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Abstract 

Experimental removal,of woody debris from a small, gravel-bed stream in a forested basin resulted in 
dramatic redistribution of bed sediment and changes in bed topography. Removal of debris changed the 
primary flow path, thereby altering the size and location of bars and pools and causing local bank erosion 
and channel widening. Marked bed adjustments occurred almost immediately following experimental 
treatment in May 1987 and continued through to the end of the study period in 1991. Increased bed 
material mobility was attributable to destabilization of sediment storage sites by removal of debris but- 
tresses, elimination of low-energy, backwater environments related to debris, and an inferred increase in 
boundary shear stress resulting from the removal of debris-related flow resistance. In contrast to these 
changes, which favored sediment mobilization, deposition was favored by the elimination of debris-related 
scouring turbulence and by increased flow resistance from a developing sequence of alternate bars. 

A more regularly spaced sequence of alternate bars replaced the pretreatment bar sequence, whose 
location, size, and shape had been strongly influenced by large woody debris as well as by bank projections 
and channel curvature. Following initial readjustment of the stream bed during the first posttreatment year, 
loss of scouring turbulence and increased flow resistance from alternate bars resulted in deposition of 
approximately 44 m3 of sediment within the 96 m study reach. The loss of 5.2 m' to bank erosion left a 
net increase in sediment storage of 39 m3. Mean spacing of thalweg cross-overs and pools did not change 
measurably following debris removal, although variability of spacing between thalweg cross-overs tended 
to decrease with time as the location of bars stabilized. No consistent pattern of change in mean residual 
depth of pools or in distribution of depths occurred within the first 4 years following debris removal. 

Introduction 

In forest streams large woody debris (LWD) has an important effect on 

' Corresponding author. 
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hydraulics, sediment routing, and channel morphology (Swanson et al., 1976; 
Keller and Swanson, 1979). Obstruction-related pools are the rule rather than 
the exception in forest streams (Lisle, 1986a; Robison and Beschta, 1990), 
therefore characteristics of channel morphology and sediment routing may 
differ substantially from streams in other environments. Effects of LWD occur 
randomly in space, owing to randomly occurring processes of delivery from 
the adjacent riparian zone, such as wind throw, stem breakage, and bank 
erosion. Beaver activity accounts for additional input of debris (Bryant, 
1984). Mass soil movements deliver debris from upland areas (Sidle and 
Swanston, 1982). 

In channels not strongly influenced by LWD, bank projections, or other 
large obstructions, bars and pools have been found to  develop at a mean 
spacing of 5-7 channel widths (Leopold et al., 1964; Keller, 1972; Richards, 
1976). In forest streams, however, pools have been found to be more closely 
spaced than in non-forest areas (Keller et al., 1981; Hogan, 1986; Robison and 
Beschta, 1990). In forest streams, in-channel obstructions such as LWD can 
modify streamflow to create strong turbulence that scours the gravel stream 
bed despite subcritical average conditions (Beschta, 1983; Smith, 1990). 
Stationary obstructions thereby stabilize pool and gravel bar locations 
(Lisle, 1986a). 

Hogan (1987) found that in forest streams in the Queen Charlotte Islands, 
British Columbia, sediment storage sites were larger but less frequent in 
channels where LWD had been redistributed by logging o r  debris flows. 
This difference was largely attributable to the tendency for LWD to be 
oriented parallel to the banks in disturbed channels, thereby storing less 
sediment except at infrequent, very large sites (Hogan, 1987). 

Large woody debris constitutes an important element of hydraulic resist- 
ance in forest streams, the effectiveness of which varies with debris size and 
spacing (Swanson and Lienkaemper, 1978; Richards, 1982). By analogy with 
other components of total roughness, including grains on the bed, bed 
topography, banks, and planform geometry (Parker and Peterson, 1980), 
we infer that elimination of LWD can increase the component of boundary 
shear stress affecting grains on the bed. Such an increase may cause adjust- 
ments in bedload transport, bed slope, grain-size distribution, or  bar-pool 
topography (Dietrich and Whiting, 1989). 

Although much is known in an observational and qualitative sense about 
the geomorphic function of woody debris, previous research has included only 
a few experimental studies designed to quantify its influence on channel 
morphology. Beschta (1979) reported scour of more than 5000 m3 of stored 
sediment along a 250 m reach the first winter following debris removal from 
an Oregon Coast Range stream. Debris removal also increased turbidity and 
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suspended sediment transport (Beschta, 1979). Removal of LWD from a first- 
order stream in the White Mountains of Arizona eliminated local base levels 
~mposed by log steps and caused increased sediment delivery by bank erosion 
(Heede, 1985). Formation of new gravel bars at the sites of  removed steps 
replaced lost debris-related resistance (Heede, 1985). 

Lisle (1986b) reported that in southeast Alaska, greater debris loading 
in logged sites than in forested streams resulted in greater total residual pool 
length (Bathurst, 1981) and greater length of channel with large residual pool 
depth. MacDonald and Keller (1987) reported scour of stored sediment, 
alteration of local hydraulics, changes in bed surface texture, and changes 
in the distribution, of pools following removal of two- LWD jams from 
Larry Damm Creek, northwest California. A point bar developed, becoming 
the dominant sediment storage site following debrisremoval.(MacDonald and 
Keller, 1987). 

Effects of LWD on channel morphology and sediment routing contribute in 
major ways to the'forination and quality of habitat for aquatic organisms, 
including economically important salmonid species and lower levels of the 
lotic food chain (Cummins, 1974; Sedell et al., 1982; Bisson et al., 1987). 

In the present we ieport changes in channel mqq5hology resulting 
from experimental debiis removal. The goals of this study are  to quantify the 
function of debris with respect to channel morphology'and t o  study potential 
effects of land-managk&ent-related disturbance of the naturally occ;rring 
distribution of woody debris in streams. 

Study area 

The study stream is Bambi Creek, a second-order (Strahler, 1957, based on 
1:63 360 scale topographic maps), gravel-bed stream located on Chichagof 
Island, southeast ~ l a s k a  (Fig. 1). The study reach is located< approximately 
500 m upstream of the confluence with third-order Trap Creek. Elevation of 
the catchment ranges from 8 to 614 m. The drainage area, above the sampling 
site, is 155 ha. -The stream drains the western portion of a '~leistocene glacial, 
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Fig 1 Study area In southeast Alaska. USA (from Campbell and Sidle, 1985). 

rainfall during fall and early winter, intermittent snow pack at low elevations 
during winter and early spring, and moderate rainfall with occasional snow in 
the spring. Mean annual precipitation at sea level is 1670 mm based on data 
from a station at sea level in nearby Tenakee Springs. 

The length of the study reach was 95.7 m (25 channel widths). Bankfull 
discharge was 1.7 m3 s-'. The average gradient of the bed along the thalweg 
was 0.010 prior to treatment and 0.008 in 1991, 4 years after debris removal. 
The average width of the bed was 3.9 m prior to treatment and 4.0 m in 
1991. The average bankfull depth was 0.41 m before treatment and 0.32 m in 
199 1. Discharge, at which bedload transport was great enough to be readily 
measured using a Helley-Smith sampler with sample time less than 5 min, was 
0.25 m3 s-' (Sidle, 1988). The median grain size (D50) of the stream bed 
pavement was 28 mm, and D50 of the subpavement was 9 mm (Campbell 
and Sidle, 1985). The particle-size distribution of the stream bed is given by 
Campbell and Sidle (1985). The channel banks were composed of alluvium 
and soil and were commonly defended by roots and LWD. 

Prior to experimental manipulation, debris formed a series of log steps and 
plunge pools, creating high-energy, turbulent sites as well as low-energy sites 







study reach was 1.63 m3 per 100 m' of bankfull channel area. Large woody 
debris (greater than 10 cm diameter and greater than 100 cm length) 
comprised 93% of this volume. No LWD was delivered to the study reach 
during the study period (1987-1991), either directly from the adjacent 
riparian zone or from upstream. Removal of LWD eliminated most sites 
where smaller debris could be trapped and retained, therefore smaller debris 
entering from the adjacent forest or from upstream tended to be quickly 
transported through the reach (Gillilan, 1990). 

Discharge record I 
The partial discharge record for the study period demonstrated that many I 

winter-time peaks in the 1990 and 1991 hydrographs indicated that some large I 
flows during winter months may not have been recorded during other years 
(Fig. 3). The period of study included several flows exceeding bankfull 
discharge (1.7 m3 s-I) and one very large flow in 1990 roughly estimated at 
12 m3 s-' (Fig. 3), coinciding with very large flows in other streams in the 
region (US Geological Survey, Water Resources Division, data on file at 
Juneau, Alaska). Following completion of debris removal in May 1987 and 
prior to the beginning of operation of the continuous stage recorder on 18 
Se~ tember  (dav 261). 1987 ( ~ i e .  3). general discharge Datterns in Bambi Creek - - 

were known from local weather conditions and frequent site visits. No large 
flows occurred during this period. 

Stream bed adjustn~ent to debris rer?~oval 

At many locations where LWD had been an important stabilizing factor. 
major changes in bed morphology occurred almost immediately following 
debris removal, despite the absence of large storms. Elsewhere, changes In 
bed and bank morphology resulted from redistribution of sediment by 
subseauent storm flows. Debris orientation and Dosition affected sediment 
storage. Debris oriented parallel to the general- flow direction tended to 
store less sediment than pieces oriented across the channel. Debris suspended 
above bankfull flow had relatively little effect on the bed or on sediment 
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(1989) for unobstructed flow in alluvial channels. Prior to removal, LWD 
strongly influenced location, form and size of bars and location of the 
rhalweg, particularly at locations B, C, F, and G (Fig. 4). Bars were 

present, but commonly, flow deflected by LWD disrupted bar development 
by scouring or terminating bars prematurely, and bar location was fixed by 
the presence of LWD. Scour by debris-related turbulence has been addressed 
in studies by Beschta (1983) and Smith (1990). Beschta (1983) found that the 
interaction of flow with woody debris created turbulence that can scour the 
bed despite subcritical average shear stress. Smith (1990) found that turbu- 
'lence in a debris-related scour pool maintained bedload transport, despite 
deposition at other locations in the channel. 

Adjustments of channel morphology to debris removal included develop- 
ment of a regularly spaced sequence of alternate (Ikeda, 1984) bars (Fig. 4). 
Bars attached to convex banks, particularly bars centered at about 18 and 78 
m (Figs. 2 and 4) are more properly termed point bars (Church and Jones? 

., 1982). Similar sequences are common in streams without the dominant 
influence of large, in-channel obstructions such as LWD (Leopold et al., 
1964; Church and Jones, 1982; Ikeda, 1984), implying that alternate bar 
development in Bambi Creek was an adjustment to the absence of LWD 
obstructions. 

The study reach clearly ag raded with time following debris removal. 9 During the study period, 44 m of sediment were deposited within the 1987 
channel margins. Bank erosion removed 5.2 m3, leaving a net increase of 39 
m3 (Fig. 6). Changes in sediment storage were not uniformly distributed (Fig. 
6). The upstream portion of the study reach, to about 17 m, strongly scoured 
following treatment (Fig. 6), owing to destabilization of bed material 
previously buttressed by debris at A (Fig. 4), development of two thalweg 
cross-overs, and scour of the right-hand side bed and bank between about 10 
and 17 m (Fig. 4). Magnitude of scour in this area, relative to the 870527 
survey, decreased with time, changing to fill by 1991 (Fig. 6). Fill of scour 
pools associated with debris at B (Fig. 4) locally reversed the trend of scour 
between about 17 and 20 m, although net, cumulative change in volume of 
sediment stored remained negative at this location until 1991 (Figs. 4 and 6). 
The development of right-hand side point bars resulted in rapid rates of fill 
between about 42 and 45 m and between about 75 and 80 m (Figs. 4 and 6). 

Sediment delivery to the upstream channel was not measured, and delivery 
by episodic processes such as snow avalanches may have affected channel 
response to debris removal. No evidence of recent mass movement events 
was noted during frequent aerial inspections of the basin throughout the 
study period. Repeat surveys of an array of ten monitoring cross-sections in 
an upstream, mainstem reach unaffected by debris removal indicated no 
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,e expected to o c c k  in all streams. The development of alternate bars is a 
'unction of stream width, depth, slope, grain size. and extent of armoring 
Jaeggi, 1984). The effects of debris on bar development will, therefore, 
lepend upon these variables, perhaps most importantly slope. In high- 
~radient,  channels, bar development will be limited by shallow depth and 
high shear stress (Church and Jones, 1982; Ikeda. 1984). In such cases, but- 
tressing provided by LWD is more likely to promote sediment storage. The 
upper limits of slope for bar formation are commonly in the range 0.025-0.08, 
depending upon relative roughness and the value of critical shear stress; a 
value near 0.05 is often used (Church and Jones, 1982). In a study of bar 
formation in gravel-bed 'streams in northwest California, Florsheim (1985) 
found that at gradients greater than 0.02 bars only occurred downstream of 
in-channel obstructions. Similarly, effectiveness of randomly located bank 
projections at stabilizing bar and pool locations wlll depend upon projection 
size (Lisle, 1986a). 

Eflects on the flow pat17 

In  unobstructed flow in gravel-bed streams, the thalweg commonly flows 
across alternate bars from one side of the channel to the other at regular 
intervals, each cross-over being associated with one bar and one pool 
(Leopold et al., 1964; Ikeda. 1984). In Bambi Creek, debris removal changed 
deflection of the thalweg, and the thalweg location became largely determi,n~d 
by the pattern of bar development and by deflections of flow at channel banks 
(Fig. 4). Change between years'in mean spacing between thalweg cross-overs 
was much smaller than standard deviations, indicating no statistical difference 
(Fig. 8). Small sample size precluded testing of this inference. Variability of 
spacing tended to decrease following an initial period of adjustment (Fig. 8). 

Overall mean spacing for the five May surveys was 3.2 channel widths, 
using the reach-averaged width (3.9 m) (Fig. 8). Spacing differed before and 
after treatment from the commonly cited interval of 5-7 channel widths for 
alternate bar-pool sequences (Leopold et al., 1964; Keller, 1972). We attri- 
bute this difference following debris removal to the initiation of cross-overs by 
deflection of the thalweg at resiitant bank projections, a common occurrence 
in forest streams. Such a deflection occurred at cross-section 21.2, initiating a 
thalweg cross-over (910516 survey, Fig. 4). The location of the cross-over 
at cross-section 33.2 was anchored by a right-hand side scour pool at a debris- 
defended bank projection (910516 survey, Fig. 4). This debris was 
incorporated into, and flush with, the bank. I t  was not removed during 
treatment in order to leave banks in the undisturbed condition. Resistant, 
non-alluvial portions of bank clearly affected the response of Bambi Creek 

.- . - 
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Fig. 9 Long~tudinal profile for each survey. show~ng thalweg elevat~ons along the channel center line from 
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to el~minate the eKects of vanatlon In thalweg length on  the apparent locat~on of pools Pools having a 
res~dual depth of 0.1 m or more are Indicated w ~ t h  a triangle. 
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pools along the thalweg. Pools formed by scour a t  obstructions away from the 
thalweg are common in forest streams, further reducing pool spacing. This 
was not an important factor in Bambi Creek, because the narrow channel 
width promoted deflection of the thalweg into scour pools. Commonly the 
number of pools exceeded the number of cross-overs, owing to predictable 

I 
1 formation of pools downstream of cross-overs as well as scour of pools at 

I resistant bank projections. However, for the 890523 survey a pool did not 
form at every cross-over, and the number of cross-overs exceeded the number 

/ of pools (Figs. 8 and 10). 
I The spacing of pools in Bambi Creek was consistent with that found in 
! other forest streams. ~ e l l e r  et al. (1 98 1 )  report pool spacings varying from 1.8 
; to 6.6 channel widths in 14 forest stream reaches with varying management 

histories in northwest California. In five forest streams with variable manage- 
ment histories in the Queen Charlotte Islands, British Columbia, pool spacing 
varied from 1.7 to 3.5 channel widths (Hogan, 1986). Robison and Beschta 
(1990) found no evidence of consistent pool spacing, owing to the influence of 

I randomly located LWD pieces, in 1530 m ofTrap Creek, a pristine, gravel-bed 
stream in southeast Alaska. 

! 
Depth of pools 

Following debris removal, the development of a regularly spaced bar-pool 
sequence provided alternating shallow and deep areas in the channel. These 
pools and, more importantly, those scoured at high discharge at resistant 
bank projections replaced, in a general sense, the number and depth of 
pools previously created by LWD (Fig. 11). Mean residual depth of pools 
was variable over time, but did not change measurably as a result of debris 
removal (Fig. 11). The distribution of residual pool depths was also variable, 
and was not measurably affected by debris removal (Fig. 12). The 1990 survey 
had an'unusually large number of shallow pools (Fig. 12). This may have been 
caused by reduced scour of pools at high discharge, owing to a lack of large 
storms the previous year (Fig. 3). 

Beginning with the 890523 survey and continuing throughout the study 
period, there was a net, cumulative increase in sediment storage in the study 
reach relative to the pretreatment condition (Fig. 6). The number and depth of 
pools were similar before and after debris removal, therefore increase in 
sediment storage was attributable to development and growth of the 
sequence of alternate bars rather than filling of pools. 

Lisle (1986b) compared residual depths, measured at regular intervals, 
along streams that were undisturbed, logged, or logged thi.1 cleared of 
LWD on Prince of Wales Island, southeast Alaska. This differs from residua! 
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rage, particularly during the 1990- 199 1 interval. Regardless of changes in loadings 
sediment delivery, increased sediment storage following debris removal indi- during tl 
cated that LWD may have limited storage by altering bar development, and operatior 
creating local sites of turbulent scour. a no sizabl' 

Woody debris greatly influenced the location of the thalweg and thalweg the chan 
cross-overs. Following debris removal, the thalweg location was largely unharves' 
determined by the recently developed alternate bar sequence and location of ment r e g  
resistant bank projections, which deflected flow and anchored the location of winds, uF 
most pools. Elsewhere the stream bed remained dynamic, and the number and of these r, 
location of a few pools varied between surveys. Spacing of thalweg cross-overs insure a . 
averaged 3.2 channel widths, less than the commonly cited interval of 5-7 \ with the I 
widths (Leopold et al., 1964), owing to deflection of the thalweg by resistant . residues- 
bank projections. Variability of spacing tended to decrease with time as the I tributary 
location of alternate bars stabilized. Treatment-related changes in the thalweg 
path commonly resulted in scour of the bed and erosion of the impacted bank, 
increasing sediment delivery to the channel. 

Removal of debris did not result in any apparent change in mean spacing of 
pools, variability of pool spacing, mean residual pool depth, or distribution of refuges. 1 
depths. Despite this lack of change, profound alteration of pool and bar resistant 1 
morphology occurred locally. This response was strongly affected by the mean resi 
random placement and characteristics of LWD prior to removal, because in ,! non-obst~ 
the undisturbed condition the thalweg path, location of cross-overs and pools, merly prc 
and characteristics of pools were strongly influenced by' large debris (Fig. 4). woody dc 
Other forest streams may have been differently affected by debris removal I ranging f 
depending upon pretreatment volume and characteristics of LWD. ( (Beschta, 

satisfies a 
~m~lications for forest management and aqua& habitat 

The results of this study indicate that forest land management practices that 
affect the long-term delivery and distribution of woody debris in stream 
channels will affect channel morphology. Current land management practices 
in southeast Alaska rarely include the removal of naturally occumng woody 
debris from other than low-order, tributary channels. However, the size of 
streams requiring special riparian zone management and the extent and nature . Buffingtc: 
of downstream impacts of management of headwater channels is con- for their 
troversial. Management impacts ranging from alteration of the riparian thoughtf 
forest adjacent to large-order streams to removal of streamside forest 
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