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ABSTRACT

DoWDstream effects, a type of cumulative watershed effect, were
identified using changes in the width and distribution of open ri-
parian canopies measured from aerial photography taken between
1956 and 1979 in Elk River basin. sonthwest Oregou. Open canopies
appear on aerial photographs of densely forested basins as UDVe-
getated areas bordering stream channels. Opening occurs when large
disturbances, such as landslides, debris Oows, large Ooods, and ex-
cessive sedimentation, disrupt the vegetation in the riparian corridor.
Downstream changes in channel morphology, inferred by the chang-
ing pattern of open reaches were linked to upslope forestry activities;
a causal link was assumed where: (i) open reaches extended contin-
uously downstream from clearcuts and roads or (ii) the timing and
pllttern of opening downstream varied in direct relation to the in-
tensity of upslope forestry activities. Open riparian canopies were
observed in first- through ftfth~rder channels, though only 11% of
open reaches in low~rder channels were spatially connected to open
reaches in higher order channels. Open reaches on low~rder tri-
butaries were attributed to landslides and surface erosion generated
from clearcuts and roadS; the total length of open reaches in low-
order channels increased JO-fold during the study period. Open
reaches occurred on higher~rder channels throughout the study pe-
riod but did not increase in size or change location in relation to
upslope banest activities. Instead, open canopies were restricted
mainly to wide and low gradient channel reaches, which comprised
approximately one-third of the length of higher~rder channels. Lim-
ited downstream change in riparian canopies associated with upslope
forestry activity during the study period, which included a lOO-yr
storm, was attributed to three physical factors: (i) lack of debris
Oows in most parts of the basin; (ii) channels constrained by com-
petent hillslopes limiting the potential for opening; and (Iii) low har-
vest levels over much of the basin at the time of the l00-yr storm.
While air photo interpretation proved useful in deciphering the gross
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disturbance history of the basin and in distinguishing the general
processes which generate dOWDstream effects, sedimentation pro-
cesses that do not disturb the riparian canopy may also be active in
Elk River basin but were not detected due to the coarseness of the
techniques used.

DOWNSTREAMEFFECTS,a type of cumulative wa-
tershed effect, are persistent impacts, separated

in time and space from the original landscape distur-
bance. Downstream effects of forest practices can oc-
cur when forestryactivities induce changesin the ways
water, sediment, and woody debris move through the
basin and are delivered to higher-order channels. Log-
gingand road construction can produce changes in on-
site conditions, including altering hillslope cover and
contour, compacting soils, and reducing root strength.
These on-site changes can alter on-site processes by
reducing infiltration rates, expanding drainage net-
works, and increasing inputs of sediment and woody
debris into river channels. Changes in on-site condi-
tions and processes can, in turn, increase the amount,
frequency, and rate of water, sediment, and debris
movement through the drainage network. As a result,
channels downstream can experience changes in
width, depth, or stability, producing damage to struc-
tures and riparian zones and affectingaquatic habitat
in areas far removed from the original forestryactivity.

The purpose of this study was to determine if down-
stream effectsfrom forestryactivities could be detected
in Elk River basin using air photo interpretation and
to identify the specific processes that generated these
effects. Distinguishing between channel changes pro-
duced primarily by peak flowsas opposed to increased
sediment transport, for example, is important to help
resource managers design effective mitigation meas-
ures. A sequential analysis was conducted to quantify
the timing, magnitude, and persistence of channel
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changes over a 23-yr period. Air photo interpretation
based on the RAPID (Riparian Air Photo Inventory
of Disturbance) technique (Grant, 1988) was used to
link upslope disturbances with changes in fourth- and
fifth-order tributaries. Both logged and unlogged bas-
ins wereanalyzed to separate the changes produced by
timber harvesting from those that occurred under nat-
ural conditions.

Changes in channel morphology in the Pacific
Northwest are difficult to identifYfrom air photos due
to dense forest cover over the channels. Changes in
conditions in fourth- and fifth-order channels in Elk
River basin could be identified and measured on aerial
photographs, with scales ranging from 1:12 000 to
1:24000, by openings in the riparian canopy cover.
Open reaches appear on air photos as unvegetated
areas or gaps in the riparian canopy cover or w~te
streaks bordering the channel in areas where the ri-
parian vegetation has been harvested (Fig. 1). Open
reaches can be distinguished by tonal variation on air
photos since they are distinctively lighter than sur-
rounding cIearcuts, forest, or vegetated channel sur-
faces. Because this is an indirect measure of channel
condition, some background on the processesthat cre-
ate open riparian canopies is necessary (see the next
section).

In addition to measuring open reaches on air photos,
sediment impacts on the main stem Elk River (sixth-
order) wereassessedby correlating the change in num-
ber and location of gravelbars between photo intervals
with the volume of landslides generated in tributary
basins as estimated from air photos and checked with
field measurements by McHugh (1986). Sediment de-
livered to rivers accumulates in characteristic loca-
tions where flow patterns produce similar erosional
and depositional sequences from one high flow even
to another (Lisle, 1986). As a result, the location of
gravel bars tends to be fixed and their size is relatively
constant unless significantchanges in sediment supply

Fig. I. Exampleof open reach onair photo of Bald Mountain Creek,
1969. Scale of photo is approximately 1:31680, reduced from
1:15840.

or flow occur. Hence, the distribution of gravel bars
reflects the current channel regime and an increase in
the number of gravelbars can be used as corroborative
evidence of increased sediment deposition due to
changes in upstream land uses.

CAUSES AND APPEARANCES OF RIPARIAN
CANOPy OPENING

Open canopies are produced by disturbances which
uproot or increase the mortality of riparian vegetation,
such as landslides, debris flows,severe floods, and ex-
cessive sedimentation. Such disturbances destroy ma-
ture or young forest stands adjacent to stream chan-
nels. Though opening of the riparian canopy cover
reflectsdisturbance or removal of vegetation by phys-
ical processes, it is evidence.of a change in the move-
ment and distribution of material in the drainage net-
work, since the processes that create open reaches are
driven by the movement of water, sediment, and de-
bris. Subsequent channel stabilization and recovery is
indicated by a decrease in the open area as channel
surfaces are revegetated.

Patterns of open canopies were used to infer the
response of channels to forestry activities in all parts
of Elk River basin, though the specificprocesses that
create open reaches vary by stream size and location
(Fig. 2). Open reaches in low-order channels (first-
through third-) result primarily from landslides and
associated debris flows (McHugh, 1986); the latter
commonly occur during large storms when saturated
hillslope material enters a channel charged with water.
The abrupt input of sediment, debris, and boulders,
along with the shear stresses generated by the debris
flowmoving down-channel uproots trees, producing a
gap in the riparian canopy cover. The moving mass

Mechanisms or material delivery and movement

.Surface el'Olloa

(dry ravel)

Key:

c::J -Open reach

~ -Sediment

Q -Debris cone from dry ravel accumulation

~ -Landslide scarp

cf!J -Woody debris

Fig. 2. Cartoon of processes that create open reaches in forested
basins. Different mechanisms are active in channels of different
stream order. Debris flows commonly occur in low-order channels
while impacts from peak flows prevail in higher-order channels.
Channel changes attributed to surface erosion occur mainly where
harvested units intersect the stream channel.
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erodes unstable banks, toeslopes, and channel beds,
adding additional material to the flow and extending
the track of scouring, battering, and canopy removal
further downstream. The entire mass may eventually
enter higher-order channels, where the debris flowmay
stop or undergo a further change in rheology due to
the addition of water. In the latter case, the debris flow
is transformed into a debris-laden flood and the path
of destruction may continue for several kilometers
downstream (Costa and Jarrett, 1981; Costa, 1984).
The result is a continuous opening in the riparian can-
opy cover which appears on air photographs as a white
path extending downstream from a landslide head-
scarp, surrounded by darker-toned forest or clearcuts.
The path of continuous opening produced by the de-
bris flow can be used to spatially link downstream
channel changes to upslope disturbances produced by
forestry activities.

Open reaches on higher-order channels (fourth- and
fifth-)can occur by fluvial processes alone. Vegetation
on floodplains, terraces, alluvial fans, and gravel bars
can be battered and uprooted by peak flowsand trans-
port of wood and sediment over these surfaces, re-
moving the riparian canopy cover. Bank failures and
undercutting of terraces will also produce open
reaches. Open reaches in higher-order channels appear
on photos as unvegetated channel surfaces; the width
of the open reach includes the active channel and mid-
channel gravel bars. Channel surfaces colonized by
small trees and shrubs appear darker than the active
channel and are excluded from the measurement of
open reaches.

Finally, open reaches in both high- and low-order
channels can be produced by surface erosion, specif-
ically dry ravel and small, shallow failures from har-
vested slopes. Dry ravel refers to the continual down-
slope movement of soil and angular, coarse rock
fragments by gravity. In the study area, it occurs in
droughty, coarse-textured, noncohesive soils where
revegetation of harvested slopes is poor (McHugh,
1986).Ravelling slopes are not confined to channels
or swales but often encompass entire hillslopes. They
are identified on air photos by smooth, light-toned
hillslopes devoid of vegetation or by several small,
light colored streaks running parallel to the direction
of the hillslope. Although some surfaceerosion occurs
in conjunction with landslides, dry ravel is distin-
guished from landslides on air photos by the absence
of arcuate headscarps. Surfaceerosion by dry ravel can
be a locally significantand voluminous source of ma-
terial that produces an open reach by burying or killing
riparian vegetation.

STUDY SITE

Elk River drains a 200-km2 basin in the Klamath
Mountain Province of southwest Oregon (Fig. 3); 90%
of the study site is under the administration of the
Siskiyou National Forest, whereas the remaining area
is privately owned. The bedrock consists of meta-
morphic and igneous rocks of Jurassic age and sedi-
mentary rocks of Cretaceous age. Mass movements
occur throughout the basin, though each lithology has
inherently different failure types and rates (McHugh,

1986).Although landslides are common in alllithol-
ogies, debris flows are limited to areas underlain by
quartz-diorite. Surface erosion-specifically, dry ravel
and shallow soil slips-is generated from clearcuts in
Cretaceous sedimentary terranes. Deep-seated earth-
flows occur in areas of Jurassic metamorphic rock.
Large landslides often occur along streams at contacts
between two lithologies of different competence.

Like most south coastal Oregon streams, Elk River
has relatively high sediment transport rates. The an-
nual suspended sediment yield, estimated from sus-
pended sediment measurements, is approximately 350
Mg/km2 per year-two to three times the yields of
northern and middle coastal Oregon streams (Karlin,
1980).High sediment dischargesare attributed to steep
river and hillslope gradients, highly fractured and al-
tered rocks, and high rainfall intensities common to
the Klamath Mountain Province.

The climate of the basin is strongly influenced by
air masses moving inland off the PacificOcean. A wet
season between October and April provides 95% of
the yearly precipitation (National Climate Center,
1983). Winter storms tend to be long and of low in-
tensity; temperatures are mild and snow cover is rare
except at the highest elevations. Stream flow patterns
typically follow the seasonal distribution of precipi-
tation and peak flows occur when infrequent heavy
rains are preceded by a prolonged wet period. Satu-
rated antecedent conditions increase the potential for
mass movements, and landslides frequentlyoccur dur-
ing large storms (Vames, 1978).Records of peak flows
from the South Fork Coquille River at Powers were
used to index the flood history as flow records from
the Elk River gauge are incomplete. Significant peak
flows(greater than 100yrreturn interval) wererecorded
in 1944, 1955, 1964, 1971,and 1974.The largeststorm
occurred in the winter of 1964-1965 (USGS Water
Resources Data for Oregon, Portland) and had an 80
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Fig. 3. Map of Elk River basin. Channel names are as follows:(1)
South Fork Elk River. (2) North Fork Elk River, (3) Blackberry
Creek. (4) Milbury Creek, (5) Butler Creek, (6) Panther Creek,
(7) Red Cedar Creek, (8) Purple MountainCreek, (9)Bald Moun-
tain Creek,and (10)AnvilCreek. Lower-caseletterson main stem
Elk River refer to channel segments inventoried by gravel bar
count. Study was limited to drainage basin area west of Siskiyou
National Forest Boundary (solid line). Dashed line indicates wa-
tershed boundary; dot and dash lines depict drainage network.
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to 150-yr return interval. This storm is referred to
throughout this paper as the 1964 storm.

Elk River has valuable fisheries and timber re-
sources. The main stem and its tributaries provide
excellent habitat for chinook salmon (Oncorhynchus
tschawytscha),steelhead trout (Salmo gairdneri), cut-
throat trout (Salmo clarkz),and coho salmon (Oncor-
hynchus kisutch); it is also the site ofa state fishhatch-
ery. Commercial timber harvesting, primarily of
Douglas fir (Pseudotsugamenziesii), began in the mid-
1950swith activities concentrated in the lower part of
the basin on private lands. Peak harvesting rates oc-
curred in the late 1960s,utilizing techniques that pro-
duced severe environmental damage in several trib-
utary basins. These techniques included the
construction of logging roads in channels, removal of
timber from entire hillslopes, and absence of buffer
strips from channel boundaries. Since then, improved
management techniques have been employed and the
rate of harvesting has slowed, though no detectable
decline in the rate of landsliding was noted as a result
(McHugh, 1986).

METHODS

Air photo interpretation provides a relatively quick
and inexpensive means of reconstructing historical
channel conditions over large basins. The RAPID
technique uses changes in patterns of open riparian
canopies observed on air photos of forested basins to
detect changes in channel conditions and link them
with possible upstream causes. Due to the difficulties
of identifying channel changes under dense riparian
canopy, the main criteria used in interpretation is ri-
parian canopy opening or change in width of open
reaches. As such, RAPID is only able to detect dis-
turbance that removes streamside vegetation; it does
not detect aggradation or degradation when streamside
vegetation is not affected, minor shifts in channel 10-
cation, or minor changes in channel geometry (Grant,
1988).

The upstream sources and downstream patterns of
open reaches and the links between them were used
to evaluate the effectivenessof different physical pro-
cesses in generating downstream effects.Two assump-
tions inherent in this evaluation are that: (i) different
processes produce different patterns of opening and
(ii) the pattern of opening downstream is distinctive
enough to indicate the type of disturbance that pro-
duced it. These assumptions proved valid in studies
in the Western Cascadesof Oregon (Grant et aI., 1984)
though more strongly for debris flow sources than for
peak flows and surface erosion (Grant, 1986).

The sources, patterns, and linkages of open riparian
canopies were characterized by measuring the distri-

Table 1. Years, scales, and types of air photos used in study.

bution and area of open reaches directly from air pho-
tos. Photographs were viewed using a mirrored ster-
eoscope with magnification of 2X and 4X. All photo
work was done under stereo to define the channel
boundaries more accurately and overcome shadow ef-
fects. Interpretation was limited to the center of the
photograph to minimize the effectsof edge distortion.
Distances were measured using a photo scale marked
on a clear mylar strip and an eye loup marked with a
scale in tenths of millimeters.

Channels exhibiting open reaches were measured
beginning at the most upstream site of opening and
moving downstream. Initial sites of opening were clas-
sified by whether they headed at a landslide or ravel
slope, or at a clearcut, road, or forest with no land-
sliding evident. Widths of open reaches were sampled
at 100-m intervals, beginning at the upstream end of
an opening and stopping at the downstream end of
the continuously open reach. Unopened reaches had
no width measurement, but lengths were included in
the total measure of channel length. The location of
landslides, tributary junctions, road crossings, clear-
cuts, and other influences were noted where they in-
tersected channels. Distances between two known
points were compared between photo intervals as a
check on accuracy; a 10%difference was allowed for
photo measurement error. Since all distances were
within this error range, it is assumed that measured
values were within 10%of the true value. The smallest
open reaches which could be detected on a 1:24000
scale photograph were 10m long.

The specific processes that created open reaches
were interpreted from a series of physical parameters
identified and measured on the air photos. These in-
cluded the: (i) presence or absence of mass movement
at the initial site of opening; (ii) change in width down-
stream from the initial site of opening; (ill) degree of
spatial continuity between the initial site of opening
upslope and subsequent opening downstream; and (iv)
total area of continuously open reaches downstream
(Grant, 1988). Open reaches inferred to be initiated
by landslides or debris flowswere identified by a head-
scarp at the initial site of opening, long to moderately
long continuously open reaches, and generallydecreas-
ing widths of opening downstream. Open reaches in-
ferred as resulting from surfaceerosion were identified
by small or nonexistent headscarps, continuously open
reaches of variable length, and generally decreasing
widths downstream. Open reaches assumed as result-
ing from peak flows had no identifiable source of sed-
iment and debris, exhibited variable-sized patches of
opening, and generally increased or remained constant
in width downstream. Linkages between upslope for-
estry activities and downstream channels were rec-
ognized by whether: (i) open reaches extended contin-
uously between upslope forestry activity and channels
downstream; and (ii) the degree and timing of opening
in higher-order channels coincided with the levels and
timing of harvesting in upstream basins, where con-
tinuous opening from low-order tributaries was not
apparent.

Air photos taken in 1956, 1964, 1969,and 1979(Ta-
ble I) were used to reconstruct the overall disturbance
history of 10 third-order or larger tributaries to Elk

Used in RAPID
Year Scale Type inventory?

1940 1:40000 black and white no
1956 1:12000 black and white yes
1964 1:12000 black and white yes
1969 1:15840 black and white yes
1979 1:24000 color yes
1986 1:12000 color no
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Table 2. Stream order, drainage area, type of investigationconducted, and presence or absence of forestry activity and open reaches on 10
tributaries to Elk River, 1956-1979.

River (Table 2). The air photos showed channel con-
ditions prior to extensive forestry activity in the basin
as wellas changing conditions due to timber harvest-
ing and large storms. Of these, six fourth-order or
larger basins were chosen, based on stream order and
harvest history, for an intensive inventory using the
RAPID technique, as described above. Five basins of
these were harvested during the study period; a sixth
unloggedbasin in a wilderness area (Red Cedar Creek)
was included in the inventory as a geomorphic bench-
mark or control. Air photos taken in 1940 and 1986
were also examined for a qualitative assessment of
channel conditions, but were not included in the in-
ventory due to differences in photo scale and limited
availability of the photographs.

Sediment impacts on the main stem Elk River be-
tween the junction of North and South Fork Elk River
and Anvil Creek were assessed from the change in
number of gravel bars counted on the 1940, 1956,
1964, 1969, 1979, and 1986 air photos. Gravel bars
were tallied by channel segment, using the junction of
major tributaries with the main stem as segment di-
visions, so basins with different erosional histories
could be evaluated (Fig. 3). Since the exposure of
gravel bars is a function of stream discharge, flowdata
were checked to ensure comparable exposure between
photo series. Flow discharge from the closest gauging
station with a suitable record (South Fork Coquille
River at Powers, OR) ranged from 0.74 m3/s (26 ft3/
s) on the 1964 photos to 1.08 m3/s (38 ft3/S)on the
1979photos. Elk River flowswere assumed to be sim-
ilar and comparable for the purposes of this investi-
gation.

The change in number of gravel bars provided a
surrogate measure of sediment impacts, assuming an
increase in the number of bars indicated an increase
in sediment production. Only the change in the num-
ber of gravel bars was assessed; the change in size of
gravel bars was not measured in this investigation.
Both lateral and mid-channel bars located in the un-
vegetated, active channel were included in the tally.
Newlyexposed gravelbars were counted as new gravel
bars since devegetation of these surfaces indicated a
change in channel conditions. Bars dissected by small

stream channels were counted as one bar (or bar com-
plex) when they occurred on one side of the channel
and two bars when separated by the wider main chan-
nel. Braided channels were not apparent on the main
stem Elk River in the areas examined.

In addition to the air photo inventory, a field in-
vestigation was conducted on three tributaries that had
both open and closed reaches (Panther Creek, Red
Cedar Creek, North Fork Elk River) to quantitatively
define channel characteristics associated with opening.
These channels were selected for this investigation be-
cause they each contain a wide, lowgradient reach and
have a high potential for increased sedimentation ef-
fects. If downstream effectswere occurring, they would
most likely be observed in these reaches. Panther
Creek and North Fork Elk River are similar in size;
Red Cedar Creek is considerably smaller in area but
was included in this investigation because of its wil-
derness status (Table"2).

The width of the valley floor,defined as the distance
extending perpendicular to the channel and spanned
by surfaces less than 3 m in height from the low-flow
datum, and the active channel surface, defined as the
width of the unvegetated channel, were measured at
100-m intervals. A 3-m vertical cutoff was used to
define the valley floor limits, since visual observations
and the presence of mature (> 100 yr old) vegetation
indicated that surfaces higher than this had not been
disturbed by historical flood flows. The longitudinal
profile of the channel was surveyed by measuring the
elevation gain and lengths at topographic slope breaks
in the channel. Distances were measured using a 30-
m tape and elevations were measured using a hand-
held level and 9-m fiberglass rod.

RESULTS

The results are presented to describe how different
portions of the basin responded to forestry practices.
These include an analysis of the spatial and temporal
distribution of channel changes in: (i) the entire basin,
(ii) low (first- to third-)-order tributaries, (iii) higher
(fourth- and fifth-)-order channels, and (iv) the main
stem Elk River (sixth-order).

1956§ 1964§ 1969§ 1979§

Area Type oft Open Clearcutsl Open Clearcutsl Open Clearcutsl Open Clearcutsl
No. t Tributary name Order (km%) investigation reach roads reach roads reach roads reach roads

I S. Fork Elk 4 19.4 1,2 Y N Y Y Y Y Y Y
2 N. Fork Elk 4 24.5 1,2,3 Y - N Y Y Y Y Y Y
3 Blackberry 3 12.4 1 N N N Y N Y N Y
4 Milbury 3 2.5 1 N N N Y Y Y Y Y
5 Bulter 5 18.0 1,2 N N Y y y y y y
6 Panther 5 23.6 1,2,3 Y Y Y Y Y Y Y Y
7 Red Cedar 4 7.7 1,2,3 Y N Y N Y N Y N
8 Purple Mtn. 3 4.0 1 N N Y Y Y Y Y Y
9 Bald Mtn. 4 27.6 1,2 Y Y Y Y Y Y Y Y

10 Anvil 3 7.1 I Y Y Y Y Y Y Y Y

Basinswith open reachesor clearcutsand roads: 6 3 8 9 9 9 9 9
Basinswith both open reachesand clearcuts: 3 7 8 8

t Tributary numbercorrespondsto location map. Fig. 3.
t I - Air photo surveyrecording presenceor absence of clearcuts,roads, and open reaches; 2 - channels inventoriedusing RAPID technique;and 3 - field

survey.
§ Y indicatespresenceof open reach, clearcut or road; and N indicatesabsence of open reach, clearcut, or road.
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1956 1964 1969 1979
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Fig. 4. Total length of open reaches in low-order tributaries and
higher-orderchannels for four photo series.

Overall Pattern of Open Reaches

Open canopies occurred in both logged and un-
loggedbasins; in 1956,open reaches were observed in
six basins, three of which were unlogged, indicating
open reaches may occur under natural conditions.
However, the number of channels exhibiting open
reaches increasedconcurrently with the increased level
of clearcutting and road construction. By 1979, nine
of 10 basins had been logged and all but one of the
nine exhibited open reaches (Table 2).

The new openings were not uniform with respect to
location within the drainage network (Fig. 4). Open
reaches on the 1956air photos were limited mainly to
fourth- and fifth-order channels. On the 1964, 1969,
and 1979 air photos, open reaches were located close
to sites of forestry activity. Oearcuts and roads were
concentrated along ridge-tops and midslopes and the
greatest increase in new opening occurred primarily in
low-order tributaries; the total length of open reaches
in first- and second-order channels increased 30-fold
between 1956 and 1979. There was a moderately
strong correlation between the total area of basin har-
vested and the area of open reaches for all photo in-
tervals sampled (r = 0.63,SE= 0.14%)(Fig.5).Fifty
percent of the open channel lengths on all stream or-
ders occurredadjacent to streamside clearcuts;as more
of Elk River basin was clearcut, more channels bor.;.
dered by clearcuts exhibited open reaches. Widening.
and open canopies were normally not detected im-
mediately downstream trom these clearcut sites, sug-
gestingthat disturbance associated with forestry activ-
ity did not travel far downstream.

Hillslope Processes and Open Reaches
in Low-Order Basins

The largestincrease in length of open reaches in low-
order channels occurred between 1964 and 1969 and
was attributed to the December 1964 storm. Most
reaches opened during this period were due to land-
slides and surface erosion: 74%of the total number of
open reaches were initiated by landslides while 20%
were associated with surface erosion. Of these, 73%of

0.0
o 10 20 30 40

BASIN AREA HARVESTED (%)

Fig.5. Relationshipbetweenpercent basinclearcut and percent basin
open for six tributaries depicted on four photo series (r = 0.63).
Basin numbers refer to location map, Fig. 3.

the landslides and all of the surface erosion were also
associated with clearcuts or roads.

Though landslides were the most common source
of open reaches and, presumably, sediment and wood
delivery to the channels, most landslides did not pro-
duce extensive lengths of open reaches. The average
length of open reach trom landslides which entered
low-order tributaries was 240 m, with the longest open
reach measured at 1170 m; most landslides produced
open reaches in the 150 to 300 m range. By contrast,
a similar study carried out in the Western Cascades
of Oregon showed an average length of open reach
from landslides to be 430 m, with the longest contin-
uous opening extending over 13 km (Grant, 1986).
These long openings were interpreted as resulting trom
debris flows or debris-laden floods. In the Knowles
Creek basin of the Oregon Coast Range, 74% of the
landslides produced debris flows that traveled over
400 m, with some extending 1600 m down channel
(Benda, 1985).The short lengths of open reaches ex-
tending downstream from landslides in Elk River
basin suggest that landslides in the basin do not gen-
erate long debris flows in comparison with other high
relief areas in Oregon.

To determine the number oflandslides generated in
low-orderbasins reaching higher-order channels, a ma-
trix analysis was conducted using the order where a
landslide-initiated opening began and the order where
the opening ended. Of the 100 landslides inventoried
between 1956 and 1979, which initiated openings on
first- and second-order channels, 77% ended on the
same order they began (Fig. 6). The other 34% even-
tually reached third-order or larger channels. Half (17
of 34) of this latter category occurred in areas of Bald
Mountain Creek underlain by quartz-diorite. Eleven
landslides that initiated in first-or second-order basins
reached fourth- or fifth-order channels, though most
produced openings less than 100m on the highest or-
der channel; eight of these occurred in Bald Mountain
Creek basin.

The above evidence suggests that, except for areas
underlain by quartz-diorite, most channels in Elk
River basin are not affectedby long landslide or debris
flowmnout, since landslides from low-orderbasins are
not connected to higher-order channels by continu-
ously open reaches. Field evidence from a previous
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Fig. 6. Matrix of stream orders that opening generated by mass
movement begins and ends on as determined by continuously open
reaches. The matrix is used to determine the number of landslides
generated on tributaries of different order, which reached higher-
order channels.

study supports this finding. McHugh (1986)1 field-
checked mass wasting sites in the basin, using debris
levees,debris piled highon trees, and channels scoured
to bedrock as evidence for debris flow activity. Ac-
cording to McHugh,whilelandslides occurthroughout
the basin, debris flow deposits are largelyconfined to
areas underlain by quartz-diorite-roughly 10%of the
total basin area. Hence, while debris flows do occur
in Elk River basin, they are relatively uncommon due
to the small percentage of land area underlain by a
susceptible lithology. These findings corroborate with
evidence in the present study that landslidesfrom low-
order tributaries do not generate long open reaches
that connect with higher-order channels; this is likely
due to the fact that landslides do not generate debris
flows, based on evidence from McHugh's landslide
inventory.

I We used the terms debrisflow and landslideto correspond with
the terms debris torrent and debris slide used by McHugh (1986).

STORMS

PHOTO YEAR

OPEN CANOPY

/ - NEW OPENING"- REVEGETATED SURFACE

Changes in Open Reaches in Higher-Order
Channels

Though the number of open reaches on low-order
tributaries continually increased during the study pe-
riod, open reaches on fourth- and fifth-order channels
in tributary basins did not change appreciably from
the initial conditions seen in the 1956 photographs
(Fig. 7). The percent of open fourth- and fifth-order
channels was approximately the same in 1979 as in
1956. The proportion of total channel length that be-
came or remained open between photo intervals
ranged from 29 to 41%. Fifty-nine to 71% of the total
channel length became or remained closed in each pe-
riod. The amount of channel change between photo
series, either new opening or canopy closure, com-
prised less than 20% of the total channel length for
any given photo interval. Changes in the proportion
of open channel length could not be correlated with
the storms; in fact, in the photo period 1964-1969,
which included the 1964storm, the proportion of open
channel lengthdecreasedslightlyfrom 41 to 39%.Most
opening during the period 1956-1979 occurred be-
tween 1956 and 1964, an interval without major
storms. Since the change in opening and closing be-
tween photo series is close to the photo measurement
error of 10%, some apparent change may be due to
measurement error. The range of values,however, sug-
gests that changes in lengths of channel exhibiting
open reaches between photo series was small.

Changes in the pattern of open reaches were plotted
by photo interval for the channel reaches observed in
the field(Table 2), noting the location of newly opened
and revegetated channel segments. Figures 8a and b
depict the pattern exhibited in Panther Creek and Red
Cedar Creek. Although the boundaries and area of
opening varied somewhat betweenphoto intervals, the

~ - REMAWED SAME

Fig. 7. Synopsis of change in channel length opened and closed between photo intervals for the fourth- and fifth-order segments of the six
basins inventoriedwith the RAPID technique. Recurrence interval (R.I.) of storms indicated beneath year of event. The 1964 photos taken
in summer before the occurrence of the lOO-yrstorm.
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most striking change was an increase in width occur-
ring during the period 1964-1969 followed by a
decrease in width over the period 1969-1979. A lon-
gitudinal response, with opening proceeding progres-
sively further downstream, was not observed. This lat-
ter type of response has been observed where a wave
of sediment moving downstream produces channel
widening and aggradation (Nolan and Janda, 1979;
Lisle, 1982; Beschta, 1983a,b). Most downstream
movement of opening was observed in the 1964pho-
tos, prior to the December 1964 storm. In subsequent
years only minor increases in open reaches down-

CJ -HEW OPEN CANOPY_ -A!VEGETAT£D SUAMCf.

CJ - REMAINED OPEN

1500 2000

cl HARVESTHISTORY..PANTHERCREEK

Fig. 8. Change in location of open reaches between photo intervals
on (a) Panther Creek and (b) Red Cedar Creek. Areas covered by
white plus black tone indicate open areas on earlier photo series;
areas covered by white plus stipple pattern indicate open areas on
latter photo series. Channel segments outside of mapped units are
forested and did not change during photo interval. Measurement
begins at juncture with main stem Elk River and moves upstream.
First 100m are not plotted as data has been smoothed using a
moving mean; first and last values are not smoothed using this
method and cannot be used for comparison. (c) Timing and per-
centage of Panther Creek basin clearcut between 1956 and 1979.
Red Cedar Creek was not harvested.

---

stream of previously opened reaches were noted. We
speculate that increased widths of opening occur pri-
marily during high peak flows,such as the 1964storm,
as flood waters scour and remove streamside vegeta-
tion. Widths of open reaches decrease in subsequent
years as gravel bars and channel surfaces become re-
colonized by vegetation.

Channel segments_ that remained opened through-
out the study period were defined as chronically
opened reaches. The locations of chronically opened
reaches were coincident with channel segments that
wereboth wider and had lowergradients than adjacent
channel reaches. The Channel Morphology Index
(CMI) wasgenerated to quantitatively characterize the
local width and slope of a channel relative to channel
averages.The CMI is the product of two dimensionless
indices:

CMI = VFWI X SI

where the valley floor width index (VFWI) is given
by:

VFWI = Valley floor width
Average active channel width

and the slope index (SI) is given by:

SI = Average channel gradient
Local channel gradient

The VFWI measures the width of the valley floor rel-
ative to the average active channel width of the sur-
veyed channel (1-2 km in length). To prevent one or
two points from obscuring the pattern of the data, the
valley floor width was smoothed prior to calculating
the VFWI using a moving mean, averaging each data
point with the preceding and succeeding value. The
slope index is a ratio of the average gradient ofa reach,
measured 100 m above and below a sampling site, to
the average gradient of the surveyed channel. The in-
dex measures the deviation from the average channel
slope and can be used to compare streams with dif-
ferent absolute slopes.The SI was used instead of slope
because it proved to be a more sensitive indicator of
small changes in channel gradient than the slope itself.
Because there was an inverse relationship between
slope and valley floor width, the slope index was in-
verted prior to calculating the CMI to more effectively
illustrate the relationship of both factors when com-
pared to the distribution of chronically opened
reaches.

Large CMI values correspond both with wide
reaches unconstrained by valley walls (Le.,large VFWI
values) and channel gradients less than average (Le.,
SI values greater than one) as suggestedby Fig. 9a, b,
and c. Although the CMI is largely influenced by the
value of the VFWI, there is also a good correspondence
between large VFWI and SI values; 76%of the VFWI
values greater than 3 are associated with SI values
greater than 1 and 91% of the VFWI values less than
2 are associated with SI values less than 1.

The pattern and location of wide/low gradient and
narrow/steep reaches was obtained by plotting the
CMI as a function of distance (Fig. 9). The location
of chronically opened reaches, obtained by overlaying
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DISTANCE UPSTREAM lmeters!

Fig. 9. Distribution of width of chronicallyopened reaches (defined
as reaches opened throughout the study period), Valley Floor
Width Index (VFWI), Slope Index (51),and Channel Morphology
Index (CMI) on three tributaries to Elk River: (a) Red Cedar
Creek; (b) North Fork Elk River; and (c) Panther Creek. Top
section of the graph shows width and location of chronically
opened reaches while bottom of graph depicts the relationship
and distributionofVFWI, 51,and CMI values.Verticallinesshow
location of chronically opened reaches relative to CMI values.
Plotting techniques used in Fig. 8a and c also used here.

'.~'"-.'~ ~'.' .:

plots of open reaches between 1956 and 1979, is also
shown. There is a good correspondence between the
pattern of CM! values greater than 3 and the location
of chronically open reaches in each of the three chan-
nels (Fig. 9a,b,c). Based on the relationships derived
from the plots of the CM! values, approximately one-
third of the surveyed channels exhibit chronically
opened reaches and these are limited to wide/low gra-
dient channels. '.

There was little correspondence between upslope
forestry activity and opening downstream in the three
channels surveyed-the timing and magnitude of
opening was similar in all three channels, regardless
of management history. Of the three, Red Cedar Creek
was not dearcut or roaded and North Fork Elk River
had less than I%harvested until the last photo interval
when 7%of the basin wasdearcut. Changes in location
or size of open reaches could not be attributed to the
forestry activities in these basins since little or none
took place. Conversely, Panther Creek basin was
logged throughout the study period; a total of 30% of
basin area was harvested between 1956and 1979(Fig.
8c). Despite this activity, the fifth-order channel (Fig.
8a) exhibited similar spatial and temporal patterns of
opening as basins with little or no activity (Fig. 8b).
The most significant increase in area of open reach
occurred before 1964and a general decline in area of
open reach occurred after 1969 in all three channels.

t

I

Changes in Sediment Accumulation in Main Stem
Elk River

A tally of the number of gravel bars on the main
stem Elk River provided a coarse measure of sediment
impacts for the period 1940-1986. Overall, there was
a 77% increase in the number of gravel bars over a
26-km segment of the main stem Elk River. There was
a greater increase in the number of bars in the lower
end of the river compared to the upper end (Fig. 10).
However, there was no correlation between the vol-
ume of material eroded in a tributary basin, as esti-
mated from air photos and field checked by McHugh
(1986),and the number of bars in the channel segment
downstream from the junction with the main stem.
The poor correlation may be due in part to the method
of analysis, since only an increase in the number of
bars was used to detect sediment impacts-no consid-
eration was given to the change in size of existing
gravel bars. It was noted that in wide/low gradient
channel segments, the primary change in gravel bars
was in size while change in number of gravel bars was
favored in steep/narrow segments. Given that the
main stem Elk River can be divided into two main
parts, (i) an upper wide/low gradient segment and (ii)
a lower narrow/steep segment, the more dramatic in-
crease in number of bars in the lower segment may be
biased because sedimentation effectsin the upper seg-
ment may be under-represented due to an insensitive
measure of gravel bar change. Changes in the number
of bars is used here only as a qualitative indicator of
potential sedimentation effectsin the lower Elk River.

The most striking example of sedimentation effects
on the main stem Elk River occurred below the junc-
tion of Purple Mountain Creek where landslides from
harvested areas initiated debris flows that entered the
main stem. Both channel widening and an increase in
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Numbers above columns indicate the volume of

material (in thousands of cubic meters) generated by
landslides in tributary basins (from McHugh 1986).

Fig. 10. Number of gravel bars for individual segments of the main stem Elk River, 1940-1986. Segment A includes channel segment above
junction with Butler Creek where reaches are generally wider and flatter, while Segment B includes channel segment below junction with
Butler Creek where reaches are generally narrower and steeper, relative to the entire 26-km segment.

the number and size of gravel bars were observed in
the main channel below this junction. Coarse material
delivered by debris flows out of this tributary was de-
posited in the vicinity of a large bend in the main
channel, where the velocity of the flows and channel
competence decreased due to constriction immedi-
ately downstream.

Sediment impacts on the main stem Elk River below
the SiskiyouNational Forest boundary were examined
qualitatively using air photos taken in 1940and 1986.
Channel changes were consistent with an increase in
sediment deposition in this portion of the channel,
including: (i) an increase in the number of gravel bars
and size of existing bars; (ii) loss of riparian forest;
and (iii) channel widening and an increase in width
of active channel surfaces. This evidence suggeststhat
the lowerElk River has become wider since 1940.How
much of this change can be attributed to upslope for-
estry activities cannot be determined from this anal-
ysis, because the linkages between upslope harvesting
and downstream canopy opening proved weak in in-
tervening fourth- and fifth-order channels. Factors
other than upstream logging, which may have influ-
enced widening in this channel segment, include local
agricultural and residential activity, local channel
maintenance projects, loggingon private lands on hill-
slopes above the channel, and cutting of the riparian
forest adjacent to the channel.

DISCUSSION

In an address on the cumulative effects of forest
management, Leopold (1981) stated, "To suppose that
upstream changes in hydrologic parameters have no
effectdownstream flies in the face of principles of gen-
eral physics on which modern science is built." Based
on these principles it might be predicted that upslope

forestry activities will ultimately affect the channels
downstream. However, the magnitude of impacts can
vary widelybetween basins due to differencesin phys-
ical processes (Nolan and Marron, 1985).The results
from this study suggest that channel changes due to
forestry activity in Elk River basin were not as pro-
nounced as in other Pacific Northwest basins. This
may be due to the specificsuite of erosional processes,
channel morphologies, and distribution and timing of
forestry activity in the basin relative to large storms,
as well as to the techniques employed to detect the
effects.These interactions are outlined below.

1. Lack of debris flowactivity. Downstream effects
were most prominent in tributary basins where har-
vest-related landslides generated debris flows. Debris
flows are a rapid, voluminous, and highly erosive
mode of sediment transport. However, widespread de-
bris flowswere uncommon in Elk River basin. With-
out debris flows, sediment transport occurs primarily
by low-energy fluvial processes, which are less dis-
turbing to channels and adjacent vegetation and less
effectivein producing open reaches. Absence of wide-
spread debris flowslimited direct delivery oflandslide-
derived material to higher-order streams. Much of this
coarse material is presumed to be stored in low-order
channels where it is being reworked by slower fluvial
processes.

One reason why debris flows were not more wide-
spread in Elk River basin is that the combination of
types of mass wasting and drainage patterns were gen-
erally not conducive to long debris flow runout. In
general, debris flowsgenerated in basins with sharp or
perpendicular tributary junction angles have relatively
short runout lengths due to the abrupt change in chan-
nel direction and gradient promoting deposition at the
junction (Benda, 1985).Areas of Elk River basin un-
derlain by sedimentary formations have low tributary
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junction angles (20-30°) and a high potential for long
debris flow runout. However, mass wasting in these
areas is primarily by dry ravel and shallow, surficial
slips; large debris slides capable of initiating debris
flows are rare. Conversely, soils developed in areas
underlain by quartz-diorite are noncohesive, have high
permeability, and failprimarily as debris slides (Meyer
and Amaranthus, 1979).However, tributary junctions
in areas underlain by quartz-diorite are nearly per-
pendicular, as the drainage network is developed along
a rectangularjointing pattern. Debris flows,when gen-
erated, tend to have short runouts, although some do
reach higher-order channels.

2.Channel morphologylimitingdevelopmentof open
reaches. The location of open reaches in higher-order
channels was largely determined by the location of
wide/low gradient channel segments. The potential for
sediment accumulation is greater in these wide, flat
reaches due to a deceleration of flows and a decline
in shear stresses associated with channel wideningand
low stream gradients (Bull, 1979). Floodplains, ter-
races, gravel bars, and debris jams develop from ac-
cumulated sediment and debris in these reaches.These
deposits are colonized by vegetation, which, in turn,
is prone to disturbance during high flowsand transport
of sediment and wood. Debris jam failure and sub-
sequent battering of riparian vegetation during high
flows removes vegetation from channel surfaces, re-
sulting in opening of the riparian corridor. Lateral
channel migration across the valley floor, which can
only occur in wider parts of the channel network, lim-
its vegetation reestablishment along channel margins,
producing chronically opened reaches.

Conversely, the potential for sediment deposition
and floodplaindevelopment in steep/narrow segments
is limited due to an increased channel shear stress as-
sociated with channel constriction and increasing
channel gradients (O'Conner et aI., 1986; Baker and
Pickup, 1987).Because there is limited floodplain de-
velopment in steep/narrow reaches, the stream di-
rectly abuts the steep valley wall and there is little
room for riparian vegetation establishment. Channel
boundaries hardened by bedrock offer little opportu-
nity for channel widening and canopy opening. Be-
cause of this, narrow/steep segments rarely exhibit
chronically opened reaches.

Most low-order channels and approximately two-
thirds of higher-order channels in Elk River basin are
steep and bedrock constrained. It is possible that sed-
iment, water, and debris derived from upslope could
move through these reaches without visible evidence
in terms of changes in the canopy cover. Under these
conditions there would be no visible spatial linkage
between upslope forestry activities and downstream
channel widening and aggradation in the wide. un-
constrained reaches. If this were the case. then channel
widening and open canopies should increase in the
wide/low gradient reaches in relation to the level of
upslope forestryactivities. The evidence showed, how-
ever, that increased opening in wide/flat channel seg-
ments was not coincident with the timing or intensity
of timber harvest. This may be due in part to an in-
sufficient quantity of sediment produced by harvest-
related landslides in comparison to the amount of sed-

iment required for creating additional opening on
wide/flat segments in the higher-order channels ob-
served. For example, if the total volume of sediment
generated from harvest-related landslides in Panther
Creek between 1964 and 1969 (from McHugh, 1986)
was spread over the wide/low gradient segment area
downstream, a 0.3-m increase in depth would have
occurred, assuming all material was deposited in this
reach at one time. While this increase in sediment
depth might have been enough to bury and kill some
small trees in the riparian zone, it would not have been
enough to create the widespread tree mortality nec-
essary to produce a pronounced opening of the ripar-
ian canopy detectable on the air photos.

3. Low harvest intensities over much of the basin
prior to the 1964 storm. The effectsof the 1964 storm
have been documented in basins throughout the Pa-
cific Northwest and found to be severe and long-last-
ing. Record flows,massive landslides, and channel ag-
gradation and widening occurred as a direct result of
this event; timber harvesting and road construction
appeared to be a factor contributing to the severity of
response in many ofthe channels (Grant, 1986;Nolan
and Marron, 1985; Lyons and Beschta, 1983; Lisle,
1981, 1982; Kelsey, 1980; Nolan and Janda, 1979;
Stewart and LaMarche, 1967;and others). Unlike bas-
ins in the Pacific Northwest, which had been logged
prior to 1964and experienced major changes as a re-
sult of the storm. much of the Elk River basin was
free from logging roads and clearcuts prior to this
storm. The limited occurrence of landslides, debris
flows, surface erosion, and open reaches at the time
of the 1964storm may have been due to the relatively
pristine condition.

The most notable changes in downstream channel
morphology following the storm occurred in Purple
Mountain Creek and Butler Creek, two basins that had
been altered extensively by forest practices prior to
this event. Roads were built in or crossed channels
and whole sections of hillslope were completely den-
uded of vegetation prior to the event. Though both
channels exhibited downstream effects, the specific
processes creating these effects were different. Land-
slides from harvested areas underlain by quartz-diorite
in Purple Mountain Creek initiated debris flows that
eroded channels as they moved through the drainage
network; in Butler Creek, high sediment inputs from
dry ravel and shallow landslides produced channel ag-
gradation and subsequent opening downstream. The
type of channel response exhibited in these basins,
though striking, was not typical of the basin as a whole.
This suggeststhat had more of the basin been altered
by forestry activities at the time of the 1964 storm,
channel response in Elk River basin may have been
similar to that of other rivers in the PacificNorthwest.

4. Limitations of the air photo interpretation tech-
nique. Use of the RAPID technique in this study was
considered experimental. as the assumptions behind
the technique were based on processes in the Western
Cascade Province of Oregon (Grant, 1988).Still. most
of the assumptions appear to be valid since different
sourcesof material produced different patterns of open
reaches downstream. Landslides generated in the few
areas underlain by quartz-diorite produced long, open
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reaches; field evidence from McHugh (1986) confirms
that these open reaches occurr~d due to debris flows.
Conversely, landslides and surfaceerosion in areas un-
derlain by sedimentary and metamorphic rocks, which
did not generate debris flows, produced only small,
discontinuous openings. There was no evidence that
peak flowsin higher-order channels, in the absence of
landslides, caused open reaches on a widespread scale.

The apparent decoupling between upslope distur-
bance and open riparian canopy downstream through-
out much of Elk River basin, however, does not elim-
inate the possibility that downstream effectsoccurred.
The RAPID technique only detects large-scalechannel
changes that disturb and remove riparian vegetation.
Much of Elk River basin simply may not respond in
a manner necessary for detection with this technique;
lack of debris flows and channels constrained by bed-
rock limited the potential for opening. There may be
other effectsfrom forest activities, which did not dis-
rupt the riparian vegetation and would require addi-
tional fieldwork to identify. An increase in the number
of gravel bars in the upper part and channel widening
in the lowerpart of the main stem ElkRiver coincident
with the timing of forestry activity suggeststhat some
material delivered from tributary channels was de-
posited there, though perhaps not on the magnitude
of other basins in the Pacific Northwest, where wide-
spread channel aggradation, widening, and braiding
occurred (Nolan and Janda, 1978, 1979; Lyons and
Beschta, 1983).

SUMMARY

The original purpose of this investigation was to
determine whether downstream effects produced by
forestry activities could be detected in Elk River basin
using air photo interpretation and to identify the pro-
cesses that create those effects. Downstream effects
were detected in low-order tributaries and produced
mainly by landslides and debris flows from clearcuts
and roads. However, changesin riparian canopy open-
ing on most high-order channels could not be spatially
or temporally linked to timber harvesting upslope.
Similar spatial and temporal patterns of open reaches
were observed in higher-order channels draining both
logged and unlogged basins, with opening occurring
mainly in wide/low gradient reaches. The increased
delivery of sediment to low-order channels by land-
slides from harvested areas was, in a sense, decoupled
both spatially and temporally from downstream chan-
nels in Elk River basin. An increase in the number of
gravel bars coincident with forestry activities occurred
in the main stem Elk River, but there was no corre-
lation between the amount of sediment eroded in trib-
utary basins and the number of gravel bars located
downstream from the tributary junction.

According to Leopold (1981), changes in upslope
land use will ultimately produce changes in channel
regime downstream. However, only a limited sam-
pling of higher-order channels in Elk River basin ap-
peared to be affected by increased sediment delivered
from upslope. The limited channel response observed
here was attributed to three physical factors: (i) ab-
sence of extensive debris flows in most parts of the

basin; (ii) channels constrained by competent hill-
slopes limiting the potential for opening; and (iii) low
harvest intensities at the time of the 1964 storm.
Whether or not downstream effects are detectable in
a particular basin is, therefore, strongly influenced by
the nature of the specific geomorphic processes and
constraints operating in that system.

In addition, the sPeCificprocessesactive in Elk River
basin may only be partly responsible for the observed
decoupling of upslope and downstream areas as the
limitations of detecting downstream effects from air
photos were also recognized. Although observations
made using the RAPID technique are consistent with
field observations of key channel and hillslope pro-
cesses made by McHugh (1986), our conclusion that
there was not a strong linkage between upslope activ-
ities and downstream changes in channel condition
must be taken with caution as there are limitations to
the scale of resolution of the technique. RAPID only
detects large-scalechanges in channel geometry char-
acterized by disturbance.of riparian vegetation; other
types of changes in volumes or distributions of sedi-
ment in channels cannot be detected with this method.
Channels in Elk River basin may not respond to in-
creased sediment delivered from upslope timber har-
vest on the gross scale needed to be detectable using
the RAPID technique. Caution should be used when
applying this technique in areas where the geology,
climate, topography, vegetation, and land use vary
greatly from those described here, as the specificpro-
cesses generating downstream effectswill be different.

Still, air photo interpretation proved useful in de-
ciphering the gross disturbance history in Elk River
basin and in distinguishing the general processes that
generate downstream effects.Given the large-scaleon
which forest planning and environmental impact as-
sessment takes place, this approach can assist research-
ers and land managers in identifying key geomorphic
processes and interpreting disturbance histories par-
ticular to a landscape.
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