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ABSTRACT propagating sediment waves on the distribu- few data exist for distribution of bedrock and al-
tion of bedrock and alluvial channels in the luvial channel reaches in mountain drainage

Field surveys in the Willapa River basin, Willapa River basin. basins.
Washington State, indicate that the drainage Recent field studies in western Washington

area—channel slope threshold describing the Keywords: alluvial channels, bedrock chan- State have shown that a threshold relationship be-
distribution of bedrock and alluvial channels nels, GIS, logjams, sediment supply, Willa- tween channel slope and drainage area defines

is influenced by the underlying lithology and pa Bay. the distribution of bedrock and alluvial channels
that local variations in sediment supply can and that logjams can force an alluvial channel
overwhelm basinwide trends. Field data bed in otherwise bedrock reaches (Montgomery
from 90 short-reach surveys indicate that INTRODUCTION etal., 1996; Montgomery and Buffington, 1997).
about one-eighth of the surveyed reaches do These studies did not assess the influence of

not conform to a threshold defined by data  The fundamental distinction between bedrockthology, spatial variations in sediment supply, or

from free-formed alluvial and bedrock and alluvial channels can be considered at twtemporal variability in channel type. Here we re-

reaches due to the effects of logjams or local different scales. At the scale of entire drainagport the results of a field study designed to assess

sediment sources or sinks. Mapping of chan- basins, bedrock channels are mountain channdie influence of lithology, local variations in sed-

nel type distributions in 18 extended recon- with at most a thin alluvial cover, whereas alluvialment supply, and wood loading on the distribu-

naissance surveys of >100 channel widths in channels are those that occupy broad alluvial valen of bedrock and alluvial channels in mountain

channel length show that ~75% of the chan- leys. At finer scales within mountain drainagedrainage basins.

nel network was alluvial, but that the pro- basins, bedrock channels can be considered those

portion of forced alluvial channels varies reaches thatlack an alluvial cover (Howard, 1980;HEORY

from 0% to 84%. Using the drainage Montgomery and Buffington, 1997). Gilbert

area—slope thresholds defined by bedrock (1877, 1914) articulated a conceptual framework Gilbert (1877, 1914) argued that bedrock and

and alluvial data from the short-reach sur- for explaining the distribution of bedrock and al-alluvial channels represent different relationships

veys, only 40% of the total channel length luvial channels in mountain drainage basins. Ihetween sediment transport capadity &nd sed-

mapped in the longer reconnaissance surveys Gilbert’s view, bedrock channels reflect an eximent supply ¢.); bedrock channels occur where

was correctly classified from a 10 m grid dig- cess of transport capacity over the available sedj;> g, and alluvial channels occur wheye< g

ital elevation model. Of the misclassified ment supply whereas alluvial channels represemhe direct measurement of either transport capac-

reaches, 80% of the alluvial channels pre- either a balance or an excess of sediment supjity or sediment supply is difficult, and a testable

dicted to be bedrock had forced alluvial mor-  over transport capacity. A general model that enmodel to formalize this relationship betwegn

phologies, while almost half of the bedrock phasizes spatial controls on the distribution cdindg needs to be castin terms of general channel

channels predicted to be alluvial were forced bedrock and alluvial reaches uses slope and didiaracteristics that can be measured directly.

by low sediment supply, typically due to their charge (or drainage area as a surrogate) to ex-Gilbert (1914) observed that channel slope

location immediately downstream of large press criteria for an excess of either sedime($) and the discharg&)j during storm events

channel-spanning logjams. Poor representa- supply or transport capacity, and thereby channdbminantly control bedload transport [i.e.,

tion of reach-scale slope in the digital topog- type (Howard, 1980; Howard and Kerby, 1983, = f(Q, S]. Recognizing the importance of

raphy and/or a stochastic influence of sedi- Howard et al., 1994; Montgomery et al., 1996)the combined effects of these two variables,

ment wave propagation likely account for the In contrast, a model based on the propagation Kirkby (1971) expressed channel transport ca-

remaining misclassified channels, which to- sediment waves through mountain channel ngbacity as a general function that incorporates

gether compose 7% of the total surveyed works (Benda and Dunne, 1997) focuses on preeoth channel slopeS| and drainage ared), a

channel length. Although variations in sedi- dicting temporal variations in the distribution ofsurrogate for discharge:

ment supply can locally overwhelm the chan- bedrock and alluvial channels due to downstream

nel type predicted by the threshold model, routing of sediment stochastically introduced g, = KA™S', Q)

the effect of logjams masks any influence of into the channel network by hillslope processes.

- Although these theories propose different, but ndthe coefficientk is related to watershed fea-
*E-mail: massong@geology.washington.edu. mutually exclusive views of Gilbert’s criteria, tures, such as geology, sediment characteristics,
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linked with climate and basin geology, and the
A threshold described by equation 4 should vary
within and among drainage basins due to the po-
Bedrock tential for differences i, k, p, m, andn, as a
function of climate, sediment loading, landscape
characteristics, and sediment-transport processes.
Lpg The critical-slope threshold plots linearly on a
Drainage log-log plot of drainage area and slope, and
Area changes intfk)“" would shift the threshold ver-
Alluvial tically, whereas a change ipm)/n would alter
1 the slope of the critical threshold (Fig. 1). In the
A [(b/ k) n] context of the critical slope theory, channels con-
trolled by local conditions may plot outside of the
Log Slope field defined by basinwide data (Fig. 2). For ex-
ample, a steep channel that would normally be
B bedrock but that has a high sediment supply may
Bedrock become an alluvial reach. Conversely, a channel
/ with a gradient low enough to support an alluvial
bed may be a bedrock reach if its sediment sup-
ply is anomalously low. In addition, passage of a
sediment wave could transiently convert a bed-
rock reach into an alluvial reach that would plot
in the bedrock field on a drainage area—slope
graph (Fig. 2). Temporal variability in channel
types due to the propagation of sediment waves
should serve to mask any controls the distribution
Log Slope of bedrock and alluvial channels apparent on an
area-slope plot.

Log
Drainage
Area

Alluvial

Figure 1. Schematic illustrations displaying effects of changing values fdi/K)“" and (p — n)/n STUDY AREA
in equation 4 on the predicted drainage area—slope threshold. (A) The threshold shifts upward as
either b increases ok decreases. (B) A decrease ip ¢ m/n changes the slope of the threshold Geology and Geography
line.

The Willapa River drains 680 Khof the
coastal hills in southwest Washington State and
flows into the Pacific Ocean through Willapa

climate, and discharge variability. The expowherep=j 'y, andb=d - cl. As equation 3 relates Bay. The drainage basin rises from tidal wetlands
nentsm andn depend on the specific transportdrainage area to sediment supply independenttof a well-dissected upland that reaches 790 m
processes (Kirkby, 1971) and the appropriat®dividual storm events, we consider it to describabove sea level. The region has a temperate
values for these terms are debated. the general sediment regime of a watershed. coastal maritime climate, receiving as much as
The amount of bedload moving during a sedi- In Gilbert’s conceptual model, the transition3 m of rainfall each year (Owenby and Ezell,
ment transporting event is difficult to measurefrom bedrock to alluvial channels occurs wherd992). High flows typically occur during winter
but usually scales with suspended load and is afediment supply equals transport capacity, @torms in November through March with the
ten estimated to be between 10% and 50% of tiig = g,. The threshold slope for this transitionmonthly average peak discharges in December
suspended load (Dunne and Leopold, 1978¢an be defined by equating 1 and 3 and rearrangad January (Water Resources Data, 1992).

Leopold and Maddock (1953) empirically correing terms: Snow accumulates only temporarily in the head-
lated dischargeq) with measured suspended 1 Op-mC water areas. The Willapa Hills are south of the
sediment loadsyf) from grab samples at a gaug- S = ( b/ @H A E, (4) ~maximum extent of the Pleistocene glaciation,
ing station on the Powder River. They found a re- and the bedrock consists mostly of marine sedi-
lation of the form whereS, the critical slope, is the maximum slopements and volcanic rocks uplifted in the Miocene
of a sediment-covered channel (MontgomeryLasmanis, 1991). The sedimentary rocks form

0s= doi, (2) etal., 1996); this model predicts that bedrockentle rolling hills, whereas the slopes underlain

channels occur whe@> S, and alluvial chan- by igneous rocks tend to be steeper and more
where d and j are empirical constants that depenéls occur wher& < S.. Montgomery et al. highly dissected.
on regional characteristics such as climate, a{d996) showed that bedrock and alluvial chan- The two primary bedrock types in the drainage
estimated j to be <1.0 for downstream variationsels of the Satsop River, Washington, define sejpasin of the Willapa River have distinct physical
in discharge. Substituting drainage area for digrate regions on a plot of channel slope angroperties (especially hardness). The Mcintosh

chargeQ =cA, into equation 2 yields drainage area, as predicted by equation 4. and Lincoln Creek Formations are poorly ce-
The supply of sediment to a channel, as well asented marine sediments of Tertiary age, while
gs= bAP, (3) the transport capacity of a network, is ofterthe Crescent Formation is Eocene marine basalt
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(Logan, 1987). The sedimentary formations cor

tain some sandstone but consist mostly of sil Bedrock high
stone and mudstone. The siltstone is friable upc (] sediment
drying, but strong when wet. The Crescent Form: Log supply or
tion is predominantly fine-grained basalt with pil- . (] forced
lows and blocky jointed structures. The basalt i Dramage m 0 lluvial
usually much stronger than the sedimentar Area f © alluvia
rocks, and therefore forms clasts more resistant o

breakdown in the channel. Hence, there is a she

contrast in the nature of sediment derived fror low .

these formations. sediment Alluvial X
Land-Use History supply Log Slope

Figure 2. Schematic illustration of the hypothesized influence of local conditions that differ

Prior to European settlement, the Chehalis ar . .
from regional conditions on a slope-area graph.

Chenook peoples subsisted on the abundant o'
ters in Willapa Bay and salmon that spawned i..
the coastal rivers (Swan, 1857). By the mid100 kn?. Data collection occurred throughout theguadrangles, and drainage areas were measured
1800s, Europeans had settled in the Willapa Bayillapa River watershed, but was concentrated iny digitizing watershed boundaries for each
area and started exporting these commodities atidtee main tributaries: Trap Creek, Forks Creekeach. Field observations were used to supple-
timber (Swan, 1857). At the turn of the centuryand the South Fork Willapa River, with a fewment the bedrock lithology determined from ge-
riverine log drives and dam releases along majoeaches from Mill Creek (Fig. 3). Observation®logic maps of the South Bend and Raymond
rivers (splash damming) were used extensively wollected in the shorter surveys consisted of chaguadrangles (Wagner, 1967a, 1967b).
transport logs to the bay (Wendler and Desael type, bedrock type, relative influence of Reaches from the short surveys were subdi-
champs, 1955). The rivers feeding Willapa Bayvoody debris on channel form, cross sectiongjded into four categories: (1) alluvial; (2) bed-
were used heavily for these activities until théongitudinal profiles, and field notes on the localtock; (3) alluvial channels forced by large wood
1920s, when railroads (Van Syckle, 1980, 1982eomorphic context. Longitudinal profiles andforced alluvial); and (4) bedrock channels forced
and later trucks, became the major transpocross sections were collected with a hand-helay a locally low sediment supply (forced bedrock).
mechanism for timber. By the 1950s, most of thievel or a tripod-mounted engineering level, a stdor the bedrock and alluvial channel types, we fol-
primary forests had been harvested (Van Syckldia rod, and a tape. Reach locations were mapplesved definitions outlined by Montgomery et al.
1980, 1982). onto U.S. Geological Survey 7.®pographic (1996): bedrock reaches contain an alluvial cover
Extensive splash damming in the early 1900s,
as well as gravel mining from the main-sterr
Willapa River, significantly altered the fluvial
landscape. Splash dams were released on daily
weekly schedules, mostly depending on th
availability of water, which simulated large flood
events year round. They were spaced througho -
the watershed, in both the main-stem Willap: '
River and in most major tributaries such as Tra
Creek, Forks Creek, and the South Fork Willap:
River (Wendler and Deschamps, 1955). Splas
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damming removed both sediment-storage strur
tures, such as logjams, and the sediment, leavit
behind a simplified river channel that was
scoured to bedrock in many places. Gravel mir
ing declined after the 1940s, but ongoing woot
removal by state agencies and landowners co
tinues to affect channels in the watershed.

METHODS
Field Methods

Field mapping conducted between June 19¢
and August 1997 included 90 surveys of reache
10-20 channel widths in length and 18 extende
surveys of reaches 100—-400 channel widths i
length. These reaches have average slopes frc..,
0.001 to 0.50 and drainage areas from 0.01 1
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Figure 3. Location map showing the mainstem Willapa River and main tributaries.
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the supply of sediment from upstream. Our ex-
tended surveys involved mapping these four
channel types onto U.S. Geological Survey 7.5
topographic quadrangles.

Channel slopes for the free-formed alluvial
and the bedrock reaches were determined using
a least-squares linear regression of elevation ver-
sus distance from the surveyed longitudinal pro-
files. We recorded two slope measurements in
forced alluvial reaches: the surface slope of the
sediment upstream of the jams and a reach aver-
age slope based on the total elevation drop across
the reach (Fig. 4).

Discriminant analyses were employed to de-
termine the optimal drainage area—slope thresh-
old between the bedrock and alluvial channels.
over less than one continuous channel width ddivial channel types are those reaches in whiddf the four categories describing the Willapa
channel length, whereas alluvial reaches contaiarge woody debris forces deposition or imRiver data, only the alluvial, bedrock, and forced
less than one continuous channel width of bedrogounds enough sediment to alter the bed slobedrock categories were employed for determin-
bed. If a reach did not meet either definition, wgFig. 4). Forced bedrock reaches with anoming the threshold location (Fig. 5). Data from
considered it as a mixed morphology reactalously low sediment supplies typically occurredorced alluvial reaches were not used in the
which we excluded from our analysis. Forced akmmediately downstream of a logjam that blockshreshold analysis because the effects of wood
debris are not accounted for by the theory. We
used 33 surveys for each lithology in the Willapa
Basin data. The discriminant analyses were per-

W — Iogfams

bedrock

Figure 4. Longitudinal profile of a forced alluvial reach showing the elevation drop and de-
crease in local slope associated with logjams. Qal—Quaternary alluvium.

1E+ A W Alluvial formed using the Statistics Package for the Social
+ . .
O Bedrock Sciences (Norusis, 1994).
< 1E+8 E S = A Bedrock-low Geographic Information Systems (GIS)
£ F O sediment Methods
o 1E+7 E Discriminant
% 2 Function We used a 10 m grid size digital elevation
o 1E+6 model derived from 12 m contours and the em-
o F pirically determined bedrock-alluvial threshold
B 1E+5 E N to predict channel morphology in the entire
e 2 drainage basin of the Willapa River. The channel
1E+4 L i L i L nn network was divided into stream segments based
0.001 0.01 0.1 1 on contour intervals, tributary junctions, and
Slope (m/m) I|tholog_|c contacts. Each segm_ent was predicted
to be either a bedrock or alluvial channel based
B on the discriminant function using the segment’s
1E49 W Alluvial slope, drainage area, and lithology (see Massong,
1998, for details).
i \ B Bedrock The channel types predicted from the GIS
_ 1E+8 \ A Bedrock-low analysis were then compared to the field d_ata
N t W A O sediment collected during the extended surveys described
% 1E+7 [l Discriminant in the previpus section. The. tlotal length of cor-
o E Function rectly and incorrectly classified channels was
i 1E+6 r tabulated for each channel type and for each
= lithology. For the incorrectly predicted reaches,
-% C we reviewed our mapping and field notes to as-
A 1E+5 ¢ sess whether local processes influenced channel
E type. On the basis of these observations, we cat-
TE+4 bl v d N egorized each incorrectly classified reach as
0.001 0.01 01 1 Q) aI_IuwaI m_orphology forced by woc_>d, 2 Io-_
Slope (m/m) cal high sediment supply from proximal sedi-

ment sources (e.g., landslides), (3) low sediment

Figure 5. Bedrock and alluvial channel data from the Willapa River watershed. (A) Siltstone. supply due to sediment sinks immediately up-
(B) Basalt. All these data were used to define the location of the bedrock—alluvial channel thresh-stream, or (4) reaches with no readily apparent
old (discriminant function). cause for misclassification.
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RESULTS

We organize our analysis along three genere

themes: (1) bedrock-alluvial thresholds, (2) lo- TABLE 1. SUMMARY OF DISCRIMINANT ANALYSIS RESULTS OF THE

calized controls on channel type, and (3) fre WILLAPA RIVER AND SATSOP RIVER DATA

quency of bedrock and alluvial channels. Aftel n Wilk's Discriminant Datum correctly
L . . lambda* function classified (%)

examining the general relationships betweesmstone 3 047 S 80p* A0 94

bedrock and alluvial channels in each lithologygasait 33 0.68 S=56.4% A049 82

we estimate values for thb/K)*" and p—-m)/n  Satsop River 60 0.44 S=15.4* A 042 94

terms using the threshold positions derived fron Notes: S—slope; A—area. o _
LS . *Lower Lambda values indicate better discrimination possible between data.
the discriminant analysis. We then explore loce
mechanisms that contribute to reaches that do n
conform to the bedrock-alluvial threshold model
and present data on the frequency of bedrock ahdcalized Controls on Channel Type bedrock-alluvial threshold (Fig. 5), while the
alluvial channels in the Willapa River system. wood-forced alluvial channel data plot through-
Three local processes not incorporated intout both bedrock and alluvial fields, and appear
Bedrock-Alluvial Thresholds this simple model could explain most of thesomewhat random. The wood steps of the kind
forced bedrock and forced alluvial reaches thatescribed here (Fig. 4) alter the morphology of
The bedrock-alluvial data collected in thedid not follow predictions of the discriminantthe channel by both reducing sediment trans-
Willapa River watershed generally conform tdunction based on free alluvial and bedrock datgorted downstream (by trapping it) and forcing
the drainage area—slope segregation predicted (&) alluvial channels underlain by siltstone, buglluvial morphologies upstream of the jam. The
equation 4 (Fig. 5), as previously found in thedominated by basalt clasts (alluvial-basalt)forced alluvial data are in both the bedrock and
Satsop River (J11. 6). Specifically, data from thé2) bedrock channels forced by low sedimendlluvial fields in Figure 7, while the data for the
Willapa River display distinct bedrock and allu-supply (forced bedrock); and (3) alluvial chansurface slope of the sediment impounded up-
vial fields on drainage area—slope plots, witmels forced by large woody debris (forced allustream of logjams are mostly within the alluvial
bedrock channels having steeper slopes for théal). Of the three subcategories, the siltstondield defined by the discriminant threshold. Al-
same drainage area. However, lithology appeammderlain alluvial channels dominated by basathough few reaches surveyed in detail were sig-
to influence specific characteristics of the threstelasts segregate the most clearly from the othaificantly influenced by wood loading in the
old. The bedrock-alluvial threshold found in thedata (Fig. 7A). Although they cluster systemWillapa River, the effects of logjams are dramatic
basalt data is not only more steep than that for tla¢ically on the drainage area—slope figure, thein the Satsop River data (Fig. 7C).
siltstone, but also appears to be slightly shiftedre near or entirely within the bedrock field. A
upward on the drainage area—slope axes (Fig. 8pmparison of the discriminant threshold fronfrequency of Bedrock and Alluvial Channels
Of all the thresholds, that in the Satsop River hagaches underlain by basalt shows that most of
the steepest slope, even though it has the sathese siltstone reaches are within the alluvial field Mapping of channel morphology in our ex-
underlying lithology (siltstone) as found in thefor the basalt data. Hence, clast composition iended reconnaissance surveys found that 73% of
Willapa River basin. Although the form of thefluences the maximum attainable slope of an alhe surveyed channel length was covered by allu-

area-slope threshold predicted by equation 4 alwial channel. vium in both basalt and siltstone lithologies. Of
pears generalizable, the specific relation differs The forced bedrock channels with local lowthe extended reach surveys, 3 had <60% alluvium
between watersheds and lithologies. sediment supply consistently are below theover, while 13 had 80% or higher cover (Fig. 8).

The discriminant functions that separate th~
bedrock and alluvial fields for the Willapa River
correctly classified 94% and 82% of the data fc
the siltstone and basalt lithologies, respectivel 1E+9 B Alluvial
while the discriminant function correctly classi-
fied 94% of the Satsop River data (Table 1
These results, along with low Wilk’'s lambde
values, indicate a good discrimination was po:
sible between the bedrock and alluvial fields fc
each data set. The slope of the discrimina
function, or the values for the<{m)/n term
from equation 4, ranged from —0.42 for the Sa
sop River data to —0.69 for siltstone data fror
the Willapa River. The values for the/k)1/n
term vary inversely withpg=m)/n values, where
the Satsop River data produced the lowest val 1E+4 e
and the siltstone produced the highest valt 0.001 0.01 01 1
(Table 1). Hence, the discriminant analysis re Slope (m/m)
sults also confirm that different thresholds exis
between both different lithologies and water Figure 6. Bedrock and alluvial channel data from the Satsop River watershed (modified from
sheds with similar underlying lithology. Montgomery et al., 1996).

O Bedrock

/

1E+8

=—Discriminant

1E+7 Function

1E+6

Drainage Area (m 2)

1E+5
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H
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A
1E+9 ¢ O Forced Alluvial
& F N
ElE+8 E O\ ® Surface
g . between steps
S1E+7 | DA ; p
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) E .
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In these extended surveys, we found that the
length of forced alluvial bed varied from 0% to
84% of the survey length. Other than in Trap
Creek, individual logs and small logjams were the
dominant obstructions in these forced alluvial
channels. In contrast, the headwaters of Trap
Creek (Fig. 9) and several tributaries to Trap
Creek had fully spanning logjams 3 m or more in
height. Many of the jams were landslide or debris-
flow deposits that formed single steps, forcing the
upstream deposition of large sediment wedges.
Even though the influence of woody debris on
channel morphology is partially dictated by the
size of the channel (Abbe and Montgomery,
1996) and the size of wood available, we found no
trend between the percentage of forced alluvial
channels and their bankfull widths (Fig. 10).

Due to a relatively high frequency of locally
controlled reaches found in the extended surveys,
we found that predicting channel type from digit-
al topography was not useful without field verifi-
cation. Of the surveyed channel length, <40%
was correctly classified using digital topography
(Table 2). The GIS driven classification deter-
mined that 46% of the siltstone and 49% of the
basalt channels would be alluvial, while the field
surveys found that an average of 72% of the
channel length was alluvial in both lithologies. In
particular, bedrock channels were predicted from
the digital topography much more frequently
than found in the field surveys.

Using field maps and field observations, we
found that logjams and local variations in sedi-
ment supply accounted for most of the GIS mis-
classified reaches. We found that nearly 60% of
the alluvial channels that were predicted to be
bedrock by the digital topographic data (about
25% of the total surveyed channel length) were
alluvial because of wood forcing (Table 3); an-
other 28% of these reaches have high sediment
supplies due to readily identifiable local sources.
Only 12% of the alluvial channels that were pre-
dicted to be bedrock lacked a clear reason in the
field for being misclassified by the digital topo-

Figure 7. Bedrock and alluvial data for the forced alluvial reaches and reaches with basaltgraphic data. For the bedrock channels predicted

clasts but flowing over siltstone bedrock with the discriminant function for the Willapa River

watershed. (A) Siltstone. (B) Basalt. (C) Satsop River data.

Bedrockl

20%

40% 60%
1 1

80%

Channelsl

=

80%

I I
60% 40%

@ one data point or survey

20%

Alluvial
Channels

to be alluvial, nearly 50% were estimated to have
an anomalously low sediment supply, while the
remaining channels did not appear to be con-
trolled by local features. The historic effects of
splash damming and gravel mining, which are
not included in the model, may account for the
misclassification along the main-stem Willapa
River. We speculate that the most likely explana-
tion for the channels that have no apparent reason
for misclassification is poor representation of
channel slope in the digital topography, but they
could also be due to the effect of sediment waves.

Figure 8. Relative abundance of bedrock and alluvial channels recorded during long surveys. Comparison of field-measured slopes with

596

those calculated using the digital topography re-
veals that the calculated slopes poorly reflected
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field measured slopes. Although we found signit
cant scatter for the calculated slope values, alm
half of all the GIS-calculated slopes are withi
+25% of the field-measured slopes and nearly .
were within £100% (Fig. 11). The potential foi
large differences between reach-scale chani
slope and those calculated from digital topograp!
could easily cause misclassification, and such «
rors likely account for some, if not all, of the char
nels misclassified for no apparent reason.

DISCUSSION

Field data from the Willapa River watershe:
indicate that the critical slope model and the a
dition of local channel features predict the chal
nel morphology well. We found that using onl Trap Creek Watershed zizi GIS predicted Bedrock,
channel slope and drainage area, the critic but is Alluvial
slope model predicted that about half the cha GIS predicted Bedrock,

nel length surveyed would be alluvial, but the %}i N is Bedrock

1

field data indicate that almost 80% of the chau KS === GIS predicted Alluvial,
nel length is alluvial. Upon review of field ob- ‘ is Alluvial
servations for the alluvial channels predicted- 7~ BN GIS predicted Bedrock
be bedrock by the threshold theory, the reach f 7(3 i e e
likely to be influenced by a sedimentwave orlc | N

cal perturbation, we found that nearly 90% c Large logjams
these misclassified channels were forced by Ie- Figure 9. Headwaters of Trap Creek, in the Willapa River watershed, showing locations of

cal sediment sources or by wood. The morph¢,yiams forced sediment wedges, and the GIS predicted channel type.
ogy of the remaining 7% of the total channe

length could not easily be explained by our fiels

observations, and could be due to poor represesssociated with logjams deposited by debris flowgansition can be converted with large-enough log-
tation of channel slopes in the digital elevatioWe found that these jams in the Trap Creek hea@ms. The effects of logjams on sediment waves
model or the propagation of sediment waves. Asaters converted about 65% of the channel neirere not documented in this study, but we hypoth-
local features can overrule the expected channgbrk to forced alluvial from bedrock (Fig. 9). In esize that a series of logjams could impede the
morphology, field verification is advisable for this regard, Trap Creek was similar to the Satsq@opagation of a sediment pulse such as those sim-
predictions of channel morphology in forest enRiver (Montgomery et al., 1996), where logjamaulated by Benda and Dunne (1997).

vironments. commonly formed by recruitment of key members The small number of large logjams in the
from the streamside forest forced many bedrocWillapa River basin may reflect the small size of
Influence of Logjams channels to an alluvial morphology (Fig. 7). Al-wood debris available both in the channel and

though small logjams can convert channels ne&lom the riparian zone, and the systematic re-
Our analyses of the Willapa River and thehe bedrock-alluvial threshold to a forced alluviamoval of the large wood from channels. A recent
Satsop River data support the view that the addirorphology, we found that even the steep bedroaurvey of wood debris in the Willapa River head-
tion of flow obstructions, such as fallen trees, cachannels relatively far from the bedrock-alluvialaters (Sullivan and Massong, 1994) found that
dramatically alter channel morphology. Emplace
ment of a channel-spanning logjam consumes
portion of the elevation drop for the reach, an
therefore the forced alluvial surface created u
stream of the obstruction has a gentler sloj
(Figs. 4 and 7). The height of the logjam dictate
the effect on the upstream bed surface slope. In 60 .—. e
siltstone lithology, where only small logjams wert 40
found, no forced alluvial channels with high- T
enough slopes to be a bedrock morphology we 20 e ﬂ e ®
found. However, in the basalt lithology, where se\ 0 ... | - ®
5

100
80 .—L

Alluvium

Percentage of Forced

eral large jams were surveyed, we found that sor
of the alluvial channels were likely forced to an a 10 15 20 25

luvial morphology from bedrock (i.e., the reach Bankful Width (m)

average slope was greater thadined by the

discriminant function). Most of these channel Figure 10. Percentage of alluvial channels with a forced morphology in each long survey vs.
were in the headwaters of Trap Creek, and we the average bankful width of the channel.

o
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TABLE 2. SUMMARY OF GIS RESULTS

Siltstone* Basalt*
Field Field Total Field Field Total
alluvial bedrock alluvial bedrock
Predicted 32.0 14.3 46.3 27.2 219 49.1
alluvial
Predicted 40.6 13.1 53.7 44.4 6.5 50.9
bedrock
Total 72.6 27.4 100 71.6 28.4 100

*Results are given in percentage of stream length for each lithology.

TABLE 3. SUMMARY OF MIS-CLASSIFIED GIS DATA
GIS bedrock—Field alluvial

Wood Local high No apparent
forced sediment reason
Percent based 57 28 15

on category

GIS alluvial—Field bedrock

Local low No apparent
sediment reason
Percent based 47 53

on category

Notes: The category GIS (geographical information system) Bedrock—Field
alluvial indicates those channels that were remotely predicted to be bedrock
using digital topography, but were field identified as alluvial. The GIS Alluvial—
Field bedrock are those channels predicted as alluvial, but field verified as
bedrock. By reviewing field notes, we determined three possible mechanisms for
the misclassification: wood forcing, anomalously high sediment supply, and
anomalously low sediment supply. Those channels that did not fit into these
categories are classified as having no apparent reason for misclassification.

>85% of the logs at least partly obstructing flonChanges in Sediment Supply
were <0.5 m in diameter. In contrast, key mem-

regional sediment supply may change the loca-
tion and/or slope of the bedrock-alluvial thresh-

old for all the channels. In the case of a single
reach affected by local changes in sediment sup-
ply, we found that both increased and decreased
sediment supply can force morphologic change.

In one field-surveyed reach on the South Fork
Willapa River (at approximately river mile 17 or
27 km), a series of logjams forced both an allu-
vial channel upstream and a bedrock channel
downstream of the jam. After these channel-
spanning jams were removed in 1996 by the Pa-
cific Conservation District (Allen Lebovitz,
Willapa Bay Alliance, 1997, personal commun.),
the initially alluvial reaches upstream of the jams
rapidly converted to bedrock, while the reaches
downstream converted from bedrock to a mixed
alluvial-bedrock morphology. The morphologic
conversion of these reaches after removal of the
logjams occurred in less than one year, which
highlights both the potential for rapid response to
local perturbations, and the influence of woody
debris on forcing channel morphology.

About 80% of the alluvial channels predicted
to be bedrock, and about 50% of the bedrock
channels predicted to be alluvial could be attrib-
uted to changes in local sediment supply such as
in the South Fork Willapa River example. The
channels that had alluvial form but were pre-
dicted to be bedrock and that had no apparent

ber sizes in the Satsop River system ranged fromRegional and local variations in sediment sugeason for the misclassification could be alluvial
0.7 to >2.0 m (Montgomery et al., 1996); most oply can affect how data fit into the critical slopedue to either poor representation of channel
the current wood available in the Willapa Rivethreshold model. Channel response to a localopes in the digital elevation model or to the in-
system does not appear to be large enough to pbint source of sediment, such as a recent lanfiluence of sediment waves. Even if all those
fectively form logjams capable of altering chanslide, is often easy to recognize and one can mapannels could be attributed to sediment wave
nel type. The one notable exception, Trap Creethe consequential downstream changes in chgoropagation, it would only encompass 7% of the
had logjams with large logs interwoven with sednel characteristics. A reach influenced by a locabtal network inventoried. Although sediment
iment and other debris that formed from valleyehange in sediment supply may respond by comsaves systematically moving through a channel
filling landslides or debris flows. verting its channel morphology, but a change inould be an important sediment-transport

0.2
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GIS-calculated slope

process in mountain drainage basins, we do not
find evidence in our data for a significant influ-
ence on the distribution of bedrock and alluvial
channels.

Determining the influence of sediment produc-
tion on a regional scale requires, among other
things, a broad understanding of sediment delivery
within and among watersheds. Laprade (1994) in-
ventoried the input of sediment to the channels in
the Willapa River basin from recent mass-wasting
events. He found that hillsides underlain by basalt
were steeper and had more landslides than hill-
sides underlain by siltstone. Although an inventory
of other sediment sources, such as bank erosion
was not conducted, he concluded that more sedi-
ment entered channels flowing through areas un-
derlain by basalt than those channels flowing
through areas underlain by siltstone. Laprade’s ob-

Figure 11. Comparison between field measured reach-average slopes and GIS-computeggrvation of an apparently higher sediment supply
slopes. The GIS-calculated slopes were determined between topographic contours from a 12 fr the basalt channels is consistent with our em-

digital elevation model.

pirically derived bedrock-alluvial threshold posi-
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