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Abstract. Modern ecology often emphasizes the distinction between traditional theories
of stable, environmentally structured communities and a new paradigm of disturbance-
driven, nonequilibrium dynamics. However, multiple hypotheses for observed vegetation
patterns have seldom been explicitly tested. We used multivariate statistics and variation
partitioning methods to assess the relative influences of environmental factors and distur-
bance history on riparian and hillslope forests. Our study area was the Cummins Creek
Wilderness, located in the Oregon Coast Range. Most of the wilderness burned at least
once between the mid-19th and early 20th centuries, creating a mosaic of younger forests
with a few old-growth patches. Species composition on hillslopes varied primarily along
a climatic gradient from moist maritime environments to drier inland climates but was
relatively insensitive to forest age structure. The abundance of Tsuga heterophylla, a fire-
sensitive, late-successional tree species, decreased with distance from old-growth patches,
suggesting possible seed-source limitations following the historical fires. In contrast to
species composition, hillslope forest structure was primarily related to fire history but was
largely independent of environmental gradients. Old-growth structure characteristics such
as large dominant trees, large snags, high down-wood volumes, and high tree size diversity
increased with stand age and with the presence of remnant trees that survived the fires.
Riparian forests had high shrub cover, abundant hardwoods, and high down-wood volumes,
while the conifer-dominated hillslopes had high overstory density and basal area. Maritime
climates and their associated plant species extended further inland in riparian areas than
on hillslopes. Advance regeneration densities were higher in riparian forests within 5 km
of the coast than in any other portion of the study area. Riparian forest structure and
composition were related to both environmental and disturbance variables, with stream
gradient and size integrating much of the fine-scale variability in disturbance regimes. No
single theoretical framework was sufficient to explain the vegetation patterns observed in
these forested watersheds. Our findings suggest a conceptual model of forest landscapes
in which the relative influences of environment and disturbance on vegetation patterns are
contingent on the facet of vegetation considered (composition vs. structure) and the portion
of the landscape examined (hillslope vs. riparian).
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INTRODUCTION

Community ecologists have long recognized the
broad and sometimes bewildering array of ecological
factorsthat influence forest succession and theresulting
landscape patterns (Gleason 1926, Watt 1947, Pickett
et al. 1987, Glenn-Lewin and van der Maarel 1992).
Environmental conditions, available resources, and soil
characteristics vary both in space and through time
(Swanson et al. 1997). Disturbance regimes influence
the spatial and temporal patterns of tree mortality and
the creation of new sites for establishment (Pickett and
White 1985). Community response to these factors de-
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pends on the life-history characteristics of the com-
ponent species, such as dispersal mechanisms, growth
rates, and longevity (Noble and Slatyer 1980). A fun-
damental question in ecology asks how these multiple
factors combine to drive succession and produce veg-
etation patterns at the landscape scale. Does the land-
scape’s physical template exert the dominant influence
on environmental variability, disturbance regimes, and
the resulting vegetation? Or do disturbances generate
a shifting mosaic in which the vegetation occurring at
aparticular siteislargely unpredictable? To what extent
do other factors, such as propagule availability, con-
found interpretations of vegetation relationships with
the physical environment and prevailing disturbance
regime?

Modern ecology often highlights a dichotomy be-
tween traditional theories emphasizing the role of en-
vironment in structuring orderly succession to stable
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vegetation communities (Clements 1936, Whittaker
1953), and a new paradigm in which disturbance is
considered the dominant force structuring a complex
and sometimes unpredictabl e forest mosaic (Pickett and
White 1985, Wu and Loucks 1995). However, alter-
native hypotheses for observed |landscape patterns have
seldom been explicitly tested. Studies of forest com-
munity composition along elevation and topographic
gradients have often downplayed the effects of distur-
bance by sampling only undisturbed old-growth veg-
etation (Whittaker 1956, Fonda and Bliss 1969, Zobel
et al. 1976, del Moral and Watson 1978). Conversely,
many studies of forest change following disturbance
have either not considered environmental variability,
or controlled for it by comparing sites within a limited
range of environmental characteristics (Henderson
1978, Spies and Franklin 1991, Tyrrell and Crow 1994,
Goebel and Hix 1997, Acker et al. 1998). In addition,
most research has not encompassed the full range of
ecosystem types found within forested watersheds.
Studies have instead generally focused on either the
patchwork patterns of upland forests (Heinselman
1973, Lertzman and Krebs 1991, Mladenoff et al. 1993,
Frelich and Reich 1995), or on the longitudinal and
latitudinal variation of riparian forests bordering the
stream network (Baker 1989, Bendix 1994, Pabst and
Spies 1999, Nierenberg and Hibbs 2000).

Only a few studies have explicitly compared the ef-
fects of multiple ecological factors on landscape-scale
forest patterns. Their results suggest that the dominant
factors controlling vegetation patterns vary with the
extent of the study area and the manner in which veg-
etation is characterized. For example, Ohmann and
Spies (1998) found that regional patterns of forest com-
munity composition in Oregon had strong relationships
with climate, but had comparatively weak relationships
with time since disturbance. In contrast, Weisberg
(1998) found that forest structure was related to both
disturbance history and physiographic setting in the
Central Oregon Cascades. More comprehensive studies
are needed to build a conceptual framework for un-
derstanding the complex pattern-process relationships
inherent in forested landscapes.

Our research goal was to examine the relationships
among forest patterns, environmental heterogeneity,
and disturbance history in a coastal Oregon landscape,
with particular emphasis on contrasts between riparian
and hillslope vegetation. Because forest community
patterns are influenced by multiple ecological process-
es, analyses based on mutually exclusive alternative
hypotheses or simple null models can provide incom-
plete or misleading explanations for the patterns ob-
served in complex landscapes (Quinn and Dunham
1983, Pickett et a. 1987). In contrast, the method of
multiple working hypotheses (Chamberlain 1965) pro-
vides a framework for testing and ranking the influ-
ences of various causal factors. We used multivariate
statistics combined with variation partitioning to de-
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termine the dominant gradients of forest structure and
composition and assess the relative importance of mul-
tiple ecological factors in structuring these vegetation
patterns. We investigated the following set of nonex-
clusive working hypotheses.

Hypothesis 1: Vegetation patterns are structured by
environmental gradients.—Studies of forest commu-
nities have traditionally considered environmental var-
iability to be the predominant factor influencing veg-
etation. These relationships have often been concep-
tualized as an overlapping series of realized niches ar-
rayed along one or more environmental gradients
(Whittaker 1967). Forest vegetation research in moun-
tainous regions has emphasized the importance of el-
evation, which influences temperature and precipita-
tion, and topography, which affects soil moisture and
exposure to solar radiation, as the primary physical
gradients affecting community composition (Whittaker
1953, Fonda and Bliss 1969, del Moral and Watson
1978).

Hypothesis 2: Vegetation patterns are structured by
disturbance.—Disturbances such asfires, floods, insect
outbreaks, and windthrow kill patches of trees and cre-
ate a mosaic of forest ages. The age-class distribution
is an important component of forest pattern because
both species composition (Connell and Slatyer 1977,
Franklin and Hemstrom 1981) and forest structure
(Heinselman 1973, Oliver 1981, Peet and Christenson
1987) change with time following disturbance. Also,
because seeds of most tree species do not persist in the
soil seed bank (Silvertown and Lovett Doust 1993), the
mix of species that establishes after a disturbance may
be linked to the abundance and spatial pattern of rem-
nant seed sources that survive the disturbance (Reader
et al. 1995, Clark et al. 1998).

Hypothesis 3: Vegetation patterns are structured
through environmental control of disturbance.—Al-
though individual disturbances are largely unpredict-
able, some aspects of disturbance regimes may be re-
lated to physical |landscape features. For example, fires
areinfrequent in cool moist environments, but are often
larger and more severe than the frequent, patchy fires
that occur in warm, dry environments (Agee 1993,
Morrison and Swanson 1990). Windthrow is most like-
ly to occur on shallow soils or slopes exposed to pre-
vailing winds (Ruth and Yoder 1953, Harris 1989, No-
wacki and Kramer 1998). Patterns of flood disturbance
vary throughout riparian networks depending on valley
floor height and degree of channel constraint (Gregory
et al. 1991, Grant and Swanson 1995). This spatial
variability in disturbance regimes may then translate
into spatial patterns of forest vegetation. For example,
sheltered landforms with low fire frequencies may sup-
port high densities of fire-sensitive, late-successional
species (Camp et al. 1997, Weisberg 1998), whereas
flood-prone riparian landforms are likely to maintain
plant communities dominated by early successional
species (Sigafoos 1961, Hupp 1982, Yanosky 1982).
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Study site
location
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METHODS
Sudy area

The 3900-ha Cummins Creek Wilderness (44°15’ N
124°5" W) encompasses three forested watersheds on
the central Oregon Coast (Fig. 1). The main stems of
these watersheds flow from east to west, and empty
directly into the Pacific Ocean. The areais mostly un-
derlain by Yachats basalt, with deeply dissected terrain
and steep slopes. Soils are mostly well-drained Andi-
sols and Inceptisols. Elevation ranges from ~10 m near
the coast to >800 m at the eastern boundary of the
study area. Climate is characterized by abundant pre-
cipitation (180 cm/yr near the coast) with the majority
falling during the winter months (November—March).
Temperatures typically range from 10° to 20°C during
the growing season, and rarely fall below freezing in
the winter. Low-lying fog is common near the coast,
and may extend several kilometers inland along river
valleys (Franklin and Dyrness 1988). Although precip-
itation increases with distance from the coast as air
masses are lifted over the Coast Range, moisture stress
is often lower near the coast because of cool summer
temperatures and persistent fog.

In coastal areas, Picea sitchensis and Tsuga heter-
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Map of field site locations in the Cummins Creek Wilderness, Oregon. Cut stands were excluded from the analysis.
Old-growth patches were delineated using aerial photographs.

ophylla are the dominant tree species. Further inland,
Pseudotsuga menziesii is the dominant overstory spe-
cies, while T. heterophylla and Thuja plicata are less
common but can be locally abundant. Alnus rubra, the
major hardwood species, occurs in mixed stands with
conifers, and is often the dominant tree species in ri-
parian areas. Acer macrophyllum occurs less frequent-
ly, and is usually found on wide floodplains bordering
the larger streams. Common understory speciesinclude
Rubus spectabilis, Vaccinium parvifolium, Gaultheria
shallon, and Polistichum munitum.

Cummins Creek, like most of the Coast Range, was
affected by a series of large fires occurring between
mid-19th and the early 20th centuries. These burns
have created a landscape mosaic dominated by even-
aged forests ranging from 70 to 120 yr in age. Remnant
trees (defined as trees >200 yr in age that survived the
wildfires) are rare, and are concentrated in a few old-
growth patches (defined as patches with >3 remnant
trees per hectare) scattered throughout the wilderness
(Fig. 1). These old-growth patches have at least two
distinct cohorts: One comprised of remnant trees, and
another comprised of trees that established after the
most recent fire. Less than 5% of the study area has
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been cut, mostly around its perimeters—these har-
vested areas were excluded from the present study.

Vegetation data

We collected data from 72 field sites during the sum-
mer of 1997 using a stratified random sampling design
(Fig. 1). We divided the landscape into two geographic
zones (<5 km from the coast and >5 km from the
coast) and five topographic zones (high-order riparian
areas encompassing third- and fourth-order streams,
low-order riparian areas encompassing first- and sec-
ond-order streams, lower hillslopes, middie hillslopes,
and upper hillslopes). Hillslopes were further subdi-
vided into two aspect zones (north and south aspects).
We created a map of these zones using a geographic
information system (GIS), and randomly selected 4
sites in each of 12 hillslope strata (2 geographic zones
X 3 topographic zones X 2 aspect zones) and 6 sites
in each of 4 riparian strata (2 geographic zones X 2
topographic zones). Only five of these randomly se-
lected sitesfell within old-growth patches (patches con-
taining trees >200 yr old). To increase the number of
old-growth sites in our sample, we sampled three ad-
ditional sites located within old-growth patches during
the summer of 1998. These sites were randomly se-
lected using an old-growth map derived from aerial
photographs (Fig. 1).

We located sites in the field using topographic and
vegetation maps. After finding the approximate loca-
tion of each hillslope site, we established the center at
a random distance and offset to reduce observer bias
in site selection. We established the center of each ri-
parian site on the valley floor at a random location
between the stream channel and the constraining foots-
lope. Because valley floors were typically narrow in
the first- and second-order streams (<10 m in width),
the low-order riparian sites mostly encompassed the
adjacent footslopes. Most of the high-order riparian
sites were located entirely on the broad valley floors
of third- and fourth-order streams (20—140 m in width),
although some also overlapped the adjacent footsl opes.
The centers of all sample sites were georeferenced us-
ing a Trimble Pathfinder Pro XR Global Positioning
System (GPS; Trimble Navigation Limited, Sunnyvale,
California).

Each sample site encompassed ~0.25 ha, and was
subsampled using three systematically located sets of
nested circular plots. We sampled live trees (=5 cm
diameter at breast height [dbh]) and snags (=10 cm
dbh and =2 m height) in 333-m? plots. We recorded
dbh and species of live trees, and dbh of snags. Each
live tree was also classified as either overstory (<50%
of crown length beneath the level of the main canopy)
or understory (=50% of crown length beneath the level
of the main canopy). We sampled seedlings (=10 cm
and <1 m height) and saplings (=1 m height and <5
cm dbh) by speciesin 167-m? plots. We estimated per-
cent shrub cover by species in 20-m? plots using eight
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cover classes based on an arcsine square-root trans-
formation of percent cover (Muir and McCune 1987).
Within each set of nested plots, we measured down-
wood volume along a 20-m transect using the line in-
tercept method. We measured percent high shrub cover
(=1.5 m height) at three points along the transect using
a moosehorn (Mueller-Dombois and Ellenberg 1974).
Plot measurements were slope-corrected and aggre-
gated to the site level.

Environmental data

On hillslopes, we measured slope along the steepest
line of descent, whereas in riparian areas we measured
slope as the channel gradient. We also measured valley
floor width in riparian areas as the total distance be-
tween constraining footslopes, taken perpendicular to
the stream. We computed additional environmental var-
iablesin a GIS. The GPSlocations of sample siteswere
converted into a GIS point data layer, and the site lo-
cations were then overlaid on aU.S. Geological Survey
30-m digital elevation model (DEM). Elevation was
obtained directly from the DEM. We computed a slope
curvature index in Arc/Info Grid to distinguish convex
landforms (high index values) from concave landforms
(low index values). Slope position was computed using
an algorithm that interpolated between valley bottoms
and ridges: Values ranged from 0 (valley bottoms) to
100 (ridgetops). Total solar radiation input during the
growing season (May—September) was cal cul ated using
the Solarimg program (M. Harmon, unpublished soft-
ware). Topographic moisture index (Beven and Kirby
1979) was calculated as a function of drainage areaand
slope. We used the DEM to determine the approximate
location of the coastline and computed distance from
each site to the coastline in Arc/Info Grid. We used a
detailed stream layer provided by the Siuslaw National
Forest to classify streams by stream order. Distance to
each site from the nearest stream was computed in Arc/
Info Grid.

Disturbance data

Land survey records from the late 19th and early
20th centuries indicated that most of the Cummins
Creek landscape was covered by shrub fields or stands
of young trees. Exploratory analysis of several sites
within the study area indicated that stands typically
had unimodal age distributions. Theseresults suggested
that the forests were predominantly even-aged, having
established after one of the historical wildfires between
1850 and 1920. Although some sites probably expe-
rienced subsequent fires following stand initiation, it
is difficult to distinguish variability in age structure
caused by repeat burns from other factors, such as seed
source limitations or shrub competition (Franklin and
Hemstrom 1981, Poage 1995). We therefore focused
our tree—age sampling on determining the time since
the last stand-replacing disturbance, and identifying
any remnant trees that were present at each site.
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We obtained increment cores at breast height from
at least three overstory shade-intolerant trees at each
site. P. menziesii and P. sitchensis were preferentially
selected, although T. heterophylla and T. plicata were
cored at afew locations where they were the only dom-
inant conifers present. We first cored the largest shade-
intolerant conifer at each site, and then cored several
smaller conifers selected to span the range of overstory
tree sizes. We also obtained several A. rubra cores at
sites where this species was present. We mounted and
sanded all the core samples and determined tree ages
at breast height by counting annual rings under a dis-
secting microscope. When cores bypassed the pith we
estimated tree age by extrapolating to the estimated
pith based on the curvature of the annual rings. When
treeswere larger in radius than the length of our longest
increment borer (42 cm), we estimated the number of
years to the pith based on the width of the oldest annual
rings on the core. Because trees were cored at breast
height, ages represent the time since breast-height re-
cruitment rather than seedling establishment. The time
required to reach breast height probably varied de-
pending on environmental conditions and the amount
of competing vegetation at each site. Using breast-
height cores from trees that established after clearcuts
of known ages, we estimated that conifers generally
required between five and fifteen years to reach breast
height.

Stand age was assumed to be the age of the oldest
tree at each site that had established after 1850, re-
flecting the approximate time since the last major fire.
A few sites consisted of multiple cohorts, including a
cohort of remnant trees (>200 yr old) that survived the
wildfires, and a cohort of younger trees that established
after the most recent fire. The presence of remnant trees
at these sites was recorded as an indicator variable. We
also recorded the presence of recent windthrow (trees
snapped or uprooted in the direction of the prevailing
winter storm winds), mass movement (evidence of re-
cent landslides, slumps, or debris flows), and flood dis-
turbance (significant scour or deposition from recent
floods, or linear patches of streamside trees that estab-
lished after previous floods) as indicator variables at
each site.

We created a map of old-growth patches using 1995
color aerial photographs with a scale of 1:12000
viewed through a mirror stereoscope. Areas were clas-
sified as old-growth patches if they were estimated to
have three or more remnant trees per hectare. Old-
growth patches were distinguished based on the pres-
ence of emergent tree crowns, dead tops, and multi-
layered structure characteristic of old-growth canopies.
Patch boundaries were delimited using acetate overlays
on 1:25 000 scal e orthophotos, and were verified in the
field at several locations. The patch maps were digi-
tized and converted to 30-m raster data layers, and the
distance of each site from the nearest old-growth patch
was computed using Arc/Info Grid.
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Data analyses

We compared histograms of tree ages with accounts
of historical fires obtained from independent sources,
including General Land Office survey records from the
late 19th century, homestead surveys made by the Sius-
law National Forest in the early 20th century, and pub-
lished reports. We tested the null hypotheses that mean
values of stand age, forest structure, and species abun-
dance variables were similar in riparian areas and on
hillslopes using two-sample t tests. Where necessary,
we transformed the variables using either root or log-
arithmic functions. We examined advance regeneration
patterns in greater depth by comparing the density and
species composition of seedlings and saplingsin coast-
a (<5 km from the coast) vs. inland (>5 km from the
coast) forests. We tested the 2 X 2 contingency table
for presence/absence of each disturbance class (old-
growth remnants, mass movement, wind, disease, and
flooding) vs. portion of the landscape (riparian vs. hil-
Islope) using Fisher’'s exact test.

We used forward stepwise regression models to ex-
amine associations between disturbance variables and
environmental variables, fitting separate modelsfor the
hillslope and riparian sites. We used multiple linear
regression to model the continuous disturbance vari-
ables (stand age and distance from old growth). In-
dependent variables were added to the regression mod-
elsin order of decreasing error sum of squares reduc-
tion with P < 0.05 required for variables to enter based
on apartial F test. We used multiple logistic regression
to model the binary (presence/absence) disturbance
variables. Independent variables were added to the re-
gression models in order of decreasing reduction in
deviance with P < 0.05 required for variables to enter
based on a chi-squared test of the drop in deviance.

We used redundancy analysis (RDA) (terBraak and
Prentice 1988) on a correlation matrix to carry out
direct gradient analyses of woody plant community
composition and forest structure as a function of en-
vironmental and disturbance variables. We computed
separate ordinations for hillslopes and riparian areas.
Root and logarithmic transformations were applied
where necessary to enhance multivariate normality and
decrease the influence of outliers. We used a forward
stepwise method to select variables for each ordination
with independent variables added in decreasing order
of the total variance explained. We sequentially tested
each independent variable's relationship with the veg-
etation variables against a null hypothesis of random
association using a permutation test (terBraak and Smi-
lauer 1998), with P values <0.05 required for variables
to enter the model. We also used permutation tests to
test the null hypothesis that the amount of variation
explained by each ordination axis was no greater than
expected under randomization (terBraak and Smilauer
1998).

We used the method of Okland and Eilertsen (1994)
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to partition the variation explained by the ordinations
into three categories, each corresponding to one of the
three major working hypotheses outlined in the intro-
duction:

E|D: Variation explained by environmental variables,
independent of disturbance. (Hypothesis 1: Vegetation
patterns are structured by environmental gradients.)

D|E: Variation explained by disturbance variables,
independent of environment. (Hypothesis 2: Vegetation
patterns are structured by disturbance.)

DNE: Variation explained by disturbance variables
and environmental correlates. (Hypothesis 3: Vegeta-
tion patterns are structured through environmental con-
trol of disturbance.)

Absolute estimates of variation explained by con-
strained ordinations are not strictly comparable among
different data sets (Ohmann and Spies 1998, Okland
1999). We instead expressed the three categories as a
percentage of the total variation explained (TVE).

REsuLTS
Disturbance history

Historical records indicated that several major fires
occurred in the vicinity of the Cummins Creek Wil-
derness. Between 1849 and 1952, one or more large
fires burned ~325000 hectares in the central Coast
Range, including the Cummins Creek area (Morris
1934). In 1868, fires were reported near Yaqunia Bay,
35 km north of Cummins Creek. A previousfire history
study found evidence of both these fires at sites <5
km from our study area (Impara 1997). In 1902, wide-
spread fire blanketed the Pacific Northwest, with Coast
Range fires reported at Newport, Tillamook, Mapleton,
and Mary’s Peak (Morris 1934). In addition, early 20th
century survey maps of the western boundary of the
Cummins Creek wildernesslist someridgesas‘‘ burned
in 1910.”

Landscape age-structure analysis revealed a large
gap in the age class distribution between trees that
established before 1800 and trees that established after
1850 (Fig. 2). The reinitiation of overstory tree re-
cruitment after 1850 indicated that most of the study
area burned in the 1849 fire. In riparian areas and on
lower hillslopes, breast height recruitment did not peak
until after 1880 (Fig. 2a—). Overstory recruitment was
delayed even longer on middle and upper hillslopes,
peaking between 1911 and 1920 (Fig. 2d, €). Recruit-
ment in high-order riparian areas increased again be-
tween 1931 and 1940, and between 1961 and 1980 (Fig.
2a, b). These younger treeswere all A. rubra, and were
found on low floodplains close to the streams. The
1961-1980 recruitment pulse corresponded with major
floods in 1964 (100-yr flood) and 1973 (50-yr flood).

Several lines of evidence suggest that multiple re-
burns occurred in the study area, and may account for
the delayed recruitment on the upper hillslopes. First,
the peaks in overstory recruitment (after 1880 in ri-
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parian areas and on lower hillslopes, and after 1910 in
middle and upper hillslopes) followed historical Coast
Range fires (1868 and 1902-1910). Comparison of
General Land Office surveys conducted between 1879
and 1892 with current vegetation indicated that several
areas burned and re-established in the early 20th cen-
tury. In addition, survey notes from Forest Homestead
Act applications between 1910 and 1920 explicitly
mention multiple reburns in the study area. One sur-
veyor noted that: ** These ridges have burned over nu-
merous times, which has killed nearly all young timber
growth, so that now practically all thereisleft isbrush
of different kinds and alder coming along in the canyon
bottoms.”

Differences between riparian and hillslope forests

Mean basal area and stand density were almost twice
as high on hillslopes as in riparian areas (Table 1).
Mean regeneration density was nearly five times as
high in riparian areas as on hillslopes, but was also
much more variable in the riparian areas. Down-wood
volume, percent shrub cover, and percent hardwood
basal area were also highest in riparian areas. Mean
basal area of A. macrophyllum was higher in riparian
areas than on hillslopes, while the mean basal area of
P. menziesii was over eight times higher on hillslopes
than in riparian areas. Berberis nervosa, Gaultheria
shallon, and Rubus ursinus al had highest cover on
hillslopes, while Menziesia ferruginea, Ribes bracteo-
sum, and Rubus spectabilis had highest cover in ripar-
ian areas.

Mean stand age was higher in riparian areas than on
hillslopes (Table 1). Sites with old-growth remnant
trees were infrequent both in riparian areas and on hil-
Islopes (Table 2). Evidence of flood disturbance was
found in approximately half of the riparian areas. Mass
movement occurred more frequently in riparian areas
than on hillslopes, while windthrow was more common
on hillslopes than in riparian areas. On hillslopes, stand
age increased with slope and distance from the coast
and decreased with elevation (Table 3). Hillslope sites
on convex slopes tended to be located further from the
nearest old-growth patch than sites on concave slopes.
In riparian areas the probability of mass movement
decreased with increasing stream order. The probability
of flood disturbance increased as slope curvature be-
came more concave, characterizing second- through
fourth-order streams where the valley floor was tightly
constrained by the surrounding hillslopes. Distance
from the nearest old-growth patch was positively cor-
related with distance from the coast for the riparian
sites. None of the other disturbance variables exhibited
a statistically significant relationship with environ-
mental variables.

Although overall advance regeneration density was
highest in riparian areas, this pattern changed with dis-
tance from the coast. Within five km of the coast, seed-
ling and sapling densities were almost an order of mag-
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Fic. 2. Age class distribution of hardwoods and conifers by topographic position: (a) high-order riparian areas (n = 50),
(b) low-order riparian areas (n = 43), (c) lower hillslopes (n = 64), (d) middle hillslopes (n = 67), and (e) upper hillslopes
(n = 55). Individual bars represent the total number of trees sampled within each age class. The far left bars represent remnant
trees established before 1800. Dashed lines denote historical fire years in 1849, 1868, 1902, and 1910. Solid lines represent
recent flood years in 1964 (100-yr flood) and 1973 (50-yr flood).

nitude higher in riparian areas than on hillslopes (Fig.
3). At sites >5 km from the coast, however, riparian
areas and hillslopes both had low densities of seedlings
and saplings. P. sitchensis and T. heterophylla com-
prised the majority of seedlings and saplings (Fig. 4).
Most advance regeneration within five km of the coast
was P. sitchensis, although T. heterophylla percentages
were also high. In contrast, most seedlings and saplings
further than five km from the coast were T. hetero-

phylla.

Species composition patterns

The stepwise RDA of hillslope community compo-
sition selected distance from the coast, elevation, dis-
tance from remnant patches, slope curvature, and grow-
ing season solar radiation as explanatory variables. The
first hillslope axis reflected a gradient from high-ele-
vation inland sites to low-elevation sites near the coast
(Table 4). The high-elevation inland sites were domi-
nated by P. menziesii, while the low-elevation coastal
sites were characterized by P. sitchensis and T. het-
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Mean values (with standard errors in parentheses) of stand age, stand structure

variables, tree species basal area, and shrub species cover for hillslope and riparian areas.

Variable Hillslope (n = 51) Riparian (n = 24) P value
Stand age 101.7 (2.9) 115.9 (2.8) 0.003
Forest structure
Basal area (m?) 72.4 (4.3) 38.9 (5.6) <0.001
Overstory tree density 281.4 (18.5) 158.8 (21.0) <0.001
Large (>100 cm dbh) tree density 18.4 (3.0) 12.9 (2.8) 0.473
Understory tree density 52.0 (8.4) 37.9 (12.5) 0.319
Regeneration density 301.2 (104.9) 1445.0 (410.9) 0.005
Mean dbh (cm) 51.9 (1.8) 46.0 (2.9) 0.075
Std. dev. of dbh (cm) 275 (1.5) 31.3(2.7) 0.193
Large (>50 cm dbh) snag density 8.7 (1.5) 6.9 (1.9) 0.605
Down wood volume (m3) 704.0 (125.2) 1837.8 (236.0) <0.001
Percent high shrub cover 13.3 (2.4) 27.9 (4.9) 0.003
Percent shade tolerant basal area 0.11 (0.02) 0.17 (0.04) 0.144
Percent hardwood basal area 0.13 (0.03) 0.34 (0.07) <0.001
Tree species basal area (m?)
Acer macrophyllum 0.5 (0.3) 4.1 (2.1) 0.024
Alnus rubra 5.3 (1.1) 5.4 (1.0) 0.268
Picea sitchensis 8.6 (2.8) 15.6 (5.3) 0.108
Pseudotsuga menziesii 49.2 (4.8) 6.1 (2.0) <0.001
Thuja plicata 1.6 (0.9) 1.0 (0.5) 0.874
Tsuga heterophylla 7.2 (1.7) 6.7 (2.5) 0.984
Shrub species cover (mean cover index)
Acer circinatum 0.5 (0.2) 0.8 (0.3) 0.378
Berberis nervosa 1.1 (0.2) 0.3 (0.2) 0.009
Gaultheria shallon 1.7 (0.2) 0.8 (0.2) 0.014
Menziesia ferruginea 0.4 (0.1) 1.0 (0.2) 0.002
Ribes bracteosum 0.02 (0.02) 0.9 (0.2) <0.001
Rubus parviflorus 0.4 (0.1) 0.2 (0.01) 0.235
Rubus spectabilis 1.8 (0.2) 3.2 (0.3) <0.001
Rubus ursinus 0.5 (0.1) 0.08 (0.1) 0.015
Sambucus racemosa 0.6 (0.1) 1.0 (0.2) 0.072
Vaccinium ovatum 0.6 (0.2) 0.6 (0.2) 0.993
Vaccinium parvifolium 1.8 (0.1) 1.5 (0.2) 0.247

Notes: All variables are expressed on a per-hectare basis. P values are from two-sample

t tests.

erophylla in the tree layer, and Vaccinium ovatum in
the understory. We interpreted this axis primarily as a
climatic gradient from relatively dry inland environ-
ments with high annual temperature variability to a
moister maritime climate with lower annual tempera-
ture variability.

The first axis was also correlated with distance from
remnant old-growth patches, with T. heterophylla and
P. sitchensis basal area decreasing with distance from
old-growth patches (Fig. 5). Multiple regression anal-
ysis indicated that T. heterophylla basal area had a

TABLE 2. Percentage of hillslope and riparian sites falling
within each disturbance category.

Disturbance Hillslope (%) Riparian (%)
category (n = 51) (n =24 P value
Remnant trees 9.8 12.5 0.701
Flooding 0 54.2 <0.001
Windthrow 23.5 4.2 0.050
Mass movement 5.9 33.3 0.004

Note: P values are from Fisher’s exact test of the 2 X 2
contingency table of disturbance presence/absence vs. hill-
slope/riparian.

statistically significant relationship with distance from
old growth even when relationships with other envi-
ronmental and disturbance variables were taken into
account (partial R2 = 0.16, P < 0.001 with distance
from the coast and presence of remnant trees already
included in the model). The relationship between P.
sitchensis and distance from old growth, however, was
confounded by correlation with environmental and dis-
turbance variables (partial R? = 0.03, P = 0.15 with
distance from the coast, distance from streams, and
presence of windthrow already included in the model).

The second hillslope axis reflected a gradient from
high-elevation ridgetop sites with convex slopes to
low-elevation, lower-hillslope sites with concave
slopes (Table 4). We interpreted this axis as a topo-
graphic-moisture gradient. Moist sites were character-
ized by T. plicata in the tree layer and high cover of
shrubs such as Rubus parviflorus, R. spectabilis, Vac-
cinium parvifolium, and Acer circinatum. In contrast,
drier ridgetop sites were dominated by P. menziesii in
the tree layer, and had low cover of all shrub species.

For riparian sites, stepwise RDA selected distance
from the coast, elevation, and channel gradient as ex-
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TaBLE 3. Regression models of disturbance variables as a function of physiographic variables at riparian and hillslope sites.

Site

Hillslopes (n = 51)
Stand age (yr)

—0.0634(elevation)

Distance from old growth (m)

Riparian areas (n = 24)
Distance from old growth (m)
coast)

Flooding
Mass movement

Regression equation R?
stand age = 85.561 + 0.332(slope) + 0.00397(distance from coast) 0.30
square root(distance from old growth) = 27.059 + 8.016(slope curvature) 0.10
square root(distance from old growth) = 13.681 + 0.00263(distance from 0.17
logit(flood) = —3.097 — 2.640(slope curvature) 0.52
logit(mass movement) = 3.107 — 1.666(stream order) 0.49

Notes: Linear regression models were used to predict stand age and distance from old growth. Logistic regression models
were used to predict categorical disturbance variables. Variables were selected using a forward stepwise procedure with P
< 0.05 required to enter. The R? for logistic regression equations was computed using the method of Nagelkerke (1991).

planatory variables. The first riparian axis was similar
to the first hillslope axis, reflecting a climatic gradient
from wet, low-elevation coastal sites dominated by P.
sitchensis and T. heterophylla to drier, high-elevation
inland sites dominated by P. menzesii (Table 4). How-
ever, climate was to some degree confounded by stream
size because the largest, highest-order streams were
found near the coast. This gradient was also correlated
with distance from old-growth patches.

The change from P. sitchensis to P. menziesii dom-
inated forests with distance from the coast occurred
more rapidly on hillslopes than in riparian areas (Fig.
6). In riparian areas, P. sitchensis was the dominant
conifer species from the coast up to four km inland. P.
menziesii, in contrast, was not found in riparian areas
<4 km from the coast, but dominated riparian forests
>6 km inland. The proportion of P. sitchensis basal
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Fic. 3. Mean densities of (a) seedlings and (b) saplings
(=1 mean sE) for hillslope and riparian sites at inland and
coastal locations.

area decreased more rapidly with distance from the
coast on hillslopes than in riparian areas. P. menziesii
was present on hillslopesat all distancesfrom the coast,
and became the dominant tree species at sites just two
km inland.

The second riparian axis reflected a gradient from
high-order streams to low-order streams (Table 4). The
high-order streams had low gradients with frequent oc-
currence of flood disturbance, and were dominated by
A. macrophyllumin the tree layer and A. circinatumin
the shrub layer. Low-order streams had steep channels
with frequent occurrence of mass movement distur-
bance. Plant communities along these streams were
dominated by species usually associated with hillslope
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and coastal locations.
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TABLE 4. Correlation of species, environment, and disturbance variables with the first two
axes of the hillslope and riparian community composition RDASs.

Hillslope (n = 51)

Riparian (n = 24)

Variable Axis 1 AXxis 2 Axis 1 Axis 2
Percent variance explained 10.3 7.9 18.0 13.6
P-value 0.001 0.002 0.001 0.002
Species

Acer macrophyllum -0.11 0.26 0.05 —0.46

Alnus rubra -0.01 0.26 0.30 0.05

Picea sitchensis 0.70 0.20 -0.77 0.17

Pseudotsuga menziesii —0.52 -0.31 0.71 0.44

Thuja plicata 0.21 0.34 02 -0.01

Tsuga heterophylla 0.52 -0.19 -0.52 0.33

Acer circinatum -0.25 0.31 —0.03 -0.31

Berberis nervosa -0.14 —0.06 0.26 0.76

Gaultheria shallon -0.26 -0.19 0.03 0.65

Menziesia ferruginea 0.16 0.14 —0.49 0.23

Ribes bracteosum NA NA 0.41 -0.23

Rubus parviflorus —0.30 0.55 -0.22 0.14

Rubus spectabilis —0.06 0.43 0.70 0.13

Rubus ursinus -0.29 0.24 NA NA

Sambucus racemosa 0.16 0.10 —0.02 -0.13

Vaccinium ovatum 0.42 0.07 -0.63 0.21

Vaccinium parvifolium —0.09 0.35 0.08 0.57
Environment

Elevation -0.61 -0.62 0.88 0.44

Distance from coast -0.74 -0.17 0.94 -0.34

Slope curvature -0.21 —0.46 -0.24 0.55

Solar radiation -0.29 0.06 0.08 0.54

Topographic moisture 0.42 0.11 0.02 -0.67

Slope angle -0.04 0.37 0.58 0.74

Slope position -0.19 -0.75 NA NA

Distance from stream -0.37 —-0.44 NA NA

Stream order NA NA -0.28 -0.81

Valley floor width NA NA -0.58 -0.27
Disturbance

Stand age -0.03 0.24 -0.29 0.18

Remnant trees 0.03 —-0.19 —-0.19 0.03

Distance from old growth —0.50 0.39 —0.50 0.39

Mass movement -0.04 0.32 0.02 0.59

Windthrow 0.33 -0.20 NA NA

Flooding NA NA 0.12 —0.64

Notes: The P value for each axis is derived from a permutation test of the strength of
association between the ordination axis and the vegetation variables. Underlined numbers
represent the three strongest correlations between vegetation variables and the ordination axes.
Boldface numbers represent the three strongest correlations between explanatory variables and

the ordination axes.

environments, including P. menzesii, G. shallon, and
B. nervosa. The prevalence of these species may have
reflected the fact that sample sites along the lower-order
streams tended to encompass more of the surrounding
footslopes than the valley floor itself.

Forest structure patterns

The stepwise RDA of the hillslope forest structure
selected stand age, presence of remnant trees, distance
from remnant patches, slope curvature, and presence
of windthrow as explanatory variables. The first hil-
Islope axis reflected a gradient from young stands and
stands located far from old-growth patches to older
stands, standswith old-growth trees, and stands |located
close to old-growth patches (Table 5). Basal area, large
tree density and standard deviation of dbh had the

strongest relationships with this axis; all increased with
stand age, presence of remnants, and proximity to old-
growth patches. Percent shade-tolerant basal area,
mean dbh, large snag density, and regeneration density
also increased with stand age, presence of remnants,
and proximity to old-growth patches, but had weaker
correlations with the ordination axis. We interpreted
this axis as a gradient of increasing late-successional
structure development with forest age (Spies and
Franklin 1991). The correlation with distance from old
growth reflected higher levels of T. heterophylla in the
forest understory at sites close to remnant old-growth
patches.

The second hillslope axis represented acomplex gra-
dient of age structure and topography. Younger stands
and sites on convex landforms were generally found at
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upper slope positions and had high-density conifer-
dominated overstories with high basal area and few
shrubs. Older stands and sites on concave landforms
were found at lower slope positions and had low over-
story densities with a high proportion of hardwoods,
low basal area, and a dense shrub layer. We interpreted
this axis primarily as a topographic-moisture gradient,
with hardwoods and shrubs favored on concave land-
formsthat collect soil moisture, and conifer standswith
few shrubs favored on convex landforms that disperse
soil moisture. The fourth hillslope axis (not shown)
reflected a gradient from sites with windthrow and high
volumes of down wood to sites without windthrow and
low volumes of down wood.

In theriparian areas, stepwise RDA selected distance
from the coast and stream order as explanatory vari-
ables. The first riparian axis reflected a gradient from
coastal to inland sites (Table 5). The coastal sites were
found at low elevations along streams with wide valley
floors, and were generally closer to old-growth patches
than the inland sites. Structural variation along this
gradient was similar to that along the first hillslope
gradient: Basal area, overstory density, large tree den-
sity, understory tree density, standard deviation of dbh,
regeneration density, and percent shade-tolerant basal
areawere all highest near the coast and decreased with
distance inland. Percent shrub cover and percent hard-
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wood cover, in comparison, were lowest near the coast
and increased with distance inland.

The second riparian axis reflected a gradient from
high- to low-order streams (Table 5). High-order
streams had wider valley floors, higher topographic
moisture indices, and lower incidence of mass move-
ment than low-order streams. Standard deviation of dbh
and percent hardwood basal areaincreased with stream
order, while percent shrub cover, understory trees per
hectare, down-wood volume, and percent shade-toler-
ant basal area decreased with increasing stream order.
This gradient reflected a variety of ecological factors
that changed with stream size and channel gradient.
High proportions of hardwoods along high-order
streams probably reflected the abundance of A. rubra
patches that established after floods, along with large
A. macrophyllum that were mostly restricted to broad
valley floors. The mixtures of smaller A. rubra with
larger A. macrophyllum and conifers may have ac-
counted for the greater variability in tree sizes along
the high-order streams. Higher amounts of shade-tol-
erant conifers and understory trees (mostly conifers)
along low-order streams may simply have reflected the

1 Hardwoods
B T. heterophylla

[0 P. menziesii
T. plicata
B P sitchensis

a) Riparian areas
100

80 1

o]
o
1

N
(o]
1

N
o
1

o
ol

T T T T

b) Hillslopes

Percentage of basal area
© S
(o] o
1 ]

60 -

40-

204

0 T T T T
0-2 2-4 4-6 6-8

Distance from coast (km)

8-10

FiG. 6. Overstory species composition computed as a per-
centage of the total basal area within each landscape unit as
a function of distance from the coast for (a) riparian areas
and (b) hillslopes.



1454

MICHAEL C. WIMBERLY AND THOMAS A. SPIES

Ecology, Vol. 82, No. 5

TaBLE 5. Correlation of forest structure, environment, and disturbance variables with the first
two axes of the hillslope and riparian forest structure RDAS.

Hillslope (n = 51)

Riparian (n = 24)

Variable Axis 1 Axis 2 Axis 1 Axis 2
Percent variance explained 17.7 6.2 19.3 8.2
P value 0.001 0.032 0.003 0.025
Forest structure

Tree density —0.84 -0.37 -0.32 0.29

Mean dbh 0.30 0.12 -0.12 -0.11

Std. dev. of dbh 0.76 0.11 —0.56 -0.38

Basal area 0.53 -0.27 —0.55 0.02

Large tree density (>100 cm dbh) 0.62 0.21 —-0.49 -0.04

Understory tree density 0.35 -0.07 -0.33 0.30

Regeneration density 0.31 0.02 —0.66 —0.06

Percent high shrub cover -0.18 0.46 0.65 0.44

Large snag density (>50 cm dbh) 0.32 0.03 -0.21 0.15

Down wood volume 0.43 0.30 -0.07 0.31

Percent shade tolerant basal area 0.41 -0.15 -0.35 0.40

Percent hardwood basal area —0.30 0.35 0.43 —0.42
Environment

Elevation -0.26 -0.13 0.79 0.35

Distance from coast 0.11 0.18 0.98 -0.21

Slope curvature -0.18 -0.53 —0.46 0.43

Solar radiation 0.33 -0.16 -0.20 0.21

Topographic moisture 0.08 0.18 0.20 -0.73

Slope angle 0.11 0.39 0.30 0.74

Slope position -0.11 -0.52 NA NA

Distance from stream 0.03 —-0.43 NA NA

Stream order NA NA -0.23 -0.97

Valley floor width NA NA —0.66 —0.46
Disturbance

Stand age 0.64 0.64 —0.46 0.18

Remnant patch 0.81 -0.18 —0.53 0.20

Distance from old growth —0.68 0.40 0.67 -0.52

Mass movement 0.34 0.39 —-0.10 0.69

Windthrow 0.15 —0.22 NA NA

Flooding NA NA 0.19 -0.29

Notes: The P value for each axis is derived from a permutation test of the strength of
association between the ordination axis and the vegetation variables. Underlined numbers
represent the three strongest correlations between vegetation variables and the ordination axes.
Boldface numbers represent the three strongest correlations between explanatory variables and

the ordination axes.

higher overall proportion of conifers in these environ-
ments.

Relative importance of disturbance and environment

On hillslopes, environmental variables independent
of disturbance (E|D) accounted for 74% of the ex-
plained variation in species composition, while distur-
bance variables independent of environment (D|E) ac-
counted for 26% (Fig. 7). Disturbance variables and
environmental correlates (DNE) did not account for
any of the explained variation in hillslope species com-
position. In contrast, D|E accounted for 85%of the ex-
plained variation in hillslope forest structure, while E|D
accounted for 12% of the explained variation in hill-
slope forest structure, and DNE accounted for the re-
mainder. In the riparian areas, E|D accounted for 68%
of the explained variability in species composition,
while D|E accounted for 21% and DNE accounted for
11%. When riparian forest structure was considered,

E|D accounted for 48%, D|E accounted for 29%, and
DNE accounted for 22% of the explained variability.

Discussion
Recent disturbance history

The recent fire history of the Cummins Creek Wil-
derness supportsthe general hypothesisthat topograph-
ic features have arelatively weak influence on the pat-
terns of high-severity crown fires (Turner and Romme
1994). Remnant trees that survived the large, cata-
strophic fire of 1849 were no more common in riparian
areas or moist sites than in other parts of the landscape.
Topography, however, had a greater influence on the
reburns that occurred after the large 1849 fire. Stands
were generally younger on hillslopes than in riparian
areas and younger on upper than lower hillslopes, in-
dicating that dry sites had a higher probability of re-
burning than moist sites.

Several other researchers have documented high fire
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frequencies during the mid- to late 19th century, con-
current with European settlement, and these increases
have been attributed to the warm, dry climate that pre-
vailed at the end of the Little Ice Age (Weisberg 1998).
Increased ignitions from land-clearing efforts may also
have contributed to the high fire frequencies during this
period. Although we found no direct historical refer-
ences to human-caused fires in our study area, several
lines of evidence suggest that burning by settlers may
have contributed to the multiple fires in the Cummins
Creek Wilderness. Our model of stand age on hillslopes
predicted younger stands near the coast, contradicting
the general assumption that moist, coastal forestsrarely
burn (Agee 1993). The young forests near the ocean
may instead reflect higher ignition rates from fires set
for clearing land. Several homesteads were established
along the coast, just to the west of our study area, and
settlersin this area used fire to clear land and maintain
pasture for sheep and cattle (Hays 1976). If burning
occurred during the summer months, it is possible that
the prevailing westerly winds could have carried the
fires inland and burned portions of the study area.
The occurrence of multiple reburns complicates our
interpretation of relationships between stand age and
vegetation characteristics. Most importantly, the range
of stand ages cannot be interpreted as a true chron-
osequence. The oldest sites, with breast height ages
>120 yr, probably established shortly after the 1849
fire, following arelatively long period without a major,
stand-replacing disturbance. Younger sites experienced
one or more additional burns after 1849. These multiple
burns within a relatively short time probably affected
soil characteristics, availability of seed sources, and
density and composition of competing vegetation in
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addition to simply delaying stand establishment (Agee
1993).

We found that percent shade-tolerant basal area, un-
derstory tree density (predominantly shade-tolerants),
and advance regeneration density all increased with age
in hillslope forests. Although these patterns suggest a
gradual accumulation and growth of shade-tolerant re-
generation over time (Schrader 1998), our fire history
results point to an alternative explanation. If younger
stands were subjected to multiple burns prior to estab-
lishment, then these burns may have reduced the den-
sities of shade-tolerant, fire-sensitive species such as
T. heterophylla. Low seed availability from mature
shade-tolerants could then be another explanation for
low regeneration density in the younger stands. It is
not possible to disentangle the influences of time since
disturbance and frequency of reburns in the present
case, and we suspect that both of these factors are re-
flected in the stand-age variable.

Wind is widely recognized as a major disturbancein
coastal forest ecosystems (Harris 1989, Nowacki and
Kramer 1998). We found evidence of wind disturbance
in ~25% of our hillslope sites. These sites were char-
acterized by one or more trees that had been uprooted
or snapped in a SW to NE direction, corresponding to
winter storm winds. Windthrow severity was relatively
low at all sites, leaving the majority of the canopy
intact. We also observed several larger (>1 ha) patches
of severe windthrow in the study area, but these patches
occurred too infrequently to be effectively sampled by
our random design. We suspect that the infrequent oc-
currence and low severity of windthrow partly reflect
the present state of these forests: relatively young,
even-aged stands with dense canopies of healthy trees
(Harris 1989). The importance of windthrow in struc-
turing landscape patterns will likely increase as these
forests age and develop uneven canopies containing
more trees with heart rot and other stem-weakening
defects.

Riparian forests

Differences between riparian and hillslope forests
were mostly similar to those reported previously
(McGarigal and McComb 1992, Pabst and Spies 1999,
Nierenberg and Hibbs 2000). Although riparian forests
had low densities of large conifers and low overstory
basal areas, they had higher volumes of down wood
than the hillslopes. Flooding and mass movement dis-
turbances in the riparian areas may have led to higher
mortality of overstory conifers compared to the more
stable hillslopes. Because these disturbances typically
kill trees by undercutting or uprooting (Gregory et al.
1991), the dead boles enter the coarse woody debris
pool as down logs rather than snags. Down wood ac-
cumulation in the riparian areas may also reflect the
stream system’s role in collecting and transporting
woody debris (Benda 1990).

Previous research has emphasized the scarcity of co-
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nifer regeneration in Coast Range riparian forests
(Hibbs and Giordano 1996, Pabst and Spies 1999), and
we initially expected that riparian areas would have
less advance regeneration than hillslopes because of
intense shrub competition and lack of shade-tolerant
seed sources. Although the amount of regeneration we
found in these riparian forests was indeed low at our
inland sites (>5 km from the coast), the amount of
regeneration on inland hillslopes was not significantly
higher. We suspect that low seed availability for shade-
tolerant species limited establishment on hillslopes, as
well asin riparian areas. Dense overstory canopies and
low amounts of down wood, an important substrate for
seedlings, may have also restricted regeneration op-
portunities in hillslope forests.

Advance regeneration density along coastal streams
(<5 km from the coast) was actually higher than on
coastal hillslopes, and was an order of magnitude high-
er than along inland streams. One possible reason for
these high regeneration levels is the unique environ-
ment of the coastal riparian areas. Summer fog along
the coast reduces evaporative demand and contributes
precipitation in the form of fog drip (Franklin and Dyr-
ness 1988). These conditions are highly conducive to
the regeneration and survival of drought-sensitive spe-
cies such as P. sitchensis and T. heterophylla (Minore
1979). Fog extends furthest inland along coastal river
valleys (Franklin and Dyrness 1988), and may partly
explain why regeneration densities were so much high-
er in the coastal riparian areas than on the adjacent
hillslopes. Numerous P. sitchensis and T. heterophylla
seed sources along with low shrub cover compared to
inland riparian areas probably also contributed to the
abundant regeneration along coastal streams.

Landscape patterns

Hillslope community composition was primarily re-
lated to environmental variables. The comparatively
weak relationship between species composition and
disturbance history reflects the long life-spans of Pa-
cific Northwest conifers, and the relatively slow pro-
cess of succession in these forests (Franklin and Hem-
strom 1981). Most tree and shrub species are present
throughout all phases of stand development, although
subtle shifts in composition do occur over time
(Schoonmaker and McKee 1988, Halpern and Spies
1995). This result supports our first hypothesis, sug-
gesting a gradient-based view of forest communitiesin
which the species found at a given site depends mainly
on the local physical environment (Whittaker 1967).
The concept of relatively stable, ordered community
patterns forms the basis for the use of plant community
composition to classify habitat types (Cook 1996). Our
results suggest that it is possible to make meaningful
inferences about the environmental characteristics of a
given site based on forest community composition.

As in other studies of Pacific Northwest forest veg-
etation (Fonda and Bliss 1969, Zobel et al. 1976,
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DelMoral and Watson 1978, Ohmann and Spies 1998),
we found that climate was an important factor influ-
encing community composition. If dominance of P.
sitchensis in the overstory layer is accepted as an in-
dicator of maritime climates (Franklin and Dyrness
1988), we can infer that the coastal influence extends
between four and six km inland along the stream valley,
but no further than two km inland on the hillslopes.
Although topography was previously found to have
only a weak relationship with regional vegetation pat-
terns in Oregon (Zobel et al. 1976, Ohmann and Spies
1998), we found strong correlations between topog-
raphy and vegetation composition. Therelatively small
extent of our study area may have enhanced our ability
to detect relationships between topography and vege-
tation. When broader areas are examined, the particular
species or structures associated with agiven topograph-
ic position may be diluted by larger scale variationsin
climate and disturbance history. Thus, even though to-
pographic variables explain little regional variability
in community composition, they still may influence
forest patterns within a given watershed.

The decrease in T. heterophylla basal area with dis-
tance from old-growth patches suggested that seed-
source limitations following the historical fires also
influenced forest community patterns at the watershed
scale. The current |ocations of old-growth patches rep-
resent areas where the severity of the 19th century fires
was lower than in other portions of the landscape, and
we hypothesize that more T. heterophylla survived the
historical fires in these locations than in other portions
of the landscape. The density of T. heterophylla seed
dispersed into forest openings drops rapidly within sev-
eral hundred meters from the source (Pickford 1929,
Issac 1930, Gashwiller 1969). Therefore, higher seed
availability following fire may account for the higher
basal areas of T. heterophylla currently found near old-
growth patches. These results must be interpreted cau-
tiously because they are derived from correlations ob-
tained within a single study area. Additional factors,
such as shading by the remnant tree patches and var-
iation in soil characteristics or substrate availability,
might have also influenced the spatial pattern of T.
heterophylla.

In contrast to the species composition patterns, hil-
Islope forest structure was primarily related to recent
disturbance history. Relatively little of the variation in
forest structure was correlated with the physical en-
vironment. These relationships support our second hy-
pothesis of a landscape mosaic in which disturbance
controls the pattern of forest structures across the land-
scape, but the type of structure found in a particular
place at a given time is not predictable based on phys-
ical landscape characteristics (Borman and Likens
1979, Turner et al. 1993). Age-related trends in struc-
tural development were similar to those described in
previous studies (Spies and Franklin 1991, Acker et al.
1998). Sites with a cohort of remnant trees had more
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|ate-successional characteristics than siteswithout rem-
nants, indicating that forests may develop old-growth
structure more rapidly following partial, as opposed to
stand-replacing, disturbance. As discussed previously,
relationships with stand age must be interpreted cau-
tiously because age reflects variation in the number of
reburns before stand initiation, aswell asthetime since
stand initiation.

Although the first axis of our riparian structure or-
dination described an old-growth structure gradient
similar to the first axis of the hillslope ordination, the
riparian ordination had a stronger relationship with dis-
tance from the coast than with forest-age structure. This
structural gradient partly reflects changes in commu-
nity composition with distance from the coast. Large
P. sitchensisin coastal riparian areas account for much
of the high overstory basal area and large tree density
in these forests, and abundant T. heterophylla accounts
for the high proportion of shade-tolerant basal areaand
understory trees. Inland riparian areas, in comparison,
tend to be mosaics of A. rubra patches, shrub patches,
and afew large A. macrophyllum or P. menziesii. High
shrub cover beneath the open canopy competes with
conifer seedlings, limiting seedling establishment and
the development of a shade-tolerant multilayered can-
opy. Given these differences, it seems unlikely that the
inland riparian areas will develop old-growth structure
similar to the coastal riparian forests over time.

A large body of research has emphasized the im-
portance of fluvial disturbance in structuring riparian
vegetation patterns (Hupp 1982, Gregory et al. 1991,
Grant and Swanson 1995). We found that disturbance
variables accounted for more than half of the TVE for
riparian forest structure, but only 32% of the TVE for
riparian forest composition. Our use of stand age, along
with indicators for other disturbance types, probably
limited our ability to characterize the complex riparian
disturbance regimes. Thus, our findings may understate
the roles that floods and debris flows play in forest
dynamics along coastal streams. The relatively high
proportion of TVE explained by environmental vari-
ables correlated with disturbance variabl es supports our
third hypothesis of linkages between the physical en-
vironment and fluvial disturbances. We suspect that
environmental variables may also capture some of the
heterogeneity of responses to riparian disturbances that
were not directly measured by our disturbance vari-
ables. For example, an individual flood event might
remove the majority of streamside vegetation in a nar-
row, constrained reach, but disturb less vegetation in
a broader, unconstrained reach (Hupp 1982, Grant and
Swanson 1995). The degree to which floods influence
vegetation al so decreases with the height of valley floor
landforms above the active channel (Sigafoos 1991,
Yanosky 1982). More detailed characterizations of ri-
parian disturbance history will be required to compre-
hensively assess the relationships among geomorphol -
ogy, riparian disturbance, and forest vegetation.
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SYNTHESIS AND CONCLUSIONS

No single theoretical framework provided an ade-
quate explanation for forest patterns in the Cummins
Creek Wilderness. Environmental gradients (Hypoth-
esis 1), disturbances (Hypothesis 2), and environmental
controls over disturbance (Hypothesis 3) all played a
role in structuring vegetation at the landscape scale.
Our findings suggest a conceptual model in which the
relative influences of environment and disturbance on
forest vegetation are contingent on the facet of vege-
tation considered (composition vs. structure) and the
portion of the landscape examined (hillslope vs. ripar-
ian). Community composition may be primarily related
to environmental gradients, rather than disturbance, in
ecosystems where most species rapidly colonize dis-
turbed sites and survive for centuries. Stand structure,
in contrast, is somewhat predictable based on the tim-
ing and severity of past disturbances. However, these
disturbance patterns may be largely independent of the
physical environment in fire regimes dominated by in-
frequent, high-severity events. There are also excep-
tions to these generalizations. For example, the land-
scape pattern of fire severity may affect the distribution
of particularly disturbance-sensitive species, such as T.
heterophylla.

Most studies of forest ecology in the Pacific North-
west have focused on upslope forests, and many of our
notions about riparian forests are based on assumptions
derived from this research (Gregory 1997). Our find-
ings suggest that many such assumptions are erroneous.
Disturbance, environment, and vegetation are more
tightly linked in riparian areas than on hillslopes be-
cause of topographic constraints on the effects of fre-
quent floods and mass movements. Maritime climates
and their associated plant species extend further inland
in riparian areas than on hillslopes. High levels of tree
regeneration in coastal riparian forests suggest that
rates and pathways of succession in these areas may
differ considerably from other portions of the land-
scape. Efforts to analyze and model forest landscapes
must consider the influences of multiple ecological fac-
tors on vegetation pattern and dynamics, address the
riparian network as a distinctive component of the
broader landscape mosaic, and recognize that forest
composition and structure may respond differently to
disturbances and environmental controls.
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