915

Large woody debris in bull trout (Salvelinus
confluentus) spawning streams of logged and
wilderness watersheds in northwest Montana

F. Richard Hauer, Geoffrey C. Poole, John T. Gangemi, and Colden V. Baxter

Abstract: We measured large woody debris (LWD) in 20 known bull trout (Salvelinus confluentus) spawning stream
reaches from logged and wilderness watersheds in northwestern Montana. Mean bankfull width of stream reaches was
14.1 m ranging from 3.9 to 36.7 m. Streams were large enough to move LWD and form aggregates. We determined
the characteristics of individual pieces of LWD that were interactive with the stream channel. Large, short pieces of
LWD attached to the stream bank were the most likely to be positioned perpendicular to stream flow, while large, long
pieces either tended to be parallel to the flow or, when attached, were most apt to extend across the channel thalweg.
Observations indicated that the majority of pools were formed as scour pools by either very large LWD pieces that
were perpendicular to the stream or multipiece LWD aggregates. Among reaches in wilderness watersheds, ratios of
large to small LWD, attached to unattached LWD, and with and without rootwads were relatively consistent. However,
among reaches with logging in the watershed, these ratios varied substantially. These results suggest that logging can
alter the complex balance of delivery, storage, and transport of LWD in northern Rocky Mountain streams, and
therefore, the likely substantive change in stream habitats.

Résumé : Nous avons mesuré les gros débris ligneux (GDL) dans 20 trongons de cours d’eau servant de frayéres a
I’omble a téte plate dans des bassins exploités par I'industrie forestiére et des bassins sauvages du nord-ouest du
Montana. La largeur moyenne des trongons a pleins bords était de 14,1 m, avec une fourchette de 3,9 m & 36,7 m. Les
cours d’eau étaient assez larges pour que les GDL se déplacent et forment des agrégats. Nous avons déterminé les
caractéristiques des morceaux de GDL qui interagissaient avec le chenal. Les morceaux gros et courts attachés a la
berge étaient les plus susceptibles de se positionner perpendiculairement au courant, tandis que les morceaux gros et
longs se plagaient parallélement au courant ou, s’ils étaient attachés, étaient les plus susceptibles de se placer en
travers du thalweg du chenal. Les observations ont montré que la majorité des fosses sont le résultat de 1’affouillement
causé soit par de trés gros morceaux de GDL perpendiculaires au courant, soit par des agrégats composés de plusieurs
morceaux de GDL. Parmi les trongons des bassins sauvages, les rapports des gros aux petits GDL, des GDL attachés
aux GDL non attachés, des GDL avec et sans attaches racinaires, étaient relativement constants, alors qu’ils variaient
considérablement parmi les trongons des bassins soumis & ’exploitation forestiére. Ces résultats permettent de penser
que I’exploitation forestiere peut altérer 1’équilibre complexe de 1’apport, de I’installation et du transport des GDL dans
les cours d’eau du nord des Montagnes Rocheuses, et donc occasionner des modifications potentiellement importantes

des habitats lotiques.

[Traduit par la Rédaction]

Introduction

Large woody debris (LWD) plays numerous roles in the
structure and function of stream ecosystems (Gregory et al.
1991). Riparian forests contribute LWD to a channel net-
work, directly affecting both large- and small-scale stream
morphology, hydrologic processes, and stream biota (Abbe
and Montgomery 1996; Bisson and Montgomery 1996).
Large wood accumulations influence the dissipation of
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stream energy and thus the ability of the stream to transport
material. For example, LWD has been associated with chan-
nel avulsion, floodplain formation, and island development
(Abbe and Montgomery 1996; Nanson and Knighton 1996).
LWD also plays an important role in localized modification
of streambed morphology (Bisson et al. 1987; Ralph et al.
1994) and pool frequency and channel geometry (Beschta
and Platts 1986; Fausch and Northcote 1992; Richmond and
Fausch 1995). The orientation and position of LWD in
streams affect storage of organic and inorganic matter (Bilby
and Ward 1989; Nakamura and Swanson 1993). Likewise,
wood serves as trophic support of stream biota by providing
organic matter for stream invertebrates and substratum for
attachment and growth (Angermeier and Karr 1984; Benke
et al. 1985; Hauer and Benke 1991).

The factors that directly affect introduction, stability, or
character of stream LWD have a potentially significant influ-
ence on native fish populations that utilize streams for
spawning, rearing, or growth and completion of life histories
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(Andrus et al. 1988). Stream characteristics affected by
LWD and its implications on salmonid populations have
been the focus of numerous studies (e.g., Marcus et al. 1990;
Ralph et al. 1994; Riley and Fausch 1995). A species of par-
ticular concern is the bull trout (Salvelinus confluentus),
which has been in decline throughout the Pacific Northwest
and was recently (1998) listed as a threatened species under
the U.S Endangered Species Act. Numerous explanations for
its decline have been offered, including habitat degradation
(Fraley and Shepard 1989), overharvest (Rieman and Mc-
Intyre 1996), and displacement by exotic species (Leary et
al. 1993).

Despite a generally ubiquitous trend of decline, the bull
trout populations of the Flathead Basin in northwest
Montana were considered relatively healthy, until recently.
Strong spawning populations from Flathead Lake, Swan
Lake, and Hungry Horse Reservoir have been an important
part of the native fish fauna and an important sport fishery.
In the past several years, however, the frequency of bull
trout spawning in tributaries of the North and Middle forks
of the Flathead River (i.e., the Flathead Lake population) has
seriously declined (Rieman and Myers 1997). Overfishing,
competitive interactions, predation of juveniles, food web al-
terations in Flathead Lake, and loss of habitat for spawning
and rearing have all been suggested as causes for this
decline. It is likely, however, that no single factor can be iso-
lated as the overriding ecological bottleneck. Rather, all
these factors influence the Flathead Lake population. For ex-
ample, inundation of spawning gravels with fine sediments
or changes in channel form and complexity may be major
factors affecting the decline in bull trout spawning in the
tributary drainages of the North and Middle forks of the
Flathead River (Weaver and Fraley 1991). Low frequencies
of spawning in some of the tributaries of the Swan River
have been associated with the presence of logging roads
(Baxter et al. 1999). Although the mechanisms that may be
leading to the observed decline in bull trout are unclear, ei-
ther on the landscape or in specific streams, hydrologic and
vegetative changes associated with land use clearly play an
important role. We suggest that a significant part of that role
may be the result of change in the frequency, character, and
distribution of in-stream LWD.

Although LWD plays an important role among streams in
forested watersheds of the Pacific Northwest Coastal and
Cascade Mountains (e.g., Nakamura and Swanson 1993;
Ralph et al. 1994) and in the central Rocky Mountains (e.g.,
Fausch and Northcote 1992; Richmond and Fausch 1995),
little information is available regarding the character or
function of LWD in forested streams of the northern Rocky
Mountains. The processes that have been documented
among Washington and Oregon streams or streams in Colo-
rado might not be seamlessly applicable in western
Montana. Differences in climatic regime, landscape geomor-
phology, hydrologic regime, and the size, density, and lon-
gevity of dominant riparian species among these regions will
have direct bearing on the interactive relationship between
stream structure and function and LWD.

Regardless of the potential causes of bull trout population
declines or the current cumulative effects impinging on the
health and long-term viability of bull trout populations in
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western Montana, the maintenance of productive spawning
and rearing habitat will be critical to the long-term sustain-
ability or recovery of bull trout (see Fausch and Northcote
1992). As the recent changes in the food web of Flathead
Lake come to some new quasi-equilibrium, with its cascad-
ing effects on higher trophic levels (Spencer et al. 1991),
population restoration for bull trout will be strongly affected
by reproductive success and juvenile survivorship. LWD
may play a critical role in maintaining appropriate stream
habitat and thus affect the long-term sustainability of bull
trout populations in the Flathead Basin.

The purpose of this study is to describe the characteristics
and selected functions of LWD among an array of historical
bull trout spawning streams in the Flathead Basin. Although
in several instances, redds occurred within a study reach, it
was not our intention to specifically locate bull trout redds
or covariation of redds and LWD. We selected streams from
each of the four major tributaries in the drainage: the North
and Middle forks of the Flathead River (Flathead Lake bull
trout population), the South Fork of the Flathead River
(Hungry Horse Reservoir population), and the Swan River
drainage (Swan Lake population). We also chose streams
that represented different types and levels of land use.
Streams in the North Fork and Swan River include tributary
drainages with extensive logging and riparian clearcuts.
Streams in the Middle and South forks were within Glacier
National Park or designated wilderness, respectively. The
primary objectives of the research were to (i) characterize
LWD in known bull trout spawning streams of the Flathead
Basin, (ii) examine relationships of LWD size, position, and
orientation across an array of stream sizes, (iii) examine the
role of LWD in affecting local-scale bedform and stream
morphology, and (iv) examine the potential effect of land
use and (or) riparian logging on the size frequency structure,
orientation, and decay relationships of LWD.

Materials and methods

Study area

This study was conducted in the Flathead Basin, a 22 241-km®
drainage in northwestern Montana and southeastern British Colum-
bia, along the west slope of the Continental Divide and within the
belt series of the northern Rocky Mountains (Fig. 1). Sedimentary
bedrock from the late Paleogene to the Proterozoic underlies the
region and has been affected by low-grade metamorphosis. These
mountain ranges are part of the Rocky Mountain Belt Supergroup
and consist of argillites, siltites, and carbonates with a maximum
stratigraphic thickness of 5200 m (Whipple et al. 1984). Colluvium
and glacial till mantle the heavily forested valleys. During the
height of the last major glaciation, about 20 000 years ago, the
Flathead Basin was covered by glacial ice. The main glacial
advance flowed from the cordilleran ice sheet down the Rocky
Mountain Trench. Smaller valley glaciers flowed from the Living-
ston, Whitefish, Swan, Flathead, and Mission ranges to merge
along the valley floors, forming trunk glaciers as much as 1000 m
thick. Alluvial valley segments of tributary drainages formed with
faulting and local accumulations of valley fill from alluvial and
glacial sources.

Twenty stream reaches were selected from a stratified random
design for study from eight streams distributed around the basin
(Fig. 1). All reaches were in third- or fourth-order segments. We
consulted the Montana Department of Fish, Wildlife, and Parks
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Fig. 1. Map of the Flathead Basin and northern Continental
Divide region of northwest Montana showing the names of
major river drainages and study stream reaches in unlogged
wilderness watersheds (open circles), logged watersheds with
unlogged riparian (encircled dots), and logged watersheds with
logged riparian (solid circles).
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and selected study reaches within known bull trout spawning tribu-
taries. We selected study streams within watersheds that had a land
use history of either logging or wilderness management. Addi-
tionally, we selected specific study reaches within streams based
on prevalent streamside management within the watershed. In
some cases, as in Red Meadow Creek, the selected reaches flowed
through riparian clearcuts, which occur commonly along that
stream’s length. Among other streams, such as Ole Creek in Gla-
cier National Park, the riparian zone along the study reach was in
an unaltered condition.

The substratum of each study reach was similar, generally com-
posed of gravel and cobble, although occasionally, larger boulders
(50-100 cm) were also present. The drainage area above the study
reaches varied from 23 290 ha on Young’s Creek to 1610 ha on
Red Meadow Creek (Table 1).

Stream channel

Stream cross-sectional profiles, sinuosity, and gradient were
measured at each stream reach using an Abney level, a Sonin®
electronic distance measurer, and a leveling rod. Eleven transects
(A-K) were taken across each stream reach at 10-m intervals cov-
ering a total reach length of 100 m. Each transect consisted of
channel profiles measured perpendicular to the stream thalweg and
to the top of the bankfull channel on both sides of the stream.
Typically, 8-12 measures were taken to develop the cross-sectional
profile at each transect. The profile data included all major breaks
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in elevation, the wetted channel width, water depth at the thalweg
(at the time of measure), and height of the average bankfull chan-
nel. The change in bed height and water depth between each
transect profile was measured using the Abney level, electronic
distance measurer, and leveling rod. The 10-m intervals between
each transect were identified as a stream section and referenced to
the downstream transect.

LWD measurements

Measures of LWD were made within each 10-m stream section
between each transect. LWD was defined as logs 210 c¢m in diame-
ter and 21 m in length. Although there are no standard criteria es-
tablished as to the minimum size that constitutes LWD, the criteria
used here are the same as used in research at other locations
(Andrus et al. 1988; Fausch and Northcote 1992; Richmond and
Fausch 1995). Each piece of wood meeting the LWD criteria was
measured if any part occurred within or was suspended above the
bankfull stream channel. The diameter was measured at each end
of the LWD piece with a 1-m caliper. The length of each piece was
measured with the electronic distance measurer if the length was
>2 m or with the caliper for shorter pieces. Piece volume was cal-
culated as a tapered cylinder (Lienkaemper and Swanson 1987).
All large rootwads were considered LWD regardless of length.
Stumped rootwads with a length <1 m were common among
streams with logged riparian areas. Volume of rootwads was esti-
mated by measuring the diameter of the root structure across the
dominant mass as one end of the cylinder, the bole of the tree
stump above the root structure as the other end of the cylinder, and
the distance between these measurements as the tapered cylinder
length. The position and orientation of LWD to the channel were
determined for each LWD piece. Piece position was recorded as
one of three possibilities: (i) no contact with either bank, (if) con-
tacting either the left or right bank, or (iii) contacting both banks.
In addition to simply contacting a bank, many pieces were strongly
“attached” to one or, rarely, both banks. We classified an LWD
piece as being attached if either or both ends were anchored into
the stream bank.

Orientation of LWD is known to affect stream flow and bed
morphology (Robison and Beschta 1990). Likewise, stream power
affects piece orientation because hydraulic forces move unattached
ends in a downstream direction (Nakamura and Swanson 1994).
Piece orientation was divided into three categories: (i) at an about
0° angle (parallel) to the channel, (if) at an about 45° angle to the
channel, and (iii) at an about 90° angle (perpendicular) to the chan-
nel. We also noted whether an LWD piece had a rootwad attached
to the bole, since this plays an important function in the attach-
ment, orientation, and distribution dynamics of the piece.

The relative age of each piece was assessed using a modification
of the Grette (1985) decay classification procedure, which divided
LWD into four decay classes: (1) bark and branches attached,
(2) bark and branches missing; wood solid with evidence of decay
restricted to the outer perimeter, (3) wood showing significant
signs of decay to at least depths of 5-10 cm, and (4) wood soft and
decayed nearly or completely to the center of the piece. We later
combined categories 3 and 4 for our analysis because of the infre-
quency of observing type 4 decay class LWD. We believe that the
scarcity of decay class 4 wood is due to the rapidity of final decay
and disappearance once a piece undergoes a transition from decay
class 3 to class 4.

Data analyses

We conducted a variety of statistical analyses including 2, cor-
relation analysis, ANOVA, and MANOVA using the statistical
analysis software SPSS for Windows by SPSS, Inc. We considered
test results to be significant at o0 = 0.95.
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Table 1. River drainage, stream name, watershed area above study reaches, number of pieces in aggregates or not in aggregates, and

other characteristics of LWD.

Reach and LWD LWD LWD
Flathead River Drainage  logging aggregate  nonaggregate  volume LWD attachment
drainage Stream Name area (ha)  condition (no.) (no.) (m?) Attached  Unattached
Middle Fork Ole Creek 10295 A 0 13 8.8 5 8
B¢ 18 11 7.4 17 12
(o 0 32 30.8 7 25
Nyack Creek 22 005 A? 0 7 04 1 6
B 0 5 3.0 2 3
North Fork Red Meadow Creek 1612 AC 10 41 35.9 35 16
B¢ 53 70 73.3 95 28
Whale Creek 9 836 Al 0 56 14.3 26 30
B? 0 87 19.4 37 50
ct 39 52 58.9 59 32
Coal Creek 12113 Ab 51 72 33.3 57 66
B’ 11 25 19.8 19 17
South Fork Young’s Creek 23289 A 145 39 73.2 90 94
B“ 49 28 18.6 49 28
Cce 0 37 10.1 17 20
Swan River Jim Creek 3705 A° 71 46 65.2 72 45
B¢ 0 46 10.9 35 11
Goat Creek 5 602 A? 16 45 18.1 31 30
B? 35 35 20.4 49 21
Cce 27 48 56.7 54 21

Note: Diameter class: 1 = 10-19 cm; 2 = 20-29 cm; 3 = 30-39 cm; 4 = 40 cm.

“Reach in unlogged wilderness watershed.
*Reach in logged watershed with unlogged riparian.
“Reach in logged watershed with logged riparian.

Results and discussion

General characteristics of study reaches

Mean (+SD) bankfull widths among all stream reaches
combined were 14.2 + 6.6 m with a range of 3.9-36.7 m
across all transects. Study reaches were variable, both be-
tween and within streams. Stream gradients among all
reaches were moderate (mean 1.0%, maximum 2.6%) but
again highly variable. The thalweg bed elevation of some
downstream transects was higher than that of upstream
transects, clearly illustrating streambed complexity.

Five of the 20 study reaches had one or more side chan-
nels. In cases where side channels were present, there was
always one dominant channel. The side channels were al-
ways small with only minor flow. Side channels in two
stream reaches contained a high density of LWD and likely
were abandoned main channels.

Thalweg stream depths across all transects ranged from a
minimum of 0.15 m in Ole Creek reach A to a maximum of
1.33 m in Young’s Creek reach C. An examination of the re-
lationship between drainage area and stream depth showed a
significantly, positive correlation (p = 0.016) with stream
maximum depths; however, neither mean nor minimum
stream depth was significantly correlated with basin size
(Fig. 2).

General characterization of LWD

A total of 1320 pieces of LWD were counted and mea-
sured among all study reaches. The number of pieces and
volume of LWD across all reaches were highly variable

(Table 1). For example, reach A on Young’s Creek had
184 pieces, while, in contrast, reach B on Nyack Creek had
only five pieces of LWD.

Across all stream reaches, the size of the LWD was also
extremely variable. About 70% of all LWD was in the
smaller two diameter classes (10-19 cm: >35%; 20—
29 cm: >30%) (Fig. 3A) and >50% of the LWD was be-
tween 1 and 4 m in length (Fig. 3B). Size frequency of di-
ameter measures and tree length measures demonstrated a
decreasing exponential curve with increasing piece size. To-
gether, <50% of the LWD across all stream reaches con-
sisted of pieces >30 cm in diameter and >4 m in length.
However, as in other studies (e.g., Abbe and Montgomery
1996), we found that the larger LWD pieces played the pri-
mary role in streambed configuration and the formation of
aggregates (see data analysis below). LWD pieces that had
been moved by the stream into large debris jams, or aggre-
gates, often spanned the stream channel and were extremely
stable, owing to their mass and configuration with the
stream banks and the LWD pieces within the jam.

Other studies have found that LWD attachment to one or
both banks and (or) the presence of the tree’s rootwad are
important factors influencing the stability (i.e., the resistance
to being moved during flood) and orientation of the LWD
piece (Beschta and Platts 1986; Richmond and Fausch
1995). Among nonaggregated LWD, we found attachment to
one or both banks and the number of pieces that had root-
wads to be highly variable, commensurate with the high
variation in LWD occurrence between stream reaches (Ta-
ble 1). However, we did find statistically significant relation-
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0° by diameter class 45° by diameter class  90° by diameter class  Rootwad
1 2 3 4 1 2 3 4 1 2 3 4 With  Without
1 0 1 0 2 3 1 4 1 0 0 0 6 7
4 3 0 1 4 3 2 3 4 2 1 2 2 27
4 6 3 4 3 4 1 1 1 1 0 4 7 25
2 0 0 0 3 1 0 0 0 0 0 0 0 7
2 1 1 0 0 0 0 0 0 0 0 1 1 4
2 4 5 4 3 3 2 4 3 10 3 8 9 42
3 7 1 4 5 18 9 12 8 15 13 28 8 115
13 19 3 1 10 2 2 2 4 0 0 0 1 55
19 14 6 3 18 13 6 1 2 3 2 0 0 87
13 14 14 5 11 13 3 1 5 7 0 5 17 74
3320 3 4 17 17 6 6 10 6 1 0 4 119
7 2 2 3 5 2 0 1 5 4 3 2 2 34
16 16 8 5 43 29 20 9 12 10 5 9 27 157
11 7 2 1 20 9 3 10 4 4 2 3 15 62
6 4 0 4 9 4 4 0 3 2 0 1 5 32
9 8 2 3 19 19 8 8 7 14 9 1 18 99
7 3 0o 2 13 7 1 2 5 0 3 2 2 44
6 7 T2 6 2 2 1 9 13 4 8 8 53
15 5 3 3 9 7 1 4 7 9 1 6 6 64
4 5 2 4 7 3 4 8 9 9 4 16 20 55

ships between the orientation of the LWD piece, the
attachment of the piece to the bank, and both the volume
and the length of the LWD piece. Using %2 analysis, we
found that LWD tends to be significantly shorter among
those pieces that are perpendicular to the stream flow (orien-
tation 90°) than among those that are parallel (orientation
0°) to stream flow (Table 2). This is likely due to longer
pieces being subject to rotation around an anchor point, such
as a bank attachment, during flooding when stream power
and floatation of the LWD are at their highest (Nakamura
and Swanson 1994). We found a similar significant relation-
ship of increased LWD piece diameter associated with
pieces that were perpendicular to the channel compared with
those parallel to the channel (Table 2). We also observed
that bank attachment often extended a considerable distance
onto the bank and back into the riparian vegetation. These
pieces were often the most stable and demonstrated resis-
tance to change in orientation.

In addition to girth and length influencing stream LWD
position, we also examined the affect of LWD attachment on
orientation. A X analysis revealed that LWD pieces that
were perpendicular to the current had a significantly higher
frequency of bank attachment (Table 3). We found these fea-
tures to be particularly important, since perpendicular pieces
were the most interactive with the stream channel in that
they were often most responsible for change in streambed
morphology and complexity (see LWD influence on stream-
bed morphology below). We also examined LWD wood de-
cay (Table 1). We found that among all stream reaches, most

LWD was in decay class 2, i.e., most pieces had been
stripped of their bark and branches and showed only the ear-
liest signs of rotting at the surface. This finding has the fol-
lowing implications: (i) most of the wood has been in the
stream for at least several years, long enough to loose the
outer bark and limbs, but not so long as to enter advanced
decay stages and (if) the paucity of decay classes 3 and 4
suggests that once an LWD piece enters the latter stages of
decay, decomposition processes occur rapidly. The latter
stages of decay may be strongly enhanced during spring run-
off as increased stream power causes decomposing logs to
break apart. We did not conduct tests to directly determine
the rate of LWD decomposition; however, based on our
knowledge of aggregate accumulations at sites that we have
visited regularly since the mid-1970’s, we know that LWD
can remain >20 years with no signs of surface decomposi-
tion. Thus, it appears that LWD probably remains in these
streams for periods -exceeding 50 years (sensu Andrus et al.
1988). To summarize, those pieces that were perpendicular
to the flow tended to be attached to the stream bank, large in
diameter, and short. This finding corroborates Nakamura
and Swanson (1994).

LWD influence on streambed morphology

An important feature of stream habitat structure is the de-
velopment and stability of streambed morphology. Streams
that alternate between riffles, pools, and runs provide com-
plex habitats that support high biodiversity, biomass, and
secondary production of aquatic insects and fish. Complex
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Fig. 2. Maximum, mean, and minimum thalweg depths among
all transects for each stream reach regressed against the drainage
area of each watershed above the study area. The maximum
thalweg depth to basin area correlation coefficient (r = 0.51) is
significant at the 0.05 level. Correlations between mean and
minimum thalweg depths and basin area were nonsignificant.
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variation in stream habitat and streambed morphology is fre-
quently required for different species to coexist (sensu Con-
nell 1980).

Using correlation analysis, we examined the role of LWD
and its influence on streambed morphology. We found that
as the number of pieces of LWD and the volume of LWD
increased within a stream section, there was a corresponding
increase in the bedslope of the section immediately down-
stream (Fig. 4). The steepest bedslopes were all associated
with upstream aggregates, large snags with rootwads, or
large-diameter LWD oriented perpendicular to the stream
thalweg. Each of these LWD structures performs important
bed-forming functions, e.g., the retention of gravel on the
upstream side of the structure and (or) the focus of stream
flow and thus stream power and scour on the downstream
bed material forming pools. Both of these factors lead to the
aggradation of upstream gravel and cobble and the down-
stream degradation of bed material. These correlations
between increased LWD piece frequency and volume and
bedslope underscore the importance of LWD aggregates in
stabilizing bedload, capturing gravel, and promoting pool
formation.

Land use influence on LWD

Three of the eight watersheds (eight of 20 study reaches)
examined were located within Glacier Park or the Bob Mar-
shall Wilderness. These three watersheds are managed as
wilderness and have never been logged or roaded. The other
five watersheds are in the North Fork or the Swan River
drainages and flow through lands managed for mulitiple use,
but primarily for timber harvest.

We found a tight correlation (r = 0.99) between the fre-
quency of large LWD (230 cm in diameter) and the fre-
quency of small LWD (<30 cm in diameter) among the
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Fig. 3. Percentage of LWD in each of (A) eight bole diameter
classes and (B) 11 length classes.
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reaches draining wilderness areas (Fig. 5). In contrast,
among reaches in watersheds with upstream logging, the
large to small LWD relationship was poorly correlated (r =
0.18). These data suggest that even though variation in num-
ber of pieces of LWD among stream reaches may be high,
there is a consistent and highly predictable relationship be-
tween the frequency of large-diameter trees and small-
diameter trees in the LWD pool in wilderness watersheds
that was not present in logged watersheds. In addition to the
cross-watershed comparison of LWD size ratios, we further
compared streams flowing through logged riparian zones
with those flowing through unlogged riparian zones, but in
logged watersheds. Among the logged watersheds, we found
that streams flowing through logged riparian zones tended to
have a higher large LWD to small LWD ratio than streams
flowing from wilderness areas, while streams flowing from
logged watersheds, but with unlogged riparian zones, usu-
ally had smaller ratios (Fig. 5).

We also examined the relationship of attachment of LWD
to the stream bank. Again, we found that among wilderness
watersheds, there was a relatively tight correlation (r = 0.94)
between the frequency of attached LWD and the frequency
of unattached LWD and a poorly correlated relationship (r =
0.30) among logged watersheds (Fig. 6). Additionally, we
examined the relationship between the frequency of LWD
pieces with rootwads and the frequency of those without
rootwads. Again, among reaches in wilderness watersheds,
there was a high correlation (» = 0.96) between LWD pieces
with rootwads and those without rootwads, but among
logged watersheds, this relationship was poorly correlated
(r = 0.13) (Fig. 7).
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Table 2. Chi square analysis of length and bole diameter versus attachment and orientation characteristics of

nonaggregate LWD among all stream study reaches.

Attachment characteristic

Orientation characteristic

LWD characteristic  Attached Unattached Pearson ? 0° 45°  90° Pearson y?
Length <4 m 219 155 005 (p=0.82) 108 150 116 38.0 (p < 0.00)
Length =4 m 184 135 153 121 45

Diameter <30 cm 236 232 354 (p <0.00) 190 191 87 17.7 (p < 0.00)
Diameter =30 cm 167 58 71 80 74

Table 3. Chi square analysis of attachment and orientation
characteristics of nonaggregate LWD among all stream study
reaches.

Orientation characteristic

Attachment

characteristic 0° 45° 90° Pearson 2
Attached 127 156 120 27.5 (p < 0.00)
Unattached 134 115 41

Among all watersheds, there was high variance in the fre-
quency of LWD. Furthermore, LWD is not evenly distrib-
uted at the stream reach (100 m) spatial scale. However, the
ratio of large to small LWD, the ratio of attached to un-
attached LWD, and the ratio of LWD with and without root-
wads were relatively consistent across stream reaches in
wilderness areas. However, among stream reaches in logged
watersheds, these relationships were highly variable. These
data suggest that logging or associated land use activities
within a watershed may result in an alteration in the balance
of delivery, storage, and transport of stream LWD, which in
turn would have strong implications regarding effects on
material transport and stream habitats.

It would require additional, focused study to determine
the cause and effect relationship between size, attachment,
and rootwad frequencies of stream LWD and specific log-
ging practices. However, regardless of whether increased
variance in size frequency is the result of direct actions that
alter LWD input to the stream (e.g., cutting of large-
diameter riparian trees) or indirect forces (e.g., postlogging
blowdown), they may contribute to LWD characteristics that
depart from relationships among streams in unlogged water-
sheds. Such departures may result in substantive habitat al-
teration and adverse effects on species dependent on habitats
affected by stream LWD structure and function, such as pool
size and frequency, surface/ground water exchange, and
complex channel morphology.

Implications for watershed and streamside management

We found a close association between LWD and stream-
bed morphology. For example, the steepest bedslopes were
all associated with upstream aggregates of LWD. Among
nonaggregated LWD, we found large pieces attached to
stream banks and oriented perpendicular to the thalweg to be
more closely associated with pool formation than parallel or
unattached pieces. Among LWD pieces that were oriented
perpendicular to stream flow and crossed the stream
thalweg, there was a statistically significant higher fre-
quency of long pieces (i.e., >4 m in length), a nearly signifi-
cant proportion of large pieces (i.e., 230 c¢cm in diameter),

Fig. 4. (A) Number of LWD pieces and (B) volume of LWD in
the upstream 10-m stream section and the corresponding
downstream bedslope.

80

A 0

204

Number of LWD Pieces
8

-0.02 0.00 0.02 0.04 0.06 0.08 0.10
Bed Siope (%)

120

100

801 °

Volume of LWD (m?)

-0.02 0.00 0.02 0.04 0.06 0.08 0.10
Bed Siope (%)

and a statistically significant higher frequency of LWD
pieces attached to the stream bank (Table 4). These field ob-
servations suggest that LWD pieces that are perpendicular to
the stream channel and engage the stream thalweg are the
primary influence promoting pool formation. Field measure-
ments further indicate that of the perpendicular LWD pieces,
large-diameter pieces that are long and attached to the
stream bank are the most stable (e.g., best able to resist re-
orientation and movement once in the channel). Grette
(1985) and Richmond and Fausch (1995) also reported a sig-
nificant positive relationship between LWD and the abun-
dance of pools, as well as the importance of relatively few,
stable LWD pieces that accounted for most of the pool for-
mation. '

Wohl et al. (1993) reported that stream depth, gradient,
stream power, and the resistance of bed and bank materials
to erosion were important determinants of pool size. We ob-
served a similar relationship in which the streams of the
larger drainages had the deepest pools, even though drainage
size had no significant effect on mean or minimum thalweg
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Fig. 5. Frequency of large-diameter (<30 c¢m) versus small-
diameter (<30 cm) LWD among study stream reaches in
wilderness watersheds (solid circles) and in logged watersheds
(open circles). Arrows denote study stream reaches with logged
riparian areas. The trend line is for wilderness watersheds.
Correlation coefficients are given in the text.
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Fig. 6. Frequency of unattached versus attached LWD among
study stream reaches in wilderness watersheds (solid circles) and
in logged watersheds (open circles). The trend line is for
wilderness watersheds. Correlation coefficients are given in the
text.
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depth. Other researchers have suggested that for large
streams and rivers, LWD generally has a limited effect on
gradient, stream power, maximum stream width, and maxi-
mum bankfull depth (Andrus et al. 1988; Evans et al. 1993).
Our results support this suggestion, since within the largest
watershed streams, such as Young’s Creek, pool-forming
LWD pieces occurred almost exclusively as aggregates (Ta-
ble 1). In other words, as a stream gets larger, exemplified
by Young’s Creek in our study, stream power becomes suf-
ficient to move virtually all wood that enters the channel.
However, this does not mean that as stream size increases,
LWD becomes of little consequence but rather that the role
of LWD may change as aggregates interact with the dynam-
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Fig. 7. Frequency of LWD with rootwad versus without rootwad
among study stream reaches in wilderness watersheds (solid
circles) and in logged watersheds (open circles). The trend line
is for wilderness watersheds. Correlation coefficients are given in
the text.
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Table 4. Chi square analysis of length, bole diameter, and
attachment characteristics of nonaggregate LWD crossing the
stream channel and engaging the stream thalweg versus LWD
within the bankfull channel but not engaging the stream thalweg.

Crossing characteristic

Across Not across

LWD characteristic thalweg  thalweg Pearson x>
Length <4 m 40 321 6.64 (p = 0.01)
Length =4 m 56 254

Diameter <30 cm 57 396 3.38 (»p = 0.07)
Diameter =30 cm 39 179

Attached 66 324 5.20 (p = 0.02)
Unattached 30 251

ics of flood waters affecting anabranching and (or) avulsion
behavior (e.g., Nanson and Knighton 1996).

Robison and Beschta (1990) and Richmond and Fausch
(1995) showed that changing relationships between LWD
and stream flow influenced pool types and that the majority
of pools were formed by LWD spanning the channel perpen-
dicular to flow. Richmond and Fausch (1995) found plunge
and dammed pools to be the most prevalent pool type in the
small subalpine streams of Colorado. Bilby and Ward (1989)
found a similar pool type in smaller streams (<7 m wide) in
southwestern Washington, but mainly scour pools in large
streams (Bilby and Ward 1991). We observed similar situa-
tions among streams in the Flathead Basin where pools in
the smaller streams (e.g., Goat Creek, Red Meadow Creek)
were primarily associated with plunging or dammed water
around LWD and with scour pools around aggregates in the
largest streams (e.g., Young’s Creek, Coal Creek).

In forested watersheds, LWD is an essential component in
the formation of stream morphology and provides habitat for
aquatic insects and fish. However, the relationship between
stream size and power and the position and role played by
LWD in the modification of bedform and channel develop-
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ment is a changing one. It is apparent from this study that
large-diameter, shorter pieces of LWD attached to the
stream bank have a higher frequency of perpendicular orien-
tation and that larger, longer pieces attached to the bank tend
to interact with the channel, as represented by those logs that
cross the thalweg. Thus, a greater degree of pool-forming in-
teraction with stream flows is represented by large, long
pieces of LWD attached to the stream bank. Likewise, as the
stream size increases, a concurrent increase in the size of
LWD comprising an aggregate is needed to remain stable
and interactive with the channel. Thus, the interaction of
stream power, bed characteristics, and LWD piece diameter,
length, and position largely determines the structure and
function of stream LWD. The distribution of LWD among
size classes, and attachment and orientation categories ap-
pears relatively consistent across streams in unlogged water-
sheds but becomes less predictable in streams that have been
influenced by logging. A detailed investigation into the spe-
cifics of various logging histories would be necessary to de-
termine how specific site prescriptions affect the outcome of
LWD relationships associated with forest streams.

The implications of this study for forest managers are
twofold: (i) with riparian logging comes increased unpre-
dictability in the frequency of size, attachment, and stability
of the LWD and (ii) maintaining the appropriate ratios of
size frequency, orientation, and bank attachment, as well as
rate of delivery, storage, and transport of LWD to streams, is
essential to maintaining historic LWD characteristics and
dynamics. Our data suggest that exclusion of logging from
riparian zones may be necessary to maintain natural stream
morphology and habitat features. Likewise, careful upland
management is also necessary to prevent cumulative effects
that result in altered water flow regimes and sediment deliv-
ery regimes. While not specifically evaluated in this study,
in general, it appears that patterns of upland logging over
space and time may have cumulative effects that could addi-
tionally alter the balance of LWD delivery, storage, and
transport in fluvial systems. These issues will be critical for
forest managers attempting to prevent future detrimental en-
vironmental change or setting restoration goals for degraded
bull trout spawning streams (cf. Reeves et al. 1991).
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