cohesive-bed, or vegetated reaches), we
havefound it to be applicablein avariety of mountain environments.
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TABLE 2. STUDY AREA CHARACTERISTICS

Study area Geology Drainage area  Relief Land use
(km?) (m)
Finney Creek, Washington Phyllite, greenschist, glacial sediments 128 1476 U.S. Forest Service, state forestry
Boulder River, Washington Phyllite, glacial sediments 63 1985 U.S. Forest Service wilderness area
South Fork Hoh River, Sandstone, glacial sediments 129 >882 State forestry, national park
Washington
Deton Creek, Oregon Sandstone 8 327 Private forestry

FIELD TEST

Process differences associated with reach morphology should result in
distinct physical characteristics for each reach type. Data compiled from
field studiesin the Pacific Northwest reved systematic association of chan-
nel types with slope, drainage area, relative roughness, and bed-surface
grain size. Furthermore, these data suggest an explanation for the origin of
distinct channdl types.

Study Areasand M ethods

Field surveys were conducted in four drainage basins in western Wash-
ington and coastal Oregon: Finney Creek, Boulder River, South Fork Hoh
River, and Deton Creek (Table 2). In each study area, channel reaches
10-20 channel widths in length were surveyed throughout the drainage
basin. Each reach was classified into one of the above-defined channel
types. Reach slopes were surveyed using either an engineering level or a
hand level and stadia rod. Topographic surveys and channel-spanning peb-
ble counts of 100 grains (Wolman, 1954) were conducted at representative
cross sections. Reach |ocations were mapped onto U.S. Geological Survey
1:24,000 scal e topographic maps from which drainage areas were measured
using adigital planimeter. Reach s opeswere determined from topographic
maps for some additional reaches where morphologies were mapped, but
dope and grain-size measurements were not collected. We also included in
our analysis data collected using similar field methods in related studiesin
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Figure 4. | dealized long profile from hillslopes and unchanneled
hollows downslope through the channel network showing the general
distribution of alluvial channel types and controls on channel
processesin mountain drainage basins.
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western Washington and southeast Alaska (Montgomery et al., 1995; Buff-
ington, 1995).

Results

In each study area, there is a general downstream progression of reach
typesthat proceeds ascolluvial, cascade, step pool, plane bed or forced pool
riffle, and poal riffle (Fig. 4); we encountered no dune-ripple reachesin the
study basins, athough we observed them in neighboring areas. Bedrock
reaches occur at localy steep locations throughout the channel networks,
and not all of these channel types are present in each watershed. Further-
more, the specific downstream sequence of reach types observed in each
drainage basin reflects local factors controlling channel slope, discharge,
sediment supply, bedrock lithology, and disturbance history.

Data from aluvial, colluvial, and bedrock reaches within each study
basin define distinct fields on a plot of drainage area versus reach slope
(Fig. 5). These data provide further evidence that, for agiven drainage area,
bedrock reaches have greater slopes, and hence greater basal shear stress
and stream power, than either aluvial or colluvia reaches (Howard and
Kerby, 1983; Montgomery et d., 1996). Alluvial reaches occur on slopes
lessthan about 0.2t0 0.3, and different dluvia channel types generally seg-
regate within an inversely slope-dependent band within which pool-riffle
and plane-bed channels occur at the lowest dopes, and step-pool and cas-
cade channels occur on steeper slopes. Colluvial reaches occur at lower
drainage areas and extend to steeper dopes. Datafrom colluvia reachesde-
fine arelation between drainage area and slope that contrasts with that of
lower-gradient aluvia reaches. This general pattern holds for each of the
study basins, implying consistent differences among colluvid, aluvial, and
bedrock reachesin mountain drainage basins.

Thedifferent drainage area—d operelation for colluvial and aluvial chan-
nel reaches implies fundamental differences in sediment transport proc-
esses. For equilibrium channel profiles, channel slope (S) and drainage area
(A) arerelated by

S=KA-mn @

where K, m, and n are empirical variables that incorporate basin geology,
climate, and erosiona processes(e.g., Howard et a., 1994). A log-linear re-
gression of reach dope and drainage area data from alluvia and colluvia
channelsin Finney Creek yields myn values of 0.72 + 0.08 (R2 = 0.72) and
0.26 + 0.05 (R2 = 0.58), respectively, which implies long-term differences
in sediment trangport processes between these channel types. This corre-
spondence between the inflection in the drainage area—d ope relation and the
trangition from colluvial to alluvial channelsis consistent with theinterpre-
tation that scour by debrisflowsisthe dominant incisional processin collu-
via channels (Benda, 1990; Seidl and Dietrich, 1992; Montgomery and
Foufoula-Georgiou, 1993).

Although dope ranges of free-form aluvia channel types overlap, they
have distinct medians and quartile ranges (Fig. 6). Examination of the com-
posite slope distributions indicates that reaches with slopes of less than
0.015 are likely to have a pool-riffle morphology; reaches with slopes of
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0.015 to 0.03 typically have a plane-bed morphology; reaches with dopes
of 0.03 to 0.065 are likely to have a step-pool morphology; and alluvial
reacheswith dopesgreater than 0.065 typically have acascade morphol ogy.
These core slope ranges define zones over which each channel typeisthe
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Figure 6. Composite slope distributions for channel reaches sur-
veyed in thisand related studies (Buffington, 1995; M ontgomery et al.,
1995); boxesrepresent inner and outer quartiles; vertical linesrepre-
sent inner and outer tenths.
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most likely to occur; however, the distributions overlap and channel typeis
not uniquely related to reach dope. Furthermore, forced pool-riffle reaches
span the dope ranges for pool-riffle and plane-bed reaches, indicating that
introduction of large woody debris can extend a forced morphology to
dopes where such a morphology would not be expected under |ow woody
debrisloading (Montgomery et a., 1995). Nonetheless, the general segre-
gation of reach type by slope alows prediction of likely channel morphol-
ogy from topographic maps or digital elevation models.

Reative roughness (the ratio of the ninetieth percentile grain size to the
bankfull flow depth [dy,/D]) and reach slope together differentiate aluvial
reach types (Fig. 7): pool-riffle channels have relative roughness less than
about 0.3 and occur on slopes <0.03; plane-bed channels exhibit relative
roughness of roughly 0.2 to 0.8 on dopes of 0.01 to 0.04; step-pool reaches
occur on steeper dopesand haverelativeroughness of 0.3t00.8; andthesize
of thelargest clasts on the bed of steeper cascade reaches can approach those
of bankfull flow depth. Relative roughness and reach dope together provide
areasonable dratification of channel morphology. In pool-riffle and plane-
bed channels relative roughness increases rapidly with increasing slope,
whereas there is little relation between relative roughness and slope for
steeper step-pool and cascade reaches.

Composite bed-surface grain-size distributions for pebble counts from
different channel types exhibit systematic coarsening from pool-riffle
through cascade channels. For reaches in the Finney Creek watershed
(Fig. 8), the median grain size increases from 17 mm for pool-riffle chan-
nels to 80 mm for cascade morphologies, and dg, increases from 57 mm to
250 mm. These systematic changes in bed-surface grain-size distributions
indicate that progressive fining of the bed material accompaniestheforma-
tion of different channel types downstream through achannel network.

The data reported above demondtrate that qualitatively defined channel
typesexhibit quantitatively distinguishable characteristics. Our datafurther
indicate that channel morphology isrelated to reach-average bankful | shear
stress (Fig. 9). Bedrock channels occur in reaches with the greatest shear
stress; cascade and step-pool reaches plot at lower values, whichin turn are
greater than those for plane-bed and pool-riffle channels. Hence, it appears
that, in part, local flow hydraulicsinfluence the general distribution of chan-
nel typesin awatershed.

Geological Society of America Bulletin, May 1997
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Figure 7. Composite plot of relative roughness (dgy,/D) versus field
surveyed reach dopefor datafrom alluvial reachesin our study areas.

ORIGIN OF REACH-LEVEL MORPHOLOGIES

The typical downstream sequence of channel morphologies (Fig. 4) is
accompanied by a progressive decrease in valley-wall confinement, which
in stream-formed valleys may reflect opposing downstream trends of sedi-
ment supply (Q,) and transport capacity (Q,). Transport capacity is defined
here as a function of the total boundary shear stress and is distinguished
from the effective transport capacity (Q,), whichis afunction of the effec-
tive shear stress available for sediment transport after correction for shear
stress dissipation caused by hydraulic roughness elements. Transport ca-
pacity generally decreases downstream due to the slope decreasing faster
than the depth increases, whereastotal sediment supply generally increases
with drainage area, even though sediment yield per unit areaoften decreases
(Fig. 10). Thiscombination may result inlong-term patterns of downstream
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Figure8. Aggregated cumulative grain-sizedistributionsfor alluvial
channels of reaches with different bed morphologiesin the Finney
Creek water shed.

deposition and development of wide flood plains and unconfined valleys.
Insignificant sediment storagein avalley sesgment indicatesthat virtualy al
of the materia delivered to the channel is transported downstream. In con-
trast, thick aluvial valley-fill depositsimply either along-term excess of
sediment supply over transport capacity, or an inherited valley fill.
Thesegenera patternsand our field observations discussed above lead us
to propose that distinctive channel morphologies reflect the rel ative magni-
tude of transport capacity to sediment supply, which may be expressed as
theratio g, = Q/Q,. Colluvid channelsaretransport limited (g, << 1), asin-
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Figure 10. Schematic illustration of generalized relativetrendsin
sediment supply (Q,) and transport capacity (Q,) in mountain drain-
agebasins.

dicated by the accumulation of colluviumwithin valley bottoms. In contrast,
thelack of an aluvial bed indicates that bedrock channels are supply lim-
ited (g, >> 1). For agiven drainage area (and thus Q), bedrock reacheshave
greater dopes and shear stresses (Figs. 5 and 9), implying that they have
higher transport capacities and thus greater g, values than other channel
types. Alluvia channels, however, probably represent a broad range of g
steep alluvia channels (cascade and step-pool) have higher shear stresses
(Fig. 9) and thus higher Q_ and g, valuesfor a given drainage area and sed-
iment supply; the lower-gradient plane-bed and pool-riffle channels are
transitional between g, >1 and g, =1, depending on the degree of armoring
(e.g., Dietrich et a., 1989) and the frequency of bed-surface mobility; and
the live-bed mobility of dune-ripple channelsindicatesthat g, < 1. The vari-
ety of aluvia channel morphologies probably reflects a broad spectrum of
g, expressed through fining and organization of the bedload (Fig. 11), which
leads to formation of distinct aluvial bed morphologies that represent the
stable bed form for the imposed g,. This hypothesized relation between g,
and stable channel morphologiesin mountain drainage basins provides a
genetic framework for explaining reach-level morphol ogies that elaborates
on Lindley’s(1919) regime concept. Analuvia channel with g, > 1 will be-
come stable when the bed morphology and consequent hydraulic roughness

produce an effective transport capacity that matches the sediment supply
Q. =Qy.

Different channel types are stabilized by different roughness configura-
tions that provide resistance to flow. In steep channels energy is dissipated
primarily by hydraulic jumps and jet-and-wake turbulence. Thisstyle of en-
ergy dissipation is pervasive in cascade channels and periodic in step-pool
channels. Skin friction and local turbulence associated with moderate parti-
cle sizes are sufficient to stabilize the bed for lower shear stresses charac-
teristic of plane-bed channels. In pool-riffle channel s, skin friction and bed-
form drag dominate energy dissipation. Particle roughnessin dune-ripple
channelsis small due to the low relative roughness, and bedforms govern
hydraulic resistance. The importance of bank roughness varies with chan-
nel type, depending on the width to depth ratio and vegetative influences,
but in steep channels bank resistance is less important compared to energy
dissipation caused by tumbling flow. These different roughness configura-
tions represent arangein g, values that varies from high in cascade reaches
to low in dune-ripple channels.

Our hypothesis that different channel types represent stable roughness
configurationsfor different g, valuesimpliesthat there should be an associ-
ation of channel type and roughness. Even though the general correlation of
morphology and slope (Fig. 6) implies discrete roughness characteristics
among channel types, different channel morphologies occurring on the
same g ope should exhibit distinct roughness. Photographs and descriptions
of channel morphology from previous studiesin which roughness was de-
termined from measured velocities (Barnes, 1967; Marcus et a., 1992) a-
low direct assessment of the roughness associated with different channel
types. For similar dopes, plane-bed channdl s exhibit greater roughnessthan
pool-riffle channels, and step-pool channels, in turn, appear to have greater
roughness than plane-bed channels with comparable gradients (Fig. 12).
Moreover, intermediate morphology reaches plot between their defining
channel types. These systematic trends in roughness for a given slope
strongly support the hypothesis that reach-level channel morphology re-
flects a dynamic adjustment of the bed surface to the imposed shear stress
and sediment supply (i.e., the specific g, valug).

CHANNEL DISTURBANCE AND RESPONSE POTENTIAL

Natural and anthropogenic disturbancesthat change hydrology, sediment
supply, riparian vegetation, or large woody debris|oading can ater channel
processes and morphology. The effect that watershed disturbance has on a
particular channel reach depends on hillslope and channel coupling, the se-
quence of upstream channel types, and site-specific channel morphology. In
particular, the variety and magnitude of possible morphologic responsesto
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Figure 11. Schematicillustration of thetransport capacitiesrelative to sediment supply for reach-level channel types.
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agiven disturbance depend on channel type, external influences (e.g., con-
finement, riparian vegetation, large woody debris), and disturbance history.
Together these considerations provide an integrative approach for examin-
ing spatial and temporal patterns of channel disturbance and responsein
mountai n watersheds.

Spatial Distribution of Channel Types

The spatia distribution of channel types and their coupling to both hill-
dopes and one another can strongly influence the potentia for achannel to
be affected by adisturbance. In general, the degree of hillslope-channel cou-
pling changes downstream through mountain channel networks, resultingin
changes in both the characteristics and delivery mechanisms of sediment
supplied to achannel (e.g., Rice, 1994). Furthermore, the general down-
stream progression of channel morphologies in mountain drainage basins
(Fig. 4) causes an association of hilldope coupling and channel type. Head-
water colluvial channels are strongly coupled to adjacent hilldopes, and net
sediment transport from these weakly fluvid reaches s affected by the fre-
quency of updope debris flows and mass movements. Valey-wal confine-
ment allowsdirect sediment input by hilldope processesto cascade and step-
pool channels, which makes them prone to periodic disturbance from
hilldope failures. Debris flows can dominate the disturbance frequency in
headwater portions of the basin, scouring high-gradient channels and ag-
grading thefirst downstream reach with agradient |ow enough to cause dep-
osition of the entrained material (e.g., Benda and Dunne, 1987). Conse-
quently, the effects of debris-flow processes on channel morphology can be
divided into those related to scour, transport, and deposition. Farther down-
stream, the coupling between hilldopes and lower-gradient channels (i.e.,
plane-bed, pool-riffle, and dune-ripple) isbuffered by wider valleysand dep-
ositional flood plains, making these reaches less susceptible to direct distur-
bance from hilld ope processes. Sediment characterigtics, delivery, and trans-
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port are generally dominated by fluvial processes in these lower-gradient
channels, athough forcing by largewoody debris and impingement of chan-
nels on valley walls can have a significant influence on the local transport
capacity and sediment supply (e.g., Rice, 1994).

The downstream sequence in which channel types are arranged also af-
fects the potentia for a disturbance to impact a particular reach. Position
within the network and differences between g, values alow general aggre-
gation of channel reaches into source, transport, and response segments. In
steep landscapes, source segments are transport-limited, sediment-storage
Sitessubject to intermittent debris-flow scour (i.e., colluvid channels). Trans-
port segments are morphologically resilient channels with ahigh g, (i.e.,
bedrock, cascade, and step-pool channels) that rapidly convey increased sed-
iment loads. Response segments are channelswith alow g, (i.e., plane-bed,
pool-riffle, and dune-ripple) in which significant morphologic adjustment
occurs in response to increased sediment supply. These distinctions build
upon Schumm’s (1977) concept of erosion, transport, and deposition zones
within awatershed to provide a conceptual model that allows identification
of reach-specific response potential throughout a channel network.

The spatial distribution of source, transport, and response segments gov-
ernsthe distribution of potential impactsand recovery timeswithin awater-
shed. Downstream transitions from transport to response reaches define lo-
cations where impacts from increased sediment supply may be both
pronounced and persistent. Transport segments rapidly deliver increased
sediment loads to the first downstream reach with insufficient transport ca-
pacity to accommodate the additional load. Consequently, the“ cumulative’
effects of upstream increasesin sediment supply may be concentrated in re-
sponse segments where longer time and/or significant morphological
changeisrequired to transport the additional sediment. Inthisregard, reach-
level classification identifies areas most sensitive to increases in upstream
sediment inputs. Hence, downstream transitions from transport to response
segments can provide ideal locations to monitor network response and
should serve as critical components of watershed monitoring studies. Most
important, the relation between channel type and response potentia pro-
vides adirect link between upstream sediment inputs and downstream re-
sponse. ldentification of source, transport, and response segments thereby
provides a context for examining connections between watershed modifi-
cations, impacts on channel morphology, and biological response.

Influence of Channel Type

Differences in confinement, transport capacity relative to sediment sup-
ply, and channel morphology influence channel responseto perturbationsin
sediment supply and discharge. Thus, it isimportant to assess channel re-
sponse potentia in the context of reach type and location within a water-
shed. An understanding of reach morphologies, processes, and environ-
ments allows reach-specific prediction of the likely degree and style of
response to a particular perturbation. Small to moderate changesin dis-
charge or sediment supply can alter channel attributes (e.g., grain size,
slope, and channel geometry); large changes can transform reach-level
channel types. On the basis of typical reach characteristics and locations
within mountai nous watersheds, we assessed the relative likelihood of spe-
cific morphologic responsesto moderate perturbationsin discharge and sed-
iment supply for each channel type (Table 3).

Channé s with different bed morphology and confinement may have dif-
ferent potential responsesto similar changesin discharge or sediment supply.
Changes in sediment storage dominate the response of colluvid channelsto
atered sediment supply because of trangport-limited conditions and low flu-
vial transport capacities (Table 3); depending on the degree of valley fill, in-
creased discharge can significantly change channel geometry. In contrast,
bedrock, cascade, and step-pool channels are resilient to most discharge or
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TABLE 3. INTERPRETED REACH-LEVEL CHANNEL RESPONSE POTENTIAL
TO MODERATE CHANGES IN SEDIMENT SUPPLY AND DISCHARGE

Width Depth Roughness Scour depth Grainsize Slope Sediment storage
Dune ripple + + + + o + +
Pool riffle + + + + + + +
Plane bed p + p + + + p
Step pool 0 p p p p p p
Cascade o] o p [¢] p o) o]
Bedrock o o o o o o o}
Colluvial p p [o] p p o] +

Notes: +—likely, o—unlikely, p—possible.

sediment-supply perturbations because of high transport capacities and gen-
erdly supply-limited conditions. Many bedrock channesareinsensitiveto dl
but catastrophic changesin discharge and sediment load. Latera confinement
and large, relatively immobile, bed-forming clasts make channel incision or
bank cutting unlikely responsesto changesin sediment supply or dischargein
most cascade and step-pool channels. Other potentia responses in step-pool
channelsinclude changesin bedform frequency and geometry, grainsize, and
pool scour depths, whereas only limited texturd responseislikely in cascade
channels. Lower gradient plane-bed, pool-riffle, and dune-ripple channelsbe-
come progressively more responsive to atered discharge and sediment sup-
ply with decreasing g, smaller grain sizes, and less channel confinement. Be-
cause plane-bed channels occur in both confined and unconfined valleys, they
may or may not be susceptible to channe widening or changesin valley-bot-
tom sediment storage. Smaller, more mobile grain sizesin plane-bed and
pool-riffle channelsalow potentially greater response of bed-surfacetextures,
scour depth, and d ope compared to cascade and step-pool morphologies. Un-
confined pool-riffle and dune-ripple channels generdly have significant po-
tential for channel geometry responses to perturbations in sediment supply
and discharge. Changesin both channel and valley storage are dso likely re-
sponses, aswell as changesin channel roughness due to alteration of channel
sinuosty and bedforms. Thereisless potentia for textural responsein dune-
ripple than in pool-riffle and plane-bed channels smply because of smaller
and more uniform grain sizes. At very high sediment supply, any of the above
channel types may acquire a braided morphology (e.g., Mollard, 1973;
Church, 1992). Thegenera progression of aluvia channd typesdownstream
through a channel network (Fig. 4) suggests that there is a systematic down-
stream increasein response potential to altered sediment supply or discharge.

The above predictions of response potential arelargely conceptual, based
on typical reach processes, characteristics, and locations within a drainage
basin. Nevertheless, our approach provides arational, process-based alter-
native to channel assessments based solely on descriptive typologic classi-
fication. For example, achannel-reach classification developed by Rosgen
(1994) recognizes 7 major and 42 minor channe types primarily on the ba-
sisof bed material and dope; thereis aso the option of more detailed clas-
sification using entrenchment, sinuosity, width to depth ratio, and geomor-
phic environments. However, the classification lacks a basis in channel
processes. The lack of an explanation of the rationale underlying Rosgen's
(1994) assessment of response potential for each minor channel type em-
phasizes this shortcoming. Furthermore, Rosgen’s (1994) classification
combines reach morphologiesthat may have very different response poten-
tials: Rosgen’'s (1994) C channels may include reaches with dune-ripple,
pool-riffle, plane-bed, or forced pool-riffle morphologies; his B channels
may include plane-bed, forced-pooal riffle, and step-pool morphologies; and
hisA channels may include colluvia, cascade, and step-pool reaches. Al-
though bed material and dope provide a convenient classification for many
channels, the lack of a process-based methodology compromises such an
approach to structuring channel assessments, predicting channedl response,
and investigating relations to ecological processes.
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External Influences

Channel response potential also reflects externa influences on channel
morphology, the most prominent of which are confinement, riparian vege-
tation, and large woody debris loading. Valley-wall confinement limits
changesin both channel width and flood-plain storage and maximizes chan-
nel response to increased discharge by limiting overbank flow. Although
thereis a general downstream correspondence between channel type and
valey-wall confinement in many mountain watersheds, structural controls
and geomorphic history can force confinement in any portion of the channel
network.

Riparian vegetation influences channel morphology and response poten-
tial by providing root strength that contributesto bank stability (e.g., Shaler,
1891; Gilbert, 1914), especialy in relatively noncohesive aluvia deposits.
The effect of root strength on channel bank stability is greatest in low-
gradient, unconfined reaches, where loss of bank reinforcement may result
in dramatic channel widening (Smith, 1976). Riparian vegetationisalso an
important roughness source (e.g., Arcement and Schneider, 1989) that can
mitigate the erosive action of high discharges.

Large woody debris provides significant control on the formation and
physical characteristics of pools, bars, and steps (Heede, 1985; Lide, 1986;
Montgomery et a., 1995; Wood-Smith and Buffington, 1996), thereby in-
fluencing channel type and the potential for changein sediment storage and
bedform roughness in response to altered sediment supply, discharge, or
large woody debris loading. Woody debris may decrease the potential for
channel widening by armoring stream banks; alternatively, it may aid bank
erosion by directing flow and scour toward channel margins. Furthermore,
bed-surface textures and their response potentia are strongly controlled by
hydraulic roughness resulting from in-channel wood and debris-forced bed-
forms (Buffington, 1995). Although large woody debris can force morpho-
logic changes ranging from the scale of channel unitsto reaches, itsimpact
depends on the amount, size, orientation, and position of debris, aswell as
channel size (Bilby and Ward, 1989; Montgomery et al., 1995) and rates of
debrisrecruitment, transport, and decay (Bryant, 1980; Murphy and Koski,
1989). In general, individua pieces of wood can dominate the morphology
of smdl channels, whereas debris jams are required to significantly influ-
ence channel morphology in larger rivers where individua pieces are mo-
bile (Abbe and Montgomery, 1996). Thus, the relative importance of large
woody debrisin controlling channel morphology and response potential
varies through a channel network.

Temporal Changesin Channel Morphology

The spatia pattern of channel types within awatershed provides a snap-
shot in time of achannel network, but history aso influences the response
potential of mountain channels, because past disturbance can condition
channel response. Temporal variationsin macroscopic channel morphol ogy
reflect (1) changes in large woody debris loading (e.g., Beschta, 1979;
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Heede, 1985); (2) changesin discharge and sediment input (e.g., Hammer,
1972; Graf, 1975; Megahan et a., 1980; Coats et a., 1985); and (3) routing
of sediment wavesthrough the channel network (e.g., Gilbert, 1917; Kelsey,
1980; Church and Jones, 1982; Madgj, 1982; Reid, 1982; Beschta, 1983).

Channels in which large woody debris forces pool formation and sedi-
ment storage are particularly sensitive to altered wood loading. For exam-
ple, removal of large woody debris from forced pool-riffle channels may
lead to either a pool-riffle or plane-bed morphology (Montgomery et .,
1995). Similarly, loss of large woody debris may transform aforced step-
pool channel into a step-pool, cascade, or bedrock channel, depending on
channel dope, discharge, and availability of coarse sediment.

Changes in reach-level channd type resulting from increased sediment
supply typically represent atransient response to a pulsed input, although a
longer-term response may result from sustained inputs. A landdlide-related
pulse of sediment may result in atransient change to a morphology with a
lower g, that subsequently relaxes toward the original morphology as the
perturbation subsides. Pool-riffle reaches, for example, can develop a
braided morphology while transmitting a pulse of sediment and subse-
quently revert to a single-thread pool-riffle morphology. Channel reaches
with high ¢, should recover quickly from increased sediment loading, be-
causethey are ableto rapidly transport the load downd ope. Reacheswith a
low g, should exhibit more persistent morphologic response to a compara-
bleincreasein sediment supply. Transient morphologic change can also re-
sult from debris-flow scour of steep-gradient channels. For example, collu-
via and cascade channel s that are scoured to bedrock by adebrisflow may
dowly revert to their predisturbance morphologies.

The spatial pattern of channel types provides atemplate against which to
assess channel response potential, but the disturbance history of a channel
network also isimportant for understanding both current conditionsand re-
sponse potential. Reach-level channel morphology provides ageneral indi-
cation of differencesin response potential, but specific responsesdepend on
the nature, magnitude, and persistence of disturbance, as well as on local
conditions, including riparian vegetation, in-channel large woody debris,
bank materials, and the history of catastrophic events. Furthermore, concur-
rent multiple perturbati ons can cause opposing or constructive response, de-
pending on both channel type and the direction and magnitude of change.
Hence, assessment of either present channel conditions or the potential for
future impacts in mountain drainage basins should consider both distur-
bance history and the influences of channel morphology, position inthe net-
work, and local external constraints.

CONCLUSIONS

Systematic variations in bed morphology in mountain drainage basins
provide the basis for a classification of channel-reach morphology that re-
flectschannel-forming processes, servestoillustrate processlinkageswithin
the channel network, and allows prediction of general channel response po-
tential. The underlying hypothesisthat aluvia bed morphology reflects a
stable roughness configuration for the imposed sediment supply and trans-
port capacity implies afundamental link between channel processes and
form. The association of reach types and ratios of transport capacity to sedi-
ment supply combined withidentification of external influencesand the spa-
tial coupling of reaches with hillslopes and other channel types provides a
conceptud framework within which to investigate channel processes, assess
channel conditions, and examine spatially distributed responsesto watershed
disturbance. Integration of this approach into region-specific landform and
valley segment classifications would provide acommon language to studies
of fluvial processesand responseto disturbance. This classification, however,
isnotidedl for al purposes; characterization of river planforms, for example,
is useful for classifying flood-plain rivers. The development of specific
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restoration designs requires further information on reach-specific character-
igtics. Our classification Smply characterizes aspects of reach-level channel
morphology useful for ng channel condition and potential responseto
natural and anthropogenic disturbance in mountain drainage basins.
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