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Abstract: Many studies have assessed tree development beneath canopies in forest ecosystems, but results are seldom
placed within the context of broad-scale biophysical factors. Mapped landscape characteristics for three watersheds, lo-
cated within the Coeur d’Alene River basin in northern Idaho, were integrated to create a spatial hierarchy reflecting
biophysical factors that influence western white pine (Pinus monticola Dougl. ex D. Don) development under a range
of canopy openings. The hierarchy included canopy opening, landtype, geological feature, and weathering. Interactions
and individual-scale contributions were identified using stepwise log–linear regression. The resulting models explained
68% of the variation for estimating western white pine basal diameter and 64% for estimating height. Interactions
among spatial scales explained up to 13% of this variation and better described vegetation response than any single
spatial scale. A hierarchical approach based on biophysical attributes is an excellent method for studying plant and en-
vironment interactions.

Résumé : Beaucoup d’études ont évalué le développement des arbres sous couvert dans les écosystèmes forestiers mais
les résultats sont rarement placés dans le contexte des facteurs biophysiques à plus large échelle. Les propriétés carto-
graphiées du paysage de trois bassins localisés dans celui de la rivière Cœur d’Alene dans le Nord de l’Idaho ont été
intégrées pour créer une hiérarchie spatiale reflétant les facteurs biophysiques qui influencent le développement du pin
argenté (Pinus monticola Dougl. ex D. Don) dans une gamme d’ouvertures du couvert. La hiérarchie incluait
l’ouverture du couvert, le type géomorphologique, la formation géologique et l’altération. Des interactions et des con-
tributions à l’échelle individuelle ont été identifiées à l’aide d’une régression séquentielle logarithmique. Les modèles
ainsi obtenus expliquent 68% de la variabilité du diamètre basal du pin argenté et 64% de celle de la hauteur. Les inte-
ractions entre les échelles spatiales expliquent jusqu’à 13% de cette variabilité et décrivent les réponses de la végéta-
tion mieux qu’aucune échelle spatiale considérée seule. Une approche hiérarchique basée sur les caractéristiques
biophysiques constitue une excellente méthode pour étudier les interactions entre les plantes et l’environnement.

[Traduit par la Rédaction] Jain et al. 1125

Introduction

Ecosystem processes (e.g., disturbance, soil development,
climate) influence vegetation pattern at multiple spatial
scales. For example, growth and abundance of vegetation re-
sults from interactions among topography, climate, distur-
bance, soil processes (e.g., deposition, nutrient cycling),
time, and vegetation (both current and historical) (Brady
1974; Jenny 1980; Pickett and White 1985; Crawley 1986;
Matérn 1986; Delcourt and Delcourt 1988; Oliver and
Larson 1990; Dale 1999). These interactions produce differ-
ent vegetation patterns that can be viewed over a wide range
of spatial and temporal scales (Allen and Starr 1982; O’Neill

et al. 1986; Dale 1999). Interstand disturbances (e.g., stand-
replacing fires) in a landscape influence vegetation pattern
by creating large areas of early seral species with inter-
spersed patches containing mid- to late-seral species (Chan-
dler et al. 1991; Agee 1993; Debano et al. 1998). In contrast,
intrastand disturbances (e.g., windthrow, insects, harvesting)
create a mosaic of early- to late-seral vegetation depending
on the amount of space available for plant establishment and
growth (Pickett and White 1985; Canham 1989; Oliver and
Larson 1990; Moeur 1997).

Only recently (within the last 20 years) have forest ecolo-
gists conducted studies using multiple spatial scales to un-
derstand flora and fauna patterns. Hinckley et al. (1998)
attempted to understand physiological scaling in trees. They
linked three spatial scales (leaf, tree, stand) to estimate car-
bon fixation using both a bottom-up and top-down approach.
The spatial scales they chose, however, were either too fine
(individual leaf) or too broad (tree) to effectively understand
physiology mechanistically. Song et al. (1997) determined
factors influencing canopy structure by first modeling indi-
vidual three-dimensional trees (fine scale) and then con-
structing a stand canopy (broad scale) with these trees. From
this multiple-scale approach they determined that species
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composition and tree density influenced shape and size of
crowns and subsequent patch size. Saab (1999), used three
spatial scales: microhabitat (≤0.5 ha of local vegetation char-
acteristics), macrohabitat (0.5–204 ha of cottonwood
(Populus spp.) forest patch characteristics), and a landscape
(310–1440 ha of surrounding vegetation types and land
uses) to study patterns of bird distribution and abundance.
Her results showed that landscape patterns were most influ-
ential in describing the distribution and abundance of most
bird species, whereas the other two finer scales were of sec-
ondary importance. Cherrill et al. (1995) used a nested hier-
archy (land class, land cover type, community, species) to
predict plant distributions (presence or absence data) using a
series of matrices (probability of occurrence of each com-
munity within each land cover type, probability of occur-
rence of each land cover type within each land class). They
found that 59% of the 570 plant species were significantly
related (P ≤ 0.05) to the hierarchy. These four studies used
multiple scales, in most cases with significant results, to un-
derstand the relations between spatial pattern and structures
(landscape features, vegetation characteristics), but they did
not always link the spatial scales. Saab’s (1999) inferences
were only within each spatial scale, Song et al. (1997) and
Hinckley et al. (1998) summarized fine-scale data to address
broad-scale questions, and Cherrill et al. (1995) linked
scales using probabilities of fine-scale information that oc-
curred at the broad spatial scale. None of these studies used
samples collected across spatial scales to understand a site-
specific response.

Tree regeneration and growth beneath canopies have been
studied within many forest ecosystems (Canham 1989;
Bradshaw 1992; Carter and Klinka 1992; Runkle 1992;
Wilczynski and Pickett 1993; Parsons et al. 1994;
Veenendall et al. 1995; Zhang and Zak 1995; Coates and
Burton 1997). While these studies contribute to our under-
standing of processes occurring after fine-scale native distur-
bances or management activities, results are seldom placed
within the context of broad-scale biophysical factors (e.g.,
erosion, climate, soils). Lertzman et al. (1996) used two spa-
tial scales (forest, gap) to provide context and insight for
processes that create gaps over a range of forest develop-
mental stages. Old and mature forests have a greater propor-
tion of gap area than younger forests. Many of the gaps in
mature forests were larger than the gaps in old forests, al-
though both had similar proportions of gap area. At the gap
scale, Lertzman et al. (1996) hypothesized that damaging
winds created large gaps in mature forests, but in old forests,
diseases killed individual trees to create small gaps. Brown
et al. (1993) showed that total sun per day (a macroclimate
factor) had a positive linear relation to the amount of
photosynthetically active radiation reaching the center of the
gap (1.5 m above forest floor), thereby influencing the mi-
croclimate within a gap. Thus, the processes that either cre-
ate gaps or influence microclimates within gaps operate at
more than one spatial scale.

To address complex forest management issues requires a
knowledge of how fine-scale disturbances are influenced and
constrained by processes and structures occurring at broad
scales (Quigley and Arbelbide 1997). Defining and using
multiple spatial scales, however, can be challenging. Hierar-
chy theory can be used to identify relevant spatial scales

(Allen and Starr 1982; Klijn 1994). Scales are often nested,
and in general, higher levels within the hierarchy have
greater spatial extents than lower levels (Delcourt and
Delcourt 1988), have slower process rates than lower levels
(O’Neill et al. 1986), and contain or constrain processes or
patterns occurring at lower levels (Allen and Starr 1982).

Klijn (1994) developed and mapped a spatial hierarchy by
combining characteristics defined by different classification
systems from Canada, the United States, and Europe. From
this combination, he integrated biophysical factors (environ-
mental hazards such as pollution and acidification) occurring
within a spatial scale that controlled the spatial pattern of
flora and fauna at each level within the hierarchy. Although
spatial hierarchical classifications such as potential vegeta-
tion type (Daubenmire 1953), ecotypes (Bailey 1995), and
geology are readily available, it is unclear the degree to
which each of these are related to ecosystem function. As
Klijn (1994) suggested, combining these systems into a spa-
tial hierarchy may describe vegetation pattern more effec-
tively than any single variable. Unfortunately, there is
usually insufficient funding or time to develop and map such
an integrated spatial hierarchy.

As an alternative, we integrated currently mapped charac-
teristics for a set of watersheds to create a spatial hierarchy
reflecting biophysical factors that influence western white
pine (Pinus monticola Dougl. ex D. Don) development. We
expected that predictions of western white pine characteris-
tics would be influenced by canopy opening attributes (Haig
et al. 1941). However, we also hypothesized that other spa-
tial scales representing biophysical factors would further im-
prove and refine the predictions. Instead of using one spatial
scale representing one set of biophysical properties or
grouping fine-scale phenomena to address broad-scale re-
sponses, we assessed how biophysical factors operating at
multiple spatial scales relate to tree characteristics by sam-
pling across spatial scales. Our objectives were to determine
if spatial scales defined on biophysical properties influence
western white pine characteristics and to identify significant
interactions among the spatial scales. In addition, linked spa-
tial scales and subsequent interactions may be useful in un-
derstanding vegetation dynamics and influence site-specific
silvicultural decisions.

Methods

Study area
We selected three watersheds (Jordon, Beaver, Deception)

within the 350 000 ha Coeur d’Alene River Basin in north-
ern Idaho in the United States (Fig. 1). The selected water-
sheds were dominated (90% of the area) by three potential
vegetation types, grand fir (Abies grandis Dougl. ex
D. Don), western hemlock (Tsuga heterophylla (Raf.) Sarg.),
and western redcedar (Thuja plicata Donn ex D. Don) (Coo-
per et al. 1991; IPNF 1998), and provided a wide range of
canopy openings containing western white pine seedlings
and saplings. In addition, the three watersheds contained
substantial variation in biophysical characteristics, useful for
understanding western white pine development within a spa-
tial hierarchy.
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Spatial hierarchy
The hierarchy included four spatial scales (canopy open-

ing, landtype, geological feature, weathering class) that inte-
grate the biophysical factors influencing site-specific
vegetation response (Table 1). The broadest scale was
weathering, which classifies settings based on the relative
extent to which bedrock has weathered compared with its
presumed, unweathered state (Schoeneberger et al. 1998;
USDA 1999). This scale reflects long-term climate and geo-
logic processes and biophysical factors that operate across
several watersheds (≤ 14 029 ha). The second scale was de-
fined using geological features based on parent material
(P.D. Derkey, unpublished data;2 Hosterman 1956; Harrison
and Jobin 1963, 1965; Hobbs et al. 1965; Lewis and Derkey
1999; Lewis et al. 1999; Miller et al. 1999; Munts 2000).
The classification represents variation in bedrock lithology,
sediment bedding characteristics, metamorphic structure lay-
ers, and rock size. These characteristics influence surface re-
lief, hydrology, water-holding capacity, nutrition, and soil
formation (Godron 1994; Shen et al. 2000). Geological fea-
ture reflects biophysical characteristics operating within
large watersheds (≤2425 ha) that occur within a particular
weathering class. The third spatial scale uses a landtype
classification, based upon landform, elevation, potential veg-
etation, slope gradient and shape, aspect, and microrelief
(USDA 1999). This scale represents variation in soil depth

as well as topographic features influencing surface climate,
potential moisture, and overstory tree composition and struc-
ture. Landtype reflects biophysical factors operating within
watersheds (≤650 ha) that occur within a geological feature.
The fourth spatial scale with the smallest spatial extent was
canopy opening. This scale represents variation in microsite
temperature, moisture, and light duration and intensity
(Canham 1989; Norman and Campbell 1989; Runkle 1992).
This scale reflects biophysical factors that vary within stands
(≤15 ha) occurring within a particular landtype.

The spatial scales defined by canopy opening, landtype,
geological feature, and weathering vary spatially, have dif-
ferent geographic extents, and although the scales were not
perfectly nested, reflect the relations among the biophysical
characteristics they represent. The processes and structures
observable at the broader scales constrain those operating at
the finer scales. For example, soil depth (structure) and ero-
sion (process) operating at the landtype scale were con-
strained by geology and climate operating at the weathering
and geological feature scales. Processes (photosynthesis, de-
composition) observable at the finer scales (canopy opening
and landtype) occur faster (from seconds to years) than those
occurring at the weathering and geological feature (centuries
to millenniums) scales. In addition to being relatively stable
the landtype, geological feature, and weathering scales inte-
grate the soil-forming factors (climate, time, organisms, to-
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Fig. 1. The Coeur d’Alene River basin in northern Idaho, U.S.A. Three watersheds, Deception Creek, Jordan Creek, and Beaver Creek,
were used to relate western white pine seedling and sapling characteristics to multiple spatial scales.

2 Derkey, P.D. Unpublished digital data, St. Maries Quadrangle. Available from the U.S. Geological Survey, Spokane, Wash.
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pography, initial parent material) that influence vegetation
pattern, composition, and canopy opening (Jenny 1980;
Aber and Melillo 1991; Sollins 1998).

Sampling design
The finest scale, canopy opening, was sampled using a

matrix with four aspect and two elevation classes ensuring a
variety of topographic settings were sampled within each
watershed. Twenty-four plots were randomly (using random
number generator) located within each aspect and elevation
class and distributed among three canopy openings (under
canopy, small, large) ranging from 0.001 to 15 ha in size
(Table 2).

Within each elevation, aspect, and opening class, a plot
was randomly selected, near the opening’s centre and edge.
Within the plot area a western white pine was randomly se-
lected and designated as plot centre. After the 192 cells
(within each watershed) of the matrix were filled, additional
plots were added to ensure that all possible settings where
western white pine could potentially grow were sampled.
These areas included closed canopy conditions, steep south-
erly slopes, and other places tending to disfavor western
white pine occupancy. If multiple western white pines oc-
curred in these conditions, plots were randomly selected

(centre and (or) edge) and added to the study. A total of 620
plots with pines growing in a variety of canopy openings on
a variety of topographic settings were sampled.

Digital spatial data containing weathering class, geologi-
cal feature, and landtype for the three watersheds were ob-
tained from the Idaho Panhandle National Forests, Idaho
Geological Survey, and the United States Geological Survey.
For each plot the respective weathering class, geological fea-
ture, and landtype were extracted using a geographical infor-
mation system (Fig. 2).

Canopy opening dependent variables
The dependent variables were the characteristics of the

randomly selected western white pines. Selected trees
ranged from 20 to 700 cm in height, were well established
(ages 5–50 years), and free of damage (no blister rust
(Cronartium ribicola Fisch) stem cankers, no visible branch
cankers, no broken tops, no obvious bark or stem damage).
Although some sampled pines may have been infected with
blister rust (needle spots), their selection did not compro-
mise the data. Blister rust does not impact tree growth until
the pine stem is encircled by a canker (Bingham et al. 1973;
Hoff and Steinhoff 1980; Hoff 1984). Moreover, most west-
ern white pines (62%) regenerating under tree canopies die
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Spatial scale
No. of
classes

Geographic
extent (ha)

Resolution
(cell size, m) Data source

Canopy opening 620 ≤15 1 Field sampling
Landtypes 19–45 ≤650 30 IPNFa

Geological feature 3–15 ≤ 2 425 30 USGS, IGSb,c

Weathering class 2–3 ≤ 14 029 30 IPNFa

aWeathering class and landtypes were provided by IPNF (1998).
bGeological features were supplied by the U.S. Geological Survey (USGS) and the

Idaho Geological Survey (IGS) with the classification based on individual geological
reports of the study area and digital data (Hosterman 1956; Harrison and Jobin 1963,
1965; Hobbs et al. 1965; Lewis and Derkey 1999; Lewis et al. 1999; Miller et al. 1999;
Munts 2000).

cDerkey, P.D., unpublished digital data, St. Maries Quadrangle. Available from the U.S.
Geological Survey, Spokane, Wash.

Table 1. Spatial hierarchy showing geographic extent and estimated number of
classes within each spatial scale within the selected watersheds (Deception,
Jordan, and Beaver).

No. of plots with low-elevation openings No. of plots with high-elevation openings

Aspect
(azimuth, °)

Plot
location

Under
(<0.1 ha)

Small
(<0.5 ha)

Large
(>1 ha)

Under
(<0.1 ha)

Small
(<0.5 ha)

Large
(>1 ha) Total

0–90 Edge 4 4 4 4 4 4 24
Centre 4 4 4 4 4 4 24

91–180 Edge 4 4 4 4 4 4 24
Centre 4 4 4 4 4 4 24

181–270 Edge 4 4 4 4 4 4 24
Centre 4 4 4 4 4 4 24

271–360 Edge 4 4 4 4 4 4 24
Centre 4 4 4 4 4 4 24

Total 32 32 32 32 32 32 192

Table 2. For each watershed (Deception, Jordan, and Beaver) a sampling matrix stratified by elevation (two), aspect
(four), size of opening (under canopy, small opening, large opening), and location within opening (edge, center) was used
for plot location.
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before 3 years of age. Western white pines surviving beyond
this time have the potential to live and grow for long periods
under relatively dense canopies (Haig 1936).

Measurements on the selected western white pine in-
cluded total height from the root collar to base of terminal
bud, total age (2.5 cm above root collar), and stem diameter
2.5 cm above the root collar. From these data, mean annual
height increment (cm) was calculated.

Canopy opening independent variables
Independent variables were separated into two classes:

understory tree attributes and opening attributes. A circular
microsite plot (60-cm radius) quantified and characterized
trees surrounding the selected western white pine. Because
these plots could contain hundreds of trees, data were sepa-
rated into two classes: trees with heights less than one-half
the height of the selected western white pine and trees with
heights greater than one-half the height of the selected west-
ern white pine. Trees were tallied by species in 30-cm height
classes with one tree randomly selected from each species

and height class with the following measurements obtained:
total height from root collar to base of terminal bud, total
age (2.5 cm above the root collar), and stem diameter 2.5 cm
above the root collar. From these measurements, mean an-
nual height increment was calculated.

The second class of data described opening attributes us-
ing a vertical fish-eye photograph (Lawton and Putz 1988;
Runkle 1992; Coates and Burton 1997; Delta T Devices Ltd.
1997). The camera lens was level with the camera top facing
magnetic north and centered over the stump at a height equal
to midcrown of the selected western white pine. To maxi-
mize light evenness and avoid bright reflections, all photo-
graphs were taken on cloudy days, in early morning, or late
evening. Using 400 ASA color film, a 17-mm lens provided
a 180° view of the overstory canopy.

The vertical fish-eye photographs were developed and
placed on compact disks. Using these photographs and digi-
tal analysis software (HemiView; Delta T Devices Ltd.
1997), we quantified the overstory attributes. The effect of
surface orientation was accounted for by multiplying the co-
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Fig. 2. Weathering (3 classes), geological feature (10 classes), and landtype (19 classes) spatial scale patterns for each sampled water-
shed (Beaver Creek, Deception Creek, Jordan Creek).
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sine of the angle of incidence between the intercepting sur-
face and the sky (Rich 1988, 1989; Delta T Devices Ltd.
1997).

Canopy opening analysis
The variables were placed into three classes to insure the

results were both biologically and statistically relevant:
(i) variables characterizing the selected western white pine
(height, basal diameter, mean annual height increment, and
age); (ii) variables describing the competing trees of the se-
lected western white pine (number of additional western
white pine on the microsite plot and their mean annual
height increment and mean annual height increment of west-
ern hemlock); and (iii) variables from the fish-eye photo-
graph (visible sky (%), yearly below-canopy radiation,
number of sunflecks, and total sunfleck duration for June 21,
1999).

We conducted exploratory analysis of individual and com-
binations of independent (visible sky) and dependent vari-
ables (height, diameter) to check for outliers and data
behavior (dimension and linearity) using histograms (Ott
1984; Kirk 1995; Johnson 1998). Normality was evaluated
using univariate and multivariate normal probability plots
and histograms (Ott 1984; Kirk 1995; Johnson 1998). Corre-
lations among variables were investigated within each class
using scatterplots, correlation coefficients, principal compo-
nent analysis, and factor analysis. Normal probability plots
and histograms were used to determine if the data were nor-
mally distributed and to suggest appropriate transformations
for use in later analysis. These included transforming the
proportion of visible sky using the arcsine of the square root
(referred to as visible sky).

Using scatterplots, relations between the dependent west-
ern white pine variables (e.g., height, diameter) and the inde-
pendent variables (e.g., percentage of visible sky, radiation
below canopy) were evaluated. According to the scatterplots,
all dependent variables, were related to the independent vari-
ables. Many of the scatterplots showed a nonlinear relation-
ship between dependent and independent variables.
Therefore, in the statistical analysis, log–linear regression
(ln(y) = x) was used rather than linear regression.

A stepwise log–linear regression procedure related each of
the dependent variables to the independent variables. The re-
sults from the partial sum of squares F tests, adjusted coeffi-
cient of determination (adjusted R2), and behavior of
residual errors were used to evaluate the goodness of fit of
the regressions. This analysis concluded that visible sky and
age as a covariate were the two canopy opening variables
that best related to western white pine height and basal di-
ameter.

Three western white pine developmental thresholds, occu-
pancy, competitive advantage, and free to grow, were devel-
oped using visible sky as the only independent variable. For
the occupancy threshold, we estimated the probability of
three or more western white pine (including the sample tree)
occupying the microsite plot (60-cm radius) as a function of
visible sky. This logistic regression was weighted by the
number of western white pine occurring on the microsite
plot.

For the competitive advantage and free to grow thresholds
we used relative mean annual height increment (RELMAI)

between the selected western white pine and the tallest west-
ern hemlock (RELMAI = western white pine mean annual
height increment (MAI) – western hemlock (MAI) occurring
on the 60-cm radius plot). A fourth degree polynomial re-
gression relating RELMAI to visible sky was used to iden-
tify a response curve (sigmoid). The competitive advantage
threshold was defined at the inflection point where RELMAI
dramatically increased, and the free to grow threshold was
defined at the inflection point where RELMAI stabilized.

Landscape analysis
Exploratory analysis of the landscape attributes was con-

ducted within each spatial scale (Isaaks and Srivastava 1989;
Cressie 1993; Kirk 1995). These analyses used box and scat-
ter plots to ensure the date were free from errors and anoma-
lies. Once again normal probability plots were used to
determine if the data were normally distributed. Using the
canopy opening model (ln height or ln basal diameter = visi-
ble sky + age) and a stepwise approach, we identified inter-
actions and individual scale contributions toward describing
the variation of the western white pine characteristics. In
some cases, the overall model was significant, but an indi-
vidual spatial scale was not when observing the partial sum
of squares.

When both the overall model and main effects were sig-
nificant (P ≤ 0.05), hypothesis testing was conducted by
evaluating the predicted square errors from the full model
versus predicted square errors from the reduced model
(Dielman 1996). A significant F statistic, residual error be-
havior (residual errors were checked for normality and inde-
pendence) plus an increase in the adjusted R2 indicated
whether the addition of a spatial scale improved the relation-
ship with the western white pine characteristics. This itera-
tive process was conducted until all relevant combinations of
the spatial scales were evaluated.

To evaluate whether the spatial hierarchy influenced the
two growth thresholds and the occupancy threshold we used
the polynomial and logistic equations without spatial scales
and determined that a RELMAI of 4.3 cm occurred at the
competitive advantage threshold (inflection point where
RELMAI dramatically increased), a RELMAI of 7.3 cm oc-
curred at the free to grow threshold (inflection point where
RELMAI stabilized), and two western white pine probabili-
ties (0.57 and 0.80) of occupancy. These values were used in
the final equations containing the spatial scales and the
equations were solved for visible sky indicating how the
spatial scales influenced canopy opening thresholds.

Results

Spatial scale distribution
Within the weathering scale, weakly and moderately

weathered classes were represented. The highest plot density
occurred within the weakly weathered class (519 of 620) and
was distributed across the three watersheds (Table 3). Mod-
erately weathered soils primarily occurred in Deception
Creek with only two samples occurring in Beaver Creek.
Highly weathered soils were rare within the Coeur d’Alene
River basin, and none were sampled.

Differences among geological features can be categorized
into whether they were unconsolidated (Qa, Qts) or consoli-
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dated (all others) (Table 3). The unconsolidated geological
features represent the riparian areas adjacent to stream chan-
nels (alluvial deposits) and old gravels. Beaver Creek con-
tained both these geological features, Jordon Creek
contained most of the observations within the alluvial depos-
its. Differences among the consolidated geological features
were subtle; only varying by weathering state, composition

(quantity and rock type), and structure (layering). For exam-
ple, both the Striped Peak formation (Ysp) and the St. Regis
formation (Ysr) contained siltite and argillite, but the Striped
Peak formation also contained quartzite, which weathers into
a coarse-textured soil, and St. Regis formation also con-
tained metamorphosed mudstone, which weathers into a
fine-textured soil. The Striped Peak (Ysp) geological feature

© 2002 NRC Canada
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Watershed

Code Spatial scale
Deception
Creek

Jordan
Creek

Beaver
Creek Total

Weathering
Weakly weathered 108 221 190 519
Moderately weathered 99 — 2 101
Highly weathered — — — 0

Geological feature
Kms Monzonite and sysenite — — 5 5
Qa Alluvial deposits; sand and gravel deposits in

active channels
— 13 2 15

Qts Older gravels; gravel, sand, and silt above modern
stream channels

— — 2 2

Ybk Burke formation; metamorphosed mudstone;
siltite/quartzite

7 — 32 39

Ypl Lower member of Prichard formation;
siltite/argillite/agrillitic quartzite

— — 16 16

Yr Revett formation; metamorphosed sandstone;
quartzite

68 — 12 80

Ysp Striped Peak formation; quartzite/siltite/argillite — 206 6 212
Ysr St. Regis formation; metamorphosed mudstone;

siltite/argillite
132 — 16 148

Ywml Middle and lower Wallace formation;
siliciclastics/argillite/carbonate rocks

— — 54 54

Ywu Upper Wallace formation; siltite/argillite/dolomitic
siliciclastics

— 2 47 49

Landtype
130 Stream bottoms and meadows 5 14 2 21
131 Toe slopes on benches above stream floodplains 12 15 — 27
133 Alluvial and colluvial fans at base of steep slopes 2 14 2 18
462 North aspects, moderately weathered 46 — — 46
466 North aspects, weakly weathered 15 38 39 92
477 North aspects, nondissected stream breaklands 6 12 7 25
480 North aspects, dissected stream breaklands 8 35 48 91
490 North aspect ridge tops, moderately weathered — 50 6 56
491 North aspect ridge tops, weakly weathered — — 2 2
467 North aspects, adjacent to stream drainages 21 8 14 43
464 South aspects, moderately weathered 23 — — 23
470 South aspects, weakly weathered 6 8 23 37
446 South aspects with shallow stream dissections 28 — 2 30
465 South aspects, slope with deep stream dissections 2 — — 2
478 South aspects, nondissected stream breaklands with

rock outcrops and shallow soils
— 2 7 9

483 South aspects, nondissected stream breaklands 6 9 19 34
488 South aspects, dissected stream breaklands with

rock outcrops and shallow soils
— 8 2 10

479 South aspects, dissected stream breaklands 27 — 9 36
468 South aspect toe slopes where one to three streams

come together
— 8 10 18

Table 3. Number of plots occurring within each weathering, geological feature, and landtype class
within each watershed.
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occurred in Jordan Creek, most of the observations of the St.
Regis (Ysr) geological feature occurred in Deception Creek,
and all the consolidated geological features were represented
in Beaver Creek.

A diversity of landtypes occurred in all three watersheds
(Table 3). The landtypes (130, 131, 133) describing stream
bottoms and alluvial fans occurred in all three watersheds,
with most observations occurring in Jordan Creek. Most of
the moderately weathered landtypes (462, 464, 490) oc-
curred in Deception and Jordon Creek. In contrast, most of
the weakly weathered landtypes (466, 491, 470) occurred in
Beaver Creek except for weakly weathered north-facing
ridge tops, which occurred in Jordan Creek. Landtypes that
contained dissected and nondissected streams (446, 465,
468, 477, 478, 479, 480, 483, 488) were distributed across
all three watersheds with Beaver Creek (16 946 ha) contain-
ing the highest number followed by Jordan Creek (5317 ha)
and Deception Creek (1425 ha), respectively.

The landtypes were distributed among the geological fea-
tures (Table 4). The alluvial landtypes (130, 131, 133) oc-
curred within the more general alluvial deposit geological
feature (Qa). The Striped Peak (Ysp) and St. Regis (Ysr)
formations were the most represented geological features
and contained the majority of the landtypes. Other geologi-
cal features that contained a diversity of landtypes included
the Burke (Ybk), Revett (Yr), middle and lower Wallace
(Ywml), and upper Wallace (Ywu) formations.

Linkages (interactions) among spatial scales
In all cases, when individual spatial scales were added to

visible sky and age, they significantly (P ≤ 0.05) contributed
to the positive relationship between western white pine basal
diameter and visible sky (Table 5, D1–D4). When geological
feature was added to visible sky the adjusted R2 increased
from 0.55 to 0.63, and when landtype was added the ad-

justed R2 increased to 0.60. Similar results occurred when
spatial scales were added to the equations estimating height
(Table 5, H1–H4). For both estimates of basal diameter and
height, the best fitting model included a three-way interac-
tion among geological feature, landtype, and visible sky (Ta-
ble 5, D7 and H7). The western white pine basal diameter
model explained 68% of the variation, and for the height,
the model explained 64% of the variation.

Geological feature was always significant in the partial
sum of squares when estimating both height and basal diam-
eter. Within the geological feature spatial scale, estimated
height and diameter of pines growing on the St. Regis for-
mation (Ysr) tended to be larger than the heights and diame-
ters of pines estimated for the other geological features
(Tables 6 and 7). Basal diameters of pines growing on
Striped Peak (Ysp), middle and lower Wallace (Ywml), and
upper Wallace (Ywu) formations were significantly (P ≤
0.11) smaller than those estimated for the St. Regis forma-
tion (Ysr). Height estimates for pines growing on the upper
Wallace (Ywu), middle and lower Wallace (Ywml), and
Striped Peak (Ysp) were significantly (P ≤ 0.11) shorter than
those estimated for the St. Regis formation (Ysr).

The landtype spatial scale appeared to play a stronger role
in integrating biophysical factors dictating height compared
with basal diameter. Western white pines growing on north-
facing ridge tops (490) were shorter than pines growing on
14 other landtypes (Table 7). In contrast, pines growing on
north-facing ridge tops (490) had smaller basal diameters
than pines growing on seven other landtypes (Table 6). Ap-
proximately twice as many landtypes were significant for es-
timating height than for estimating basal diameter.

Results shown in Table 5 (D6, D7, H6, H7) indicate that
the site specific response of western white pine growing on
these habitats can be linked to the interaction of biophysical
properties occurring at multiple spatial scales. Some of these
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Geological feature

Landtype Kms Qa Qts Ybk Ypl Yr Ysp Ysr Ywml Ywu Total

130 — 2 — — — — 14 5 — — 21
131 — 7 — — — — 8 12 — — 27
133 — 6 — — — — 8 2 — 2 18
462 — — — 1 — 7 — 38 — — 46
466 1 — 2 4 11 — 38 17 13 6 92
477 — — — — — — 12 6 4 3 25
480 4 — — — — 4 37 10 14 22 91
490 — — — — — — 50 — 6 — 56
491 — — — — — 2 — — — — 2
467 — — — — 2 8 12 21 — — 43
464 — — — — — 19 — 4 — — 23
470 — — — 8 2 2 8 10 7 — 37
446 — — — 2 — 26 — 2 — — 30
465 — — — — — 1 — 1 — — 2
478 — — — — — 2 2 — — 5 9
483 — — — 6 — 4 9 2 4 9 34
488 — — — — — — 8 2 — — 10
479 — — — 10 1 5 — 16 4 — 36
468 — — — 8 — — 6 — 2 2 18
Total 5 15 2 39 16 80 212 148 54 49 620

Note: Codes and definitions for geological features and landtypes are given in Table 3.

Table 4. Number of plots occurring in the combinations of landtype and geological features.
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linkages included the Revett (Yr) formation combined with
southern aspects dissected with stream breaklands (479), the
upper Wallace (Ywu) formation combined with southern as-
pects with toe slopes (468), and northern aspects with
nondissected stream breaklands (477) (Tables 6 and 7). In
addition, many interactions occurred within the St. Regis
(Ysr) formation. Conversely, the monzonites (Kms),
alluvials (Qa), and old gravels (Qts) did not have any signif-
icant interactions (Tables 6 and 7). However, their sample
size was rather small, which could explain the lack of inter-
actions (Table 3).

Multiple spatial scales and silvicultural applications
The three developmental thresholds were used to evaluate

whether silvicultural practices should be adjusted depending
on the landscape setting. The threshold equations indicated
there was a 57% probability of western white pine occupy-
ing a site when visible sky exceeded 25% and a 80% proba-

bility of western white pine occupying the site when visible
sky exceeded 45%. Western white pine gains a competitive
advantage over western hemlock when visible sky exceeds
55% and is free to grow when visible sky exceeds 92%.
However, these results only included the influence of visible
sky and only explained 25% of the variation in relative mean
annual height increment (Table 5, R1). By adding landtype
(adjusted R2 = 0.32) or geological feature (adjusted R2 =
0.36) individually to visible sky the amount of variation ex-
plained, significantly increased. When landtype and geologi-
cal feature were both added to the model the relationship
was significant (P ≤ 0.05), but according to the full and re-
duced model comparison, the addition of the two spatial
scales did not significantly contribute to the relationship
(Table 5, R5 and R6).

Pines growing on alluvials (Qa), old gravels (Qts), and the
St. Regis (Ysr) geological features were able to obtain a
competitive advantage over western hemlock in relatively

© 2002 NRC Canada
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Reduced
model Full model

Model
No. Model components

Adjusted
R2 P SSE df SSE df Fb

Ln basal diametera

D1 Visible sky (S) + age (A) 0.55 0.0001 — — 138.1 611 —
D2 Sc + Ac + landtype (L) 0.60 0.0001 138.1 611 120.5 594 5.1*
D3 Sc + Ac + geological feature (G) 0.63 0.0001 138.1 611 112.5 602 15.2*
D4 Sc + Ac + weathering (W) 0.57 0.0001 138.1 611 131.5 610 30.6*
D5 Sc + Ac + W + G + (W × G) 0.62 0.0001 — — — — —
D6a Sc + Ac + G + L + (G × L) 0.67 0.0001 138.1 611 89.3 541 4.2*
D6b Sc + Ac + Gc + L + (G × L) 0.67 0.0001 112.5 602 89.3 541 2.3*
D6c Sc + Ac + Lc + G + (G × L) 0.67 0.0001 120.5 594 89.3 541 3.6*
D7 Sc + Ac + Gc + Lc + (Gc × Lc × S) 0.68 0.0001 89.3 541 83.2 516 2.9*

Ln heighta

H1 S + A 0.53 0.0001 — — 112.8 616 —
H2 Sc + Ac + L 0.58 0.0001 112.8 616 98.9 599 4.9*
H3 Sc + Ac + G 0.59 0.0001 112.8 616 95.7 607 12.0*
H4 Sc + Ac + W 0.55 0.0001 112.8 616 108.8 615 22.6*
H5 Sc + Ac + W + G + (W × G) 0.60 0.0001 — — — — —
H6a Sc + Ac + G + L + (G × L) 0.63 0.0001 112.8 616 79.2 546 3.3*
H6b Sc + Ac + Gc + L + (G × L) 0.63 0.0001 95.7 607 79.2 546 1.9*
H6c Sc + Ac + Lc + G + (G × L) 0.63 0.0001 98.9 599 79.2 546 2.6*
H7 Sc + Ac + Gc + Lc + (Gc × Lc × S) 0.64 0.0001 72.2 521 98.9 599 2.5*

Relative mean annual height incrementa,d

R1 S 0.25 0.0001 4140 141 — — —
R2 Sc + L 0.32 0.0001 4140 141 3382 126 1.9*
R3 Sc + G 0.36 0.0001 4140 141 3289 132 3.8*
R4 Sc + W 0.25 0.0001 — — — — —
R5 Sc + W + G + (W × G) 0.36 0.0001 — — — — —
R6 Sc + G + L + (G × L) 0.36 0.0001 — — — — —

Note: The adjusted R2 and P values belong to the full model. All variables are included in the full model. The F value is
the result of full versus reduced model test.

aFor estimating ln basal diameter, N = 613; for estimating ln height, N = 618; and for estimating relative mean annual
increment, N = 142.

bThe F statistic tests the variable addition from the reduced to the full model. *, significant at P ≤ 0.05.
cVariables included in the reduced model.
dRelative mean annual height increment is the difference between the mean annual increment of western white pine and the

mean annual increment of western hemlock.

Table 5. Evaluation of spatial scales in explaining the variation in western white pine basal diameter, height,
and relative mean annual height increment in different canopy openings (as defined by visible sky) using full
versus reduced model hypothesis testing.
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small canopy openings (50% visible sky) compared with
those growing on the Revett (Yr), Burke (Ybk), Monzonites
(Kms), and Striped Peak (Ysp) geological features (80–95%
visible sky) (Fig. 3). In addition, the occupancy threshold
(probability of three or more pines occurring on the 60-cm
plot) was related to visible sky, weathering, and geological
features (Table 8, O5). This equation showed that western
white pine could occupy openings with less visible sky on
the Striped Peak (Ysp) formation compared with the amount
of visible sky required for pines to occupy settings on the
Revett (Yr) and Monzonites (Kms). These results provide
information useful for adjusting silvicultural treatments de-
pending on the landscape.

Discussion

Validation of hierarchical concepts
Weathering, geological features, landtypes, and canopy

openings may form an imperfect hierarchy, but it appears to
be effective in this setting. Theoretically, a spatial hierarchy
should have multiple levels that are nested (Allen et al.

1984; O’Neill et al. 1986). Higher levels within the
hierarchy should have larger spatial extents and contain or
constrain lower levels within the hierarchy (Allen and Starr
1982; Delcourt and Delcourt 1988). Weathering (highest
level) did not always have the largest spatial extent. In some
cases, lower levels within the hierarchy had different weath-
ering classes (Fig. 2). Also landtypes were not unique to the
geological features and landtype boundaries crossed geo-
logic and weathering boundaries. Our intention was not to
define the perfect hierarchy but to use available information
at multiple spatial scales to reflect variation in topography,
soil development, soil movement, and microsite climate. The
broader scales (weathering and geological feature) reflect
variation in long-term soil development and climate and the
finer scales (landtype and canopy opening) reflect variation
in microsite climate. This variation directly or indirectly in-
fluences light, nutrition, water availability, heat, and other
factors that shape the operational environment (interaction
of biophysical factors with the plant) that regulates vegeta-
tion response (Spomer 1973; Jackson and Spomer 1979).
The development of western white pine seedlings and sap-

© 2002 NRC Canada
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Fig. 3. The opening size (defined by percent visible sky) required for western white pine to achieve a competitive advantage over
western hemlock in the Beaver Creek watershed. Competitive advantage was achieved with 50% visible sky on the old gravels (Qts),
alluvials (Qa), St. Regis (Ysr), middle and lower Wallace (Ywml), and lower Prichard (Ypl) geological features; 65% visible sky on
the upper Wallace (Ywu) feature; 80% visible sky on the Revett (Yr) and Burke (Ybk) features; and 95% visible sky on the
monzonites (Kms) and Striped Peak (Ypk) features. Definitions for the geological features are given in Table 3.
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lings were directly or indirectly influenced by the spatial hi-
erarchy: 68% of the variation in western white pine basal
diameter and 64% of the variation in height were explained
by the spatial hierarchy (Table 5, D7 and H7).

We hypothesized that as progressively broader levels were
added to the spatial hierarchy the explanatory power of the
models would increase, and the broader levels would explain
less height or diameter variation than finer levels. As ex-
pected, visible sky had the highest adjusted R2 when predict-
ing either variable. However, landtype did not always
explain the next greatest proportion of the variation in diam-
eter or height. Landtype was significant when added to visi-
ble sky and age for estimating both western white pine basal
diameter and height; however, it only explained an addi-
tional 5% of the variation (Table 5, D2 and H2). In contrast,
in both cases an additional 8% of the variation in basal di-
ameter and an additional 6% of the variation in height were
explained by geological features (Table 5, D3 and H3). Al-
though there was only a small increase by adding the
broader scale (geological features) the model did explain
more of the variation in diameter or height than the finer
scale (landtype). Reasons for this discrepancy could be
caused by either sampling density or spatial scale definition.
However, we do not believe sampling density affected the
hierarchy, because the standard errors for height and diame-
ter were similar for all landtypes discounting this problem,
although there were different sampling densities (two- to
five-fold; Table 3) across the 19 landtypes.

Some may argue that potential vegetation type is a more
appropriate variable for defining spatial scales than the ones
we chose. Potential vegetation type is a classification system
that partitions the physical environment through the use of
indicator species (Pfister 1989; Fassnatcht and Gower 1998).
Ferguson et al. (1986) did not find a significant relationship
between western white pine seedling characteristics and po-
tential vegetation type. Moreover, landtypes used in this
study (which include landform, slope, aspect, and soils in
addition to potential vegetation type) did relate to western
white pine basal diameter and height, supporting the use of
landtypes rather than potential vegetation types to define
spatial scales.

In our study, there were 19 landtypes, adding noise to the
western white pine height and basal diameter estimates.
Landtypes could be grouped, but as hierarchy theory im-

plies, geological features (a broader spatial scale) should
constrain the variation represented in the finer landtype
scale. Thus, the geological feature spatial scale, in theory,
was grouping landtypes as a function of the biophysical fac-
tors operating at this broader spatial scale. A significant in-
teraction among visible sky, geological features, and
landtype explained an additional 13% (Table 5, D7) of the
variation in western white pine basal diameter and an addi-
tional 11% (Table 5, H7) of the variation in height compared
with the models containing visible sky and age alone (Ta-
ble 5, D1 and H6). This indicates that the variation in west-
ern white pine tree characteristics was better explained when
landtypes were linked to a higher level within the spatial hi-
erarchy. With similar findings, Fassnatcht and Gower (1998)
linked forest potential vegetation types to a broader spatial
scale defined on soil nutrition and moisture using this proce-
dure. They were better able to detect a significant positive
response in leaf area index and forest net primary productiv-
ity, relative to using potential vegetation type alone. Our re-
sults verified the hierarchical concept that properly defined
spatial scales are linked and broader scales constrain or con-
tain finer scales (Allen and Starr 1982; O’Neill et al. 1986;
Delcourt and Delcourt 1988).

Scale definition in relation to multiple-scale biophysical
factors

In a perfect hierarchy, the finest scale canopy opening
should integrate factors that influence the microsite environ-
ment created by fine-scale disturbances such as windthrow,
insects, wildfires, and harvesting. These disturbances create
variation in vegetation depending on the growing space they
provide (Pickett and White 1985; Canham 1989; Oliver and
Larson 1990; Chandler et al. 1991; Agee 1993; Moeur 1997;
Debano et al. 1998). Our finest scale, canopy opening, as
measured by percent visible sky, in addition to light, most
likely influenced temperature, moisture, and stand dynamics,
which subsequently influenced western white pine seedling
and sapling growth. Moreover, the greatest portion of the
variation in western white pine diameter and height was ex-
plained by age and this fine spatial scale (55% of the varia-
tion in basal diameter and 53% of the variation in height)
(Table 5, D1 and H1). Therefore, it appears that our finest
spatial scale defined by visible sky, does a good job of inte-

© 2002 NRC Canada
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Likelihood ratio P value (χ2 statistic) for occupancy

Model
No. Model components

Overall
model

Visible
sky

Second
variablea

Third
variable

Fourth
variable

O1 Visible sky (S) 0.0005 0.006
O2 S + weathering (W) 0.0001 0.006 0.0003
O3 S + geological feature (G) 0.0001 0.008 0.006
O4 S + landtype (L) 0.0001 0.005 0.140
O5 S + W + G 0.0001 0.010 0.003 0.05
O6 S + G + L 0.0001 0.010 0.820 0.56
O7 S + G + W + (G × W) 0.0001 0.010 0.020 0.06 0.20

Note: Occupancy of a site occurs when three or more western white pines occupy a 60-cm radius plot.
aSignificance of second (e.g., O2, weathering), third (e.g., O5, geological feature), or fourth (e.g., O7,

geological feature × weathering) variable included in the model.

Table 8. Evaluation of spatial scales in explaining the variation in western white pine occupancy
in different canopy openings (defined by visible sky) using logistic regression.
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grating the operational environment that influences site spe-
cific responses.

Visible sky did not, however, reflect differences in the op-
erational environment expressed by geomorphology. An ad-
ditional spatial scale was needed to account for this mid-
level variation. The results from this study showed that west-
ern white pine diameter and height were influenced by
landform, elevation, aspect, and soils, which were reflected
in the landtype spatial scale. For example, the basal diame-
ters of western white pines, growing on settings within
landtype 467, were larger than the basal diameters of pines
of the same age growing on landtype 470 (Fig. 4). Both of
these lands types had abundant water, contained volcanic ash
soils, and were located adjacent to streams. Therefore, we
believe that the 19 landtypes we used in this study integrated
more than just soils and water of the midscale environment
and were useful in predicting western white pine tree
characterisitics (5% improvement; Table 5).

Geological feature was intended to reflect geological and
geomorphological characteristics that change slowly over
time (Klijn 1994). This spatial scale was to reflect soil nutri-
tion, water-holding capacity, belowground water flow, and
regional climate (Godron 1994; Klijn 1994; Shen et al.
2000). Because the St. Regis formation (Ysr) occurs both in
Deception Creek and Beaver Creek, we were able to test this
hypothesis. Deception Creek averages 127–135 cm of pre-
cipitation annually, and Beaver Creek averages 84–95 cm.
We found trees of the same age growing on the St. Regis
formation in Beaver Creek had significantly smaller diame-
ters than those growing on the same formation in Deception
Creek (Fig. 5). Because the watersheds were located in dif-
ferent areas within the Coeur d’Alene River basin, a spatial
scale defined by geological features can also represent a dif-
ferent moisture regime (Fig. 1).

Applying a spatial hierarchy
In this study, the spatial scales do not represent the classi-

fication system (e.g., landtype) or named variable (e.g.,
Striped Peak) alone, but they incorporate climate, soil for-
mation, disturbance, and other biophysical factors operating

within each spatial scale. Hierarchies defined this way pro-
vide more insight into the processes and structures occurring
in the scales than do hierarchies defined geographically
(e.g., stand, subwatershed, river basin, region) or politically
(e.g., counties, provinces). Geographical and political hierar-
chies do not reflect the biophysical factors occurring within
and among the delineated areas that influence vegetation de-
velopment (Jackson and Spomer 1979; Crawley 1986;
Pfister 1989; Aber and Melillo 1991; Cooper et al. 1991).
From this perspective, inferences made using a spatial hier-
archy based on biophysical factors are more robust, because
they directly or indirectly identify environments unique to a
specific geographical area.

We identified the contribution each spatial scale made to-
ward explaining the variation in western white pine tree
characteristics. More importantly, we determined that link-
ages among spatial scales better described vegetation re-
sponse than any single scale. These results compliment the
extensive site-specific knowledge about western white pine
regeneration and development (Haig et al. 1941; Minore
1979; Ferguson et al. 1986; Graham 1990), and this knowl-
edge from the hierarchy could be used to design and apply
silvicultural treatments. For example, western white pine
gained a competitive advantage over western hemlock in
smaller openings (50% visible sky) when growing on the St.
Regis (Ysr) formation, alluvials (Qa), and old gravels (Qts)
compared with western white pines growing on the Striped
Peak formation (90% visible sky). Silvicultural treatments
can be adjusted to reflect the variation in biophysical factors
represented by the spatial hierarchy, thus linking site-
specific vegetation responses to the landscape (Fig. 3).

The example used to show how geological features inte-
grated midscale biophysical factors, also shows how the
scales reflect “place”. Western white pines (same age) grow-
ing in Deception Creek, on the St. Regis formation, had
larger basal diameters than pines growing on the St. Regis
formation in Beaver Creek (Ysr) (Fig. 5). Deception Creek
receives more moisture and has more developed soils than
Beaver Creek, resulting in larger western white pines. Be-
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Fig. 4. The relationship between basal diameter (including stan-
dard error bars) of 10-year-old western white pines and canopy
opening (defined by visible sky) varies with landtype and geo-
logical feature (Table 5, D7). Landtype 467 (north aspects adja-
cent to streams) and landtype 470 (south aspects) are shown
within the St. Regis (Ysr) geological features.

Fig. 5. The relationship between basal diameter (including stan-
dard error bars) of 10-year-old western white pine and canopy
opening (defined by visible sky) varies within a geological fea-
ture between locations. The model, ln(basal diameter) = visible
sky + age + location (Beaver Creek, Deception Creek) used only
plots occurring on the St. Regis geological feature (Ysr).

I:\cjfr\cjfr32\cjfr-07\X02-032.vp
Wednesday, June 05, 2002 10:23:17 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



cause of the spatial variation in this study, we would not as-
sume that western white pines growing on the St. Regis
formation in other geographic areas would behave as they
did in Deception Creek, because the results are tied to the
location where they occur. This concept of “place” is inher-
ent to all spatial hierarchies and not only to those defined by
soil forming processes.

Limitations
As with all studies, this one has some limitations. Because

the sampling densities varied among the categories within
each spatial scale, we had an unbalanced experimental de-
sign, making this study more exploratory rather than confir-
matory. True replication would be impossible, since the
objective of this study was never intended to eliminate
sources of variation due to place but to indirectly integrate
these sources of variation making it difficult to infer cause
and effect. There are several ways to define a hierarchy (e.g.,
geography, climate, disturbance); therefore, we cannot say
our hierarchy was the most effective. Our choice was limited
by available data and by the requirement of defining a hier-
archy on factors related to soil development. The explana-
tory power of the hierarchy was significant but not
remarkable, and although it was imperfect, it nevertheless
was useful. This study did not quantify or relate specific bio-
physical factors to the spatial scales, but future studies could
be conducted to accomplish this task. Although there were
limitations of our study, we related the landscape spatial
scales to a site-specific response. Moreover, the interactions
among the spatial scales provided evidence that the spatial
scales were linked, thus indicating that multiple spatial
scales describe vegetation response better than a single
scale.

Summary
This study provides new information that may be useful to

other endeavors that consider using multiple spatial scales to
explain ecological phenomena. We defined our spatial scales
integrating short- and long-term climate, geomorphic pro-
cesses (e.g., soil creep, deposition, erosion), soil weathering,
bedrock, and topographic and physiographic features that in-
fluence individual plants to entire forests. This approach of
defining scales using biophysical factors would have appli-
cability to ecological questions that have both spatial and
operational dimensions. Moreover, when biophysically de-
fined scales are linked they provide insight on ecosystem
structures, processes, and functions.
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