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Abstract.-Multiscale analysis of relationships with landscape characteristics can help iden- 
tify areas and physical processes that affect stream habitats, and thus suggest where and how 
land management is likely to influence these habitats. Such analysis is rare for mountainous 
areas where forestry is the primary land use. Consequently, we examined relationships in a 
forested, montane basin between stream habitat features and landscape characteristics that 
were summarized at five spatial scales (three riparian and two catchment scales). Spatial 
scales varied in the area encompassed upstream and upslope of surveyed stream segments 
and, presumably, in physical processes. For many landscape characteristics, riparian spatial 
scales, approximated by fuced-width buffers, could be differentiated from catchment spatial 
scales using forest cover from 30-m satellite imagery and 30-m digital elevation data. In 
regression with landscape characteristics, more variation in the mean maximum depth and 
volume of pools was explained by catchment area than by any other landscape characteristic 
summarized at any spatial scale. In contrast, at each spatial scale except the catchment, varia- 
tion in the mean density of large wood in pools was positively related to percent area in 
older forests and negatively related to percent area in sedimentary rock types. The regres- 
sion model containing these two variables had the greatest explanatory power at an inter- 
mediate spatial scale. Finer spatial scales may have omitted important source areas and 
processes for wood delivery, but coarser spatial scales likely incorporated source areas and 
processes less tightly coupled to large wood dynamics in surveyed stream segments. Our 
findings indicate that multiscale assessments can identify areas and suggest processes most 
closely linked to stream habitat and, thus, can aid in designing land management to protect 
and restore stream ecosystems in forested landscapes. 

INTRODUCTION al. 1986; Naiman et  al. 2000). A catchment con- 
tains a mosaic of patches and interconnected 

The condition of a stream ecosystem is largely networks (Pickett and White 1985; Swanson et 
a function of landscape characteristics in the al. 1997; Jones et al. 2000) that control the rout- 
surrounding catchment (Hynes 1975; Frissell et ing of energy and materials to  streams and that 

ultimately control stream ecosystems (Swanson 
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2001). These patches and networks have char- 
acteristics such as size, shape, type (e.g., forest 
or paved roads) and location (e.g., ridge top or 
riparian). Direct effects on streams of landscape 
characteristics in the local riparian area are well 
established (Osborne and Koviac 1993; Naiman 
et al. 2000; National Research Council 2002). 
However, relationships between streams and 
landscape characteristics are less well under- 
stood and agreed upon when landscape char- 
acteristics are considered upstream along a 
riparian network (Weller et al. 1998; Jones et 
al. 1999) or upslope throughout a catchment 
(Jones and Grant 1996, 2001; Thomas and 
Megahan 1998; Gergel2005). 

Influences of riparian and catchment char- 
acteristics on stream ecosystems have been ex- 
amined predominantly in agricultural and 
urbanized areas. For example, the abundance 
of adult coho salmon Oncorhynchus kisutch in 
the Snohomish River, Washington was signifi- 
cantly related to land cover (expressed as per- 
cent urban, agriculture, or forest) summarized 
for the loca1,riparian area and for the entire 
catchment (Pess et al. 2002). Riparian and 
catchment land cover may explain approxi- 
mately equal proportions of physical (Richards 
et al. 1996) and biological (Van Sickle et al. 
2004) variation in agricultural or urbanized 
stream systems. 

Conclusions often differ, however, regarding 
the relative influence of riparian and catchment 
land cover on streams in agricultural and urban 
environments. Certain in-channel responses 
were best explained by land-cover characteris- 
tics summarized for the local riparian area (e.g., 
catch per 100 m of cool- and coldwater fish 
[Wang et al. 2003al). Others were best explained 
by land-cover characteristics summarized for 
the entire catchment (e-g., total fish and macro- 
invertebrate species richness [Harding et al. 
19981). For water quality parameters, land- 
cover characteristics explained more variation 
when summarized for the riparian network in 
some studies (Osborne and Wiley 1988) but for 

the entire catchment in others (Omernik et al. 
1981), or explained a variable degree of varia- 
tion depending on data resolution, season or 
location of sampling, and modeling approach 
(Hunsaker and Levine 1985; Johnson et al. 
1997). Even when the same response variable 
(index of biological integrity) was examined in 
the same river basin but at different spatial ex- 
tents, judgments differed about the influences 
of riparian and catchment land cover (Roth et 
al. 1996; Lammert and Allan 1999). Given such 
variability, extrapolating understanding from 
multiscale studies in more developed land- 
scapes to stream systems in forested landscapes 
may be ill advised. 

Riparian and catchment land cover have sel- 
dom been compared for relationships to streams 
in mountainous areas where forest uses domi- 
nate. We are aware of few studies examining ri- 
parian and catchment influences on streams that 
drain forested regions or areas with minimal 
human development (Hawkins et al. 2000; Wang 
et al. 2003b; Weigel et al. 2003; Sandin and 
Johnson 2004). Understanding arising from such 
studies may contribute to conservation of Pacific 
salmon and trout, which are widely distributed 
in North America. Abundances of these fish and 
conditions of their freshwater habitat have been 
related to land-cover characteristics at different 
spatial scales, including the local riparian area 
(Bilby and Ward 1991), the riparian network 
(Botkin et al. 1995), and the catchment (e.g., 
Reeves et al. 1993; Dose and Roper 1994; Dun- 
ham and Rieman 1999; Thompson and Lee 
2002). Although such studies offered valuable 
insights, none directly examined relationships 
between salmon, or their habitats, and land-cover 
characteristics summarized at more than one 
spatial scale. 

Multiscale assessments may identify riparian 
and upslope areas that help create and maintain 
salmon habitats in forested, montane landscapes. 
Pools and large wood are essential components 
of salmon habitat in such landscapes, providing 
living space and cover from predators (Bilby and 
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Bisson 1998; McIntosh et al. 2000). Pools are ar- 
eas of local scour caused by fluvial entrainment 
and transport of bed substrates that persist until 
sediment inputs to, and outputs from, a pool 
equilibrate. The creation and morphology 
(depth, volume, and surface area) of pools are 
driven by sediment supply, hydraulic discharge, 
and presence of flow obstructions (e.g., wood 
and boulders) (Buffington et al. 2002). AU three 
factors are affected by channel-adjacent and hill- 
slope processes. For example, the amount of sedi- 
ment and wood supplied to pools can increase 
with increases in the frequency of channel-adja- 
cent processes, such as bank erosion, or  of hill- 
slope processes, such as landsliding. The relative 
importance of channel-adjacent and hill-slope 
processes can vary with channel type (Mont- 
gomery and Buffington 1998; Buffington et al. 
2002) and land cover (e.g., Bilby and Bisson 1998; 
Ziemer and Lisle 1998; Montgomery et al. 2000), 
and thus, the potential for land management to 
impact pools and large wood varies across the 
landscape. Consequently, studying relationships 
at multiple spatial scales can help identify which 
processes are, and where land management is, 
likely to alter salmon habitat. 

Our goal was to understand relationships be- 
tween salmon habitat and landscape character- 
istics, summarized at multiple spatial scales, in a 
montane basin where forestry is the dominant 
land use. Targeted habitat features were the mean 
maximum depth of pools, mean volume of 
pools, and mean density of large wood in pools. 
Three riparian scales (segment, subnetwork, and 
network) and two catchment scales (subcatch- 
ment and catchment) were considered for each 
stream segment where targeted habitat features 
were evaluated (Figure 1). Spatial scales differed 
in the area included upslope and upstream of 
surveyed stream segments, and presumably in 
vegetative, geomorphic, and flwial processes that 
may affect targeted habitat features. Channel- 
adjacent processes (e.g., tree mortality in ripar- 
ian stands and streamside landsliding) and 
in-channel process (e.g., debris flows and fluvial 

transport) were assumed to dominate at the ri- 
parian scales. Potential for nonchannelized hill 
slope processes (e.g., surface erosion and 
landsliding) were added at the two catchment 
scales. Specific study objectives were to (1) ex- 
amine differences among spatial scales for land- 
scape characteristics described with relatively 
coarse-resolution data, and (2) compare the pro- 
portion of variation in stream habitat features 
explained by landscape characteristics summa- 
rized within and among different spatial scales. 

STUDY AREA 

The study was conducted in tributaries of the 
upper Elk River, located in southwestern Oregon, 
USA (Figure 2). The main stem of the Elk River 
flows primarily east to west, entering the Pacific 
Ocean just south of Cape Blanco (42"S'N lati- 
tude and 124O3'W longitude). The Elk River ba- 
sin (236 km2) is in the Klamath Mountains 
physiographic province (Franklin and Dyrness 
1988) and is similar to other Klamath Mountain 
coastal basins in climate, landform, vegetation, 
land use, and salmonid assemblage. 

The climate is temperate maritime with re- 
stricted diurnal and seasonal temperature fluc- 
tuations (USFS 1998). Ninety percent of the 
annual precipitation occurs between September 
and May, principally as rainfall. Peak stream 
flows are flashy following 3-5-d winter rain- 
storms, and base flows occur between July and 
October. Elevation ranges from sea level to ap- 
proximately 1,200 m at the easternmost drain- 
age divide. Recent tectonic uplift produced a 
highly dissected terrain that is underlain by the 
complex geologic formations of the Klamath 
Mountains. Stream densities in these rock types 
range from 3 to 6 kmlkm2 (FEMAT 1993). 

Much of the study area is in mixed conifer 
and broadleaf forests that include tree species of 
Douglas fir Pseudotsuga menziesii western hem- 
lock Tsuga heterophylla, Port Orford cedar 
Chamaecyparis lawsoniana, tanoak Lithocarpus 
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Figure 3. Distribution of landscape characteristics among analytical units at each of the five spatial scales in 
tributaries of the Elk River, Oregon. Spatial scales were the segment (S), subnetwork (SN), subcatchment (SC), 
network (N), and catchment (C). Boxes designate the 25th and 75th percentiles, the solid line indicates the 
median and the dotted line the mean, whiskers denote the nearest data point within 1.5 times the interquortile 
range, and 5th and 95th percentiles are shown by disconnected points. For a given landscape characteristic, 
two scales with the same letter label above their box plots have a significant pair-wise difference between 
medians when the overall type I error rate is controlled at ar = 0.05. 
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Because stream segments were not selected 
with a probability sampling design, we assessed 
regression residuals from each best among-scale 
model for nonrandom errors that might reflect 
spatial autocorrelation. For all possible pairs of 
stream segments, stream distance and the abso- 
lute difference between regression residuals were 
calculated. These two sets of values were re- 
gressed to determine the proportion of the varia- 
tion in the absolute difference between regression 
residuals explained by the stream distance be- 
tween stream segments. 

RESULTS 

Landscape Characterization 

Variance across stream segments differed signifi- 
cantly (df = 4,70; P50.05) among spatial scales 
for all but four landscape characteristics, the per- 
cent area in (1) igneous intrusive rock types, (2) 
slopes 5 30%, (3) slopes > 60%, and (4) open 
and semiclosed canopy forest. The smallest vari- 
ance was observed at either the network or catch- 
ment scale for all landscape characteristics except 
the percent area in forests of small diameter trees. 
. In one-way ANOVA, the blocking factor, 
stream segment, was significant (F(,,,,,; P r 
0.000 1 ) for all landscape characteristics, and 
medians differed significantly (F(,,,,; P 5 0.03) 
among spatial scales for 10 of 14 landscape char- 
acteristics (Figure 3). Pair-wise differences in 
medians were not significantly ( P  > 0.05) differ- 
ent between the segment and subnetwork scales 
for any landscape characteristic. For most land- 
scape characteristics, pair-wise differences be- 
tween medians were significant ( P  r 0.05) 
between a catchment scale (subcatchment or 
catchment) and one or more of the riparian scales 
(segment, subnetwork, or network) (Figure 3). To 
illustrate, for the percent area in slopes 5 30% 
(Figure 3D), the medians of the subcatchment 
(12.2%) and the catchment (11.9%) scales, al- 
though not significantly different from each 
other, were significantly different from those of 
the segment (26.2%), subnetwork (2 1.3%), and 

network (23.1%) scales. Pair-wise differences 
between the riparian scales were not significant 
for this landscape characteristic. 

Regression of Stream Ha bitat Features 
with Landscape Characteristics 

Mean maximum depth and mean volume of 
pools.-Both of these stream habitat features 
were positively related to catchment area (Table 
3). In one or more of the within-scale regres- 
sions, landscape characteristics explained a sig- 
nificant proportion of the variation in the mean 
maximum depth of pools (RZ 5 0.29; df = 14; P 
r 0.04; AAIC r 7.3) and in the mean volume of 
pools (R2 I 0.48; 14 < df 4 3 ;  P 1 0.008; AAIC 
r 20.2). However, no within-scale model met 
the reporting criterion of AAIC 5 5 and each 
explained about half or less of the variation ex- 
plained by catchment area alone. Therefore, a 
best within-scale regression model was not iden- 
tified for either the mean maximum depth or 
volume of pools. 

The best among-scale regression model for 
the mean maximum depth of pools contained 
only catchment area (Table 3). This was the only 
one of seven models for the mean maximum 
depth of pools, which included or were within 
two AIC units of the smallest AIC value, to meet 
the reporting criteria. In among-scale regression 
for the mean volume of pools, only one model 
met the reporting criteria (Table 3). However, 
the F-value of this model was substantially lower 
than that of the model containing catchment 
area alone, which was therefore considered the 
best among-scale regression model for the mean 
volume of pools (Table 3). Stream distance be- 
tween each pair of stream segments explained 
only a small proportion of the variation in the 
absolute differences between residuals from the 
best among-scale regression model for the mean 
maximum depth of pools (R2 = 0.04; df = 104; P 
= 0.06) or for the mean volume of pools (R2 = 

0.01; df = 104; P = 0.36). 
Mean density of large wood in pools.-Al- 

though the mean density of large wood in pools 
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Table 3. Results from among-scale linear regression to explain variation in stream habitat features among 15 
stream segments fortributaries of the Elk River, Oregon. Explanatory variables were catchment area alone and 
catchment area plus landscape characteristics summarized at the segment (S), subnetwork (SN), subcatchment 
(SC), network (N), and catchment (C) scales. For among-scale regressions, the number of models that in- 
cluded, or were within two AIC units of the smallest AIC value, is given after the stream habitat feature. 
Reported models hod explanatory variables with significant slope estimates (a = 0.05) and little multicollineariiy 
(VIF < 4). Methods ore fully described in the text for identifying the set of reported models and best among- 
scale models indicated by '. Direction of relationships with explanatory variables is indicated by +/-. The AAIC 
is relative to the model with catchment area alone for that stream habitat feature. 

Stream habitat feature 
Explanatory variable in model +/-PzItl VIF Model F P > F RZ (R',) . M I C  

Mean maximum depth of poob 
Catchment area 17.1 +0.001* 0.57 

Mean volume of pools 
Catchment area 

Mean density of large wood in pools 
Catchment area 

Mean volume of pools (4) 
Catchment area +<0.0001 1.00 57.9 <0.0001 0.89 -3.2 
% very large trees (N) +0.05 

Mean density of large wood in pools (3) 
% sedimentary rock types (SC) -0.004 1.07 10.48 0.002' 0.58 -6.8 
% medium-very large trees (SC) +0.003 
% sedimentary rock types (SN) -0.004 1.08 9.89 0.003 0.56 -6.2 
% medium-very large trees (SC) +0.004 

% sedimentary rock types (S) -0.005 1.08 9.84 0.003 0.56 -6.2 
% medium-very large trees (SC) +0.004 

was negatively related to catchment area (Table 
3), an equal or greater proportion of the varia- 
tion was explained by other landscape charac- 
teristics summarized at each of the five spatial 
scales (Table 4). The best within-scale regression 
model at the segment, subnetwork, subcatch- 
ment, and network scales contained the percent 
area in sedimentary rock types and the percent 
area in forests of medium to very large diameter 
trees (Table 4). The best catchment-scale model 
for the mean density of large wood in pools con- 
sisted simply of the percent area in open area and 
semiclosed canopy forests (Table 4). 

Two other models for the mean density of 
large wood in pools met the reporting criteria at 
the network scale (Table 4). These models con- 
tained the percent area in sedimentary rock types 
along with a land-cover characteristic (road den- 
sity or percent area in open and semiclosed 

canopy forests). The three significant land-cover 
characteristics for the mean density of large 
wood in pools were correlated with one another 
at the network scale. This was true also at each 
of the other spatial scales. For example, as the 
density of roads increased, the percent area in 
forests of medium to very large diameter trees 
decreased at the network scale (R2 = 0.69; df = 
14; F = 28.2; P = 0.0001) (Figure 4) and at each 
of the other four spatial scales (R2 = 0.35 [seg- 
ment scale], R2 = 0.46 [subnetwork scale], R2 = 
0.37 [subcatchment scale], and R2 = 0.85 [catch- 
ment scale]; df = 14; F r 72.7; P 5 0.02). 

The best among-scale regression model con- 
tained two landscape characteristics, each sum- 
marized at the subcatchment scale: the mean 
density of large wood in pools was negatively re- 
lated to the percent area of sedimentary rock 
types and positively related to the percent area 
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Table 4. Results from within-scale linear regression to explain variation in the mean density of large wood in 
pools among 15 stream segments in tributaries of the Elk River, Oregon. Explanatory variables are landscape 
characteristics summarized at five spatial scales. The number of models that included, or were within two AIC 
units of, the smallest AIC value is listed after the spatial scale. Reported models had explanatory variables with 
significant slope estimates (a = 0.05) and little multicollinearity (VIF < 4). Methods are fully described in the 
text for identifying the set of reported models and the best model for each spatial scale, indicated by '. Direction 
of relationships with explanatory variables is indicated by +/-. The AAIC is relative to the model with cotch- 
ment area alone for the stream habitat feature. 

Spatial scale 
Explanatory variable in model + / - P > I t l  VIF Model F P > F  R2(R2&) AAIC 

Segment (7) 
% sedimentary rock types -0.04 1 .OO 4.55 0.03' 0.34 0.0 
% medium-very large trees +0.05 

Subnehvork (2) 
% sedimentary rock types -0.01 1.03 7.47 0.008' 0.48 -3.7 
% medium-very large trees +0.01 

Subcatchment (1) 
% sedimentary rock types -0.004 1.07 10.48 0.002' 0.58 -6.8 
% medium-very large trees +0.003 

Network (4) 
% sedimentary rock types -0.04 1.09 5.94 0.02* 0.41 -1.9 
% medium-very large trees +0.01 

% sedimentary rock types -0.04 1.08 5.92 0.02 0.41 -1.9 
% open and semi-closed -0.01 

% sedimentary rock types -0.02 1.29 5.63 0.02 0.40 -1.5 
% road density (km/km2) -0.01 

Catchment (1 0) 
% open and semi-closed 7.31 -0.02* 0.36 -0.2 

I . ,  . . . .  . . . . . . . . . . . . . . . . . . . . .  

0.0 0.2 0.4 0.6 0.8 1.0 
Road Density (krn/km2) 

Figure 4. Results of linear regression behveen the per- 
cent area in forests of medium to very large diameter 
trees and road density at the network scale to explain 
variation among stream segments for tributaries of 
the Elk River, Oregon. The linear regression line and 
95% mean confidence curves are shown (y = 85.7- 
16.7~; R2 = 0.69; P = 0.0001). 

in forests of medium to very large diameter trees 
(Table 3). Stream distance between each pair of 
stream segments explained little of the variation 
in the absolute difference between residuals from 
this among-scale regression (RZ = 0.01; df = 104; 
P = 0.26). 

DISCUSSION 

This study illustrated the value of multiscale 
analysis in relating stream habitat to riparian and 
catchment characteristics in a landscape domi- 
nated by forest uses. Although ecologists ac- 
knowledge the importance of matching the scale 
of inquiry to the questions posed (Wiens 1989, 
2002), often the "right scale" is not known at the 
outset of an investigation. Analysis at multiple 
scales may be necessary to elucidate linkages 
among stream organisms, their habitats, and the 
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surrounding landscape. Indeed, we found that 
relationships between stream-habitat features 
and specific landscape characteristics differed 
depending on spatial scale, enabling us to sug- 
gest processes responsible for observed variation. 
Fausch et al. (2002) emphasized that informa- 
tion most germane to land management deci- 
sions will likely stem from research in stream 
ecology at intermediate temporal and spatial 
scales. Our finding that the mean density of large 
wood in pools of mid-order channels was best 
explained with landscape characteristics summa- 
rized at an intermediate spatial scale seems to 
bolster their case. We recognize that the scale at 
which stream habitat and landscape character- 
istics are most tightly coupled is undoubtedly 
influenced by where examination is focused in 
the drainage network. Had we targeted low- 
order, headwater channels instead of mid-order 
channels, stream habitat features may have been 
more directly affected by landscape conditions 
throughout these smaller catchments, increas- 
ing the likelihood of more variation being ex- 
plained at the catchment scale. 

~ifferences among Spatial Scales 
in Landscape Characteristics 

The smallest variance among analytical units for 
landscape characteristics was generally observed 
at one of the coarser spatial scales (network or 
catchment scale). Because the spatial resolution 
of landscape coverages was typically finer than 
the area of analytical units, variance declined as 
the area of analytical units increased. Our results 
agree with predictions from landscape ecology 
that variability in landscape characteristics de- 
creases as grain or patch size increases (Forman 
and Godron 1986; Syrns and Jones 1999). 

Given that significant pair-wise differences in 
medians for landscape characteristics were gen- 
erally between catchment and riparian scales, 
riparian areas were distinguished when delin- 
eated with a fixed width buffer and described by 
30-m digital elevation data and 30-m Landsat 
Thematic Mapper Satellite imagery. This method 

detected expected geomorphic and ecological 
differences between riparian and upslope areas 
and so appears to be useful for characterizing 
riparian areas over broad spatial extents in for- 
ested systems. For example, our buffer charac- 
terization distinguished low-gradient valley 
bottoms in that segment, subnetwork, and net- 
work scales contained greater percentages of the 
lowest slope class than either of the catchment 
scales. Futhermore, among-scale differences in 
percentage area of broadleaf forest apparently 
reflect the greater likelihood of red alder occur- 
rence in the wetter and more frequently dis- 
turbed areas near streams (Pabst and Spies 1999). 

Previous studies characterizing riparian areas 
over a broad region generally used a fixed-width 
buffer rather than attempting to delineate the 
actual riparian area. Some of these studies found 
similarities between riparian and upslope areas 
in landscape characteristics (e.g., Richards and 
Host 1994; Wang etal. 1997;Van Sickle et al. 2004), 
but others did not (e.g.,Lammert and& 1999). 
Alternative, and potentially more accurate, meth- 
ods for delineating and characterizing riparian 
areas include mapping valley bottoms from finer- 
resolution digital topographic data (e.g., 
Hemstrom et al. 2002), classifying digital imag- 
ery of higher spectral or spatial resolution, inter- 
preting standard aerial photography, and field 
mapping. The latter two methods are time and 
labor intensive, however, and thus may limit the 
spatial extent reasonably addressed. 

Spatial Autocorrelation in Regression 
of Stream Habitat Features 

with Landscape Characteristics 

Residuals from among-scale regression of the 
three stream habitat features (mean maximum 
depth of pools, mean volume of pools, and mean 
density of large wood in pools) suggested little 
evidence of spatial autocorrelation, and so we did 
not attempt to remove or account for it in regres- 
sion models (Cliff and Ord 1973; Legendre 1993). 
However, relatively small sample size may have 
limited our ability to detect spatial autocorrelation. 
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We are aware of no ideal technique to assess spa- 
tial dependence for stream networks when using 
relatively coarse-grained analytical units that dif- 
fer in size and spacing. Consequently, we adapted 
an approach that assesses the degree of relation- 
ship for geographic distances between all pairs of 
locations and corresponding differences between 
values of variables at those locations (Legendre 
and Fortin 1989). Geographic distances are usu- 
ally calculated with x-y coordinates (e.g., Hinch 
et al. 1994), but we chose stream distance to bet- 
ter reflect potential connectivity between stream 
segments. 

Stream Habitat Features 
and Catchment Area 

Catchment area explained more among-stream 
segment variation in the mean maximum depth 
of pools and the mean volume of pools than 
other landscape characteristics at any of the five 
spatial scales we examined. Land-cover variables 
also had less explanatory power for channel 
morphology than catchment area in agricultural 
systems (Richards et al. 1996) and in a relatively 
undegraded forest ecoregion (Wang et al. 2003bj. 
Catchment area is related to stream power 
through its direct influence on stream discharge. 
Streams with higher discharge generally have 
greater stream power, an index of the ability to 
transport materials, and tend to be deeper and 
wider than those with lower discharge (Gordon 
et al. 1992). Accordingly, the mean maximum 
depth and volume of pools in Elk River tribu- 
taries increased as catchment area increased, 
paralleling results of Buffington et al. (2002). 

Although we determined that land cover ex- 
plained little of the variation in maximum depth 
or volume of pools, previous studies have dem- 
onstrated relationships between channel mor- 
phology and land uselcover. Based on correlative 
studies, stream morphology is thought to be af- 
fected by land uses (Roth et al. 1996; Snyder et 
al. 2003; Wang et al. 2003a, 2003b), including 
timber harvest (Bilby and Ward 1991; Reeves et 
al. 1993; Dose and Roper 1994; Wood-Smith and 

Buffington 1996). Our ability to discern relation- 
ships between land cover and the mean maxi- 
mum depth of pools may have been hampered 
because the maximum depths of the deepest 
pools were estimated and not measured. Given 
the apparent influence of catchment area, a 
sample size larger than ours may be necessary to 
account for catchment area and thus to distin- 
guish relationships between timber harvest and 
pool morphology. Scaling by catchment area did 
improve the ability to detect anthropogenic ef- 
fects on IBI metrics in Pacific Northwest coastal 
streams (Hughes et al. 2004; Kaufmann and 
Hughes 2006, this volume). 

The mean density of large wood in pools was 
also related to catchment area. The inverse rela- 
tionship between these two variables likely arises 
from an increased ability of larger streams to 
transport wood. An inverse relationship was 
found with stream size in other forestry-domi- 
nated systems of the Pacific Northwestern United 
States (Bilby and Ward 1991; Montgomery et al. 
1995; Wing and Skaugset 2002) but not in Mid- 
western agricultural systems (Richards et al. 
1996; Johnson et al. 2006, this volume) or when 
data from mixed-use and silvicultural systems 
were combined (Wing and Skaugset 2002). A 
direct relationship was found in midwestern ag- 
ricultural systems (Richards et al. 1996; Johnson 
et al. 2006) and in mixed-use silvicultural sys- 
tems (Wing and Skaugset 2002). As the inten- 
sity and duration of human-caused disturbance 
increases, the presence of large wood in a stream 
may be determined more by sources of new re- 
cruitment than by transport capacity of the 
stream. 

Wood density and an indicator of stream dis- 
charge, bank-full stream width, were related in 
old-growth forests with few human impacts 
(Bilby and Ward 1989). Bilby and Ward (1989) 
noted the value of this relationship for determin-- 
ing if wood density at another site was similar to 
that expected for a "natural" stream of the same 
size. Regression parameters or proportion of 
variation explained by such a relationship may 
be useful benchmarks for assessing whether 
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wood dynamics at broader spatial scales are op- 
erating naturally (within the range of natural 
variability [Landres et al. 19991). Deviations from 
such benchmarks may indicate that anthropo- 
genic disturbances have disrupted wood dynam- 
ics and constrained variability of in-channel 
wood across a landscape. 

Density of Large Wood in Pools 
and Landscape Characteristics 

We found that landscape characteristics at each 
spatial scale generally explained as much or more 
of the variation in the mean density of large 
wood in pools as catchment area. The mean den- 
sity of large wood in pools was negatively related 
to the percent area of sedimentary rock types 
summarized at one or more spatial scales when 
considered in combination with land cover. The 
importance of mass-wasting processes, such as 
debris flows, to large wood delivery has been es- 
tablished in the Oregon Coast Range (Reeves et 
al. 2003) and the Olympic Peninsula, Washing- 
ton (Benda et al. 2003). Although possibly more 
prevalent in other systems, debris flows occur in 
the Elk River basin on all lithologies and deliver 
to higher order channels (Ryan and Grant 1991). 
However, less mass-wasting debris reaches 
streams of the Elk River basin in sedimentary 
rock types than in other rock types (McHugh 
1986), which is consistent with interpretations 
of results from elsewhere in western Oregon 
(Scott 2002; Kaufmann and Hughes 2006), and 
may help explain the negative relationship we 
found between sedimentary rock types and the 
mean density of large wood in pools. 

The mean density of large wood in pools was 
positively related to stand age. Age or stem diam- 
eter of forest cover reflects time since timber har- 
vest in areas such as the Elk River basin, where 
logging dominates the disturbance regime. Thus, 
the positive associations we found between large 
wood and the percent area in forests of medium 
to very large diameter trees, for example, corrobo- 
rate negative associations with percent area logged 
or harvest intensity in other forested systems 

(Bilby and Ward 1991; Reeves et al. 1993; Mont- 
gomery et al. 1995; Wood-Smith and Bdhgton 
1996; Lee et al. 1997). Large wood was also posi- 
tively related to the amount of forested land in 
systems with more agricultural and urbanized area 
(Richards et al. 1996; Wang et al. 1997; Snyder et 
al. 2003). The large wood in the stream and indi- 
cators of timber harvest may not always be related 
(Lisle 1986; Frissell1992; Ralph et al. 1994), par- 
ticularly considering time lags in tree mortality as 
forests age, decay of in-channel wood from the 
previous stand, and wood delivery following epi- 
sodic disturbances (fires, storms). Because land 
cover variables had more explanatory power for 
the mean density of large wood in pools than for 
pool morphology, large wood metric5 may be the 
more sensitive indicators of land management 
effects, especially where logging has been moder- 
ate as in the Elk River basin. 

Importance of Spatial Scale in Understanding 
Variation in Large Wood Density 

Our use of multiscale analysis suggests areas and 
processes that are most closely linked to large 
wood in pools. The relatively low proportion of 
variation explained with lithology and forest 
cover summarized at the segment scale implies 
that wood is delivered from sources in addition 
to those immediately adjacent to surveyed stream 
segments. Explanatory power was greater at the 
subnetwork than at the segment scale, possibly 
because the subnetwork scale included many of 
the lower-order tributaries capable of delivering 
large wood via debris flows to surveyed stream 
segments. The most variation was explained at 
the subcatchment scale. This scale incorporates 
unmapped lower-order tributaries and upslope 
areas capable of delivering wood from unchan- 
nelized hill slope processes. The proportion of 
variation explained by landscape characteristics 
decreased at spatial scales beyond the subcatch- 
ment, indicating that regression relationships 
may be less reflective of processes and source 
areas influencing wood dynamics in surveyed 
stream segments. 
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We did not determine the distance upstream 
from surveyed segments that explanatory power 
began to decline. Identification of any such up- 
stream threshold may help in comparing the 
importance of fluvial transport and other wood' 
delivery processes in these higher-order channels 
and, therefore, in designing riparian protection 
and timber harvest. To more thoroughly miti- 
gate negative of effects of logging on wood in 
streams, our findings indicate that it may be nec- 
essary to modify management practices along 
low-order tributaries and on hill slopes suscep- 
tible to mass wasting, as well as along fish-bear- 
ing channels. This is consistent with the 
conclusion drawn from other multiscale studies 
that riparian buffers alone may not fully protect 
streams from land use impacts (Roth et al. 1996; 
Wang et al. 1997; Snyder et al. 2003). 

With landscape characteristics summarized 
at the network scale, an approximately equal 
proportion of variation in the mean density of 
large wood in pools was explained by substitut- 
ing road density (km/km2) for forest cover in re- 
gression with percent area of sedimentary rock 
types. Dose and Roper (1994) found similar re- 
sults in the South Umpqua River basin of Oregon 
where the percent area harvested and road den- 
sity were highly correlated with each other and 
were almost equally correlated with change in 
stream width. Road density and forest cover vari- 
ables (the percent area in forests of medium to 
very large diameter trees, the percent area in open 
and semiclosed canopy forests, and the percent 
area in large diameter forests) were correlated at 
all five spatial scales. The degree of correlation, 
however, generally increased with increasing spa- 
tial scale, suggesting that roads and forest distur- 
bances were not always sited together. 

Although road density and forest cover can 
be highly correlated, one variable or the other 
may have more explanatory power for a particu- 
lar response (Bradford and Irvine 2000) or at a 
particular spatial scale, as we found. Roads and 
timber removal share effects on some processes 
that shape stream ecosystems (e.g., increasing 
landsliding and surface runoff rates) but not all 

(e.g., increasing direct insolation to streams) 
(Hicks et al. 1991) and may differ in the quality, 
timing, or magnitude of those effects shared (e.g., 
Jones and Grant 1996; Jones 2000). Roads can 
intercept debris flows that would have otherwise 
delivered wood to streams (Jones et al. 2000). 
However, the amount of wood available for de- 
livery in our study was probably influenced more 
by timber harvest. Two findings suggest this: ( I )  
more variation in large wood density was ex- 
plained by a model containing forest cover at 
each scale than by the model containing road 
density; and (2) the only significant relationship 
to road density was at the network scale, one of 
the two spatial scales that road density and for- 
est cover were most strongly related. Before one 
concludes that conditions of aquatic habitat or 
biota are unrelated to silvicultural activities, it 
may be prudent to examine relationships with 
both forest cover and road density, particularly 
when these are summarized at finer spatial scales. 
Additionally, primary influences may be indi- 
cated by determining if a response variable is 
related to road density or forest cover or both 
and at what scales. 

In conclusion, the spatial scales explored can 
influence interpretations about the importance 
of particular landscape characteristics, physical 
processes, or terrestrial areas to stream ecosys- 
tems. For example, our finding that variation in 
the mean density of large wood in pools was best 
explained with landscape characteristics summa- 
rized at an intermediate spatial scale suggested 
that source areas for important processes were 
probably not fully encompassed at finer scales, 
but at coarser scales, source areas were included 
that were less connected to large wood dynam- 
ics in surveyed stream segments. Additionally, 
had only the catchment scale been examined, we 
might have incorrectly concluded that the 
amount of large wood in pools is unrelated to 
lithology and forest cover. Although multiscale 
analysis has contributed to exploring land-use 
effects on stream ecosystems in urbanized and 
agricultural settings, this study demonstrated its 
benefits for understanding relationships between 
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landscape characteristics and stream habitat in 
a mountainous area where forestry is the primary 
land use. Among-scale similarities and differ- 
ences in relationships suggested key processes 
responsible for those relationships. Conse- 
quently, analysis at multiple scales may provide 
critical knowledge about system function and 
inform land management decisions to better 
protect and restore stream ecosystems. 
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