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Scale and resolution of forest structural pattern
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Abstract

Anindividual tree-based forest succession model was modified to simulate a forest stand as a grid of contiguous
0.01-ha cells. We simulated a 9 ha stand for 750 years and sampled the stand at 50 yr intervals, outputting
structural variables for each grid cell. Principal components analysis was used to depict temporal patterns in
forest structure as observed in 0.01 ha samples (individual grid cells). We then resampled the grid using square
aggregates of 4 to 100 grid cells as quadrats. Principal component scores recalculated for the aggregates, using
the original (0.01 ha scale) scoring matrix, depict the effects of obervational scale on perceived patterns in
forest structure. Larger quadrats reduce the apparent variation in forest structure and decrease the apparent
rate of structural dynamics. Results support a scale-dependent conceptualization of forest systems by illustrat-
ing the qualitative difference in forest dynamics as viewed at the scale of individual gap elements as compared
to the larger scale steady state mosaic. The aggregation exercise emphasizes the relationship between these two
observational scales and serves as a general framework for understanding scaling relationships in ecological
phenomena.

Introduction largely inaccessible except as chronosequences (simi-

lar sites of different history and seral age), which are

A growing body of literature addresses the point that
the same general phenomenon can differ qualitative-
ly when viewed from different spatial or temporal
scales (e.g., Allen & Starr 1982; Allen e al. 1984). To
examine fine-scale details as well as larger patterns
in the same observation set, ecologists require data
that are simultaneously fine-grained (high resolu-
tion) and extensive (Allen et al. 1984). Yet forest ecol-
ogists are faced with obvious difficulties in collect-
ing such data, as detail and extent are logistically
competitive and tend to be rather exclusive of one
another. Further, long-term records for forests are

often fraught with historial artifacts that com-
promise the generality of inferences drawn from
them.

Simulation models are a useful means of generat-
ing data that are fine-grained as well as extensive.
Moreover, simulated data can be experimentally
controlled, allowing one to focus clearly on the pat-
terns of interest. Here we use a forest simulation
model (Urban & Smith, internal report, modified
from Shugart & West 1977) to explore the effects of
observational scale on perceived patterns in forest
structure. Our analyses demonstrate the qualitative
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difference in forest structural pattern and dynamics
at small versus larger spatial scales and illustrate the
relation between the different scales. The result is a
statistical construct of a forest stand as a two-level
system, in which the larger-scale stand encompasses
a finer-scale, dynamic pattern of gap-phase replace-
ment. ;

Forests are an appropriate focus for a study of the
effects of observational (sampling) scale, because
there is a strong theoretical basis that suggests alter-
native reference scales. Watt (1925, 1947) proposed
a conceptual model of a forest as a dynamic pattern
that could be considered constant if viewed over a
larger area. Bormann & Likens (1979) further devel-
oped this model with their ‘shifting-mosaic steady
state’, described for northern hardwood forestsin the
eastern United States. Shugart (1984) used forest
simulation models to elaborate and generalize this
theme of multilevel behavior in forest systems. Here
we pursue the shifting mosaic steady-state as a
statistical construct.

Methods
Forest simulation model

The model used in this study is ZELIG, an individu-
al tree simulator of the JABOWA (Botkin et al. 1972)
and FORET (Shugart & West 1977) genre. It is
designed to simulate a contiguous forest area of
user-defined size. It differs operationally from the
JABOWA/FORET approach in that the simulated
forest changes through time as a spatially interactive
unit rather than as a series of independent plots. The
model is based on a grid of 10 mx10 m cells; this
0.01 ha cell corresponds to the scale of a typical for-
est gap in eastern deciduous forest (Runkle 1985).
Grid dimensions are user-specified and may range
from a one-dimensional transect to a rectangle of
any length or width. Forest pattern is spatially ex-
plicit to a resolution of 0.01 ha, in that each tree is
assigned to a grid cell, but positions within the cell
are not accounted.

Establishment and growth of individual trees on
each grid cell are based on the assumption of
horizontal homogeneity at a given scale, in this case

0.04 ha. This area represents the zone of influence
of a canopy-dominant tree (Shugart & West 1979).
In ZELIG, this zone is defined by aggregating a 0.04
ha quadrat centered on the grid cell of interest (Fig.
1). Following the JABOWA/FORET approach,
woody biomass and leaf area at defined (1-m) height
intervals are calculated for the 0.04 ha quadrat.
These sums (biomass and leaf area) represent neigh-
borhood (gapscale) constraints used to modify the
establishment, growth, and death of trees on the
center grid cell. This aggregate is redefined for each
grid cell, so the model in effect represents a roving
quadrat that moves through the grid. Edge effects in
the roving quadrat are avoided by wrapping the grid
onto itself.

Growth of trees in the model is based on species-
specific functions relating growth increment to the
current size of an individual (Botkin ef al. 1972;
Shugart 1984). Each species has a maximum growth
increment at a given size under optimal conditions.
Interaction among individuals (i.e., competition) is
incorporated by reducing the maximum growth
increment according to canopy volume (as leaf area)
and stand volume (as woody biomass). Mortality is
modeled as a stochastic process, where the probabili-
ty of survival of an individual in a given year de-
pends on the expected maximum longevity of that
species. Probability of mortality is increased for in-
dividuals failing to achieve minimal growth (ie.,
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Fig. 1. Schematic aggregation of a 0.04 ha zone of influence
(shaded quadrat) about a focal 0.01 ha grid cell (bold line). Leaf
area and stand biomass are aggregated according to the portions
shaded in each cell; these aggregates then influence tree growth
on the focal cell, generating a spatial interaction in the modeled
forest.
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ling establishment is a function of a maximum in-
seeding rate (estimated empirically for each species),
modified according to light available at the forest
floor (Pastor & Post 1985).

The ZELIG model is distinguished from its
predecessors by explicit spatial interactions. Thus,
the model is useful in a variety of applications that
require information about forest pattern at spatial
scales larger than a single forest gap (Urban & Smith

in prep.).

Simulation

A 9 ha stand was modeled as a 30x30 grid of 900
0.01 ha cells. Grid cells were initialized with no trees,
in effect mimicking a secondary successional se-
quence from an abandoned field; 750 years were
simulated. Tree species were selected from those used
in FORET simulations of southern Appalachian
forests (Shugart & West 1977), but, as our analyses
focused on forest structure, we do not consider spe-
cies composition here. The simulated forest was
sampled at 50 yr intervals, by tallying the diameter
of each stem on each grid cell. These diameters were
subsequently collated to 5 size classes (0—10, 10— 20,
20-30, 30—60, and >60 cm in diameter). Subse-
quent analyses were restricted to these 5 structural
variables. The total sample size was 900 quad-
rats/sample year, over 15 sampling intervals, or
13500 total samples.

We compared forest structure as simulated by the
model to forest data collected in an East Tennessee
forest (Urban, unpublished data). Comparable data
sets were assembled by aggregating model quadrats
into 0.09 ha samples; the Tennessee data were collect-
ed in 0.08 ha plots. Stem tallies from Tennessee were
collated to the same five size classes used in our ana-
lyses. Diameter frequency distributions were very
similar for the real and simulated forests, suggesting
that the simulated patterns were sufficiently realistic
for our purposes.
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Analysis

We performed principal components analysis
(PCA) on the pooled sample to reduce the dimen-
sionality of the data for purposes of illustration (see
Allen & Shugart 1983 for a similar application). This
statistical treatment capitalizes on the natural corre-
lation structure in forest samples: a dense understory
and dense overstory are mutually exclusive in a small
quadrat, hence, are negatively correlated. PCA
idealizes this relation by emphasizing the correlation
structure rather than our arbitrary size class bound-
aries.

To illustrate the effects of scale on perceived pat-
terns in forest structure, we aggregated the 0.01 ha
quadrats into successively larger square quadrats,
giving sampling scales of 0.01, 0.04, 0.09, 0.16, 0.25,
0.36, 0.49, 0.64, 0.81, and 1.0 ha. Principal compo-
nent scores were computed for each of the aggregate
samples based on the standardized scoring coeffi-
cient matrix calculated for the 0.01 ha (cell-scale)
analysis. This entailed averaging the stem tallies for
the aggregates and standardizing these averages rela-
tive to the pooled-sample, cellscale means and stan-
dard deviations.

Results

Principal components analysis summarized the vari-
ation in forest structure along three major axes,
reflecting sapling density (accounting for 31% of the
total variance), large tree density (28%), and sub-
canopy tree density (19%). For convenience of illus-
tration we retained only the first two axes. These axes
align forest quadrats according to the relative densi-
ty of the understory and overstory and provide a fac-
ile conceptual framework in which to examine forest
structure. Diameter - frequency distributions,
representing the structure of typical (averaged)
quadrats, emphasize the relative importance of tree
size classes in different regions of the principal com-
ponent space (Fig. 2).
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Fig. 2. Mean diameter distributions of quadrats in four regions
of principal component space and the pooled sample mean
(center). The histograms are intended to emphasize qualitative
differences in forest structure.

Forest dynamics in principal component space

A small quadrat (0.01 ha) undergoing gap dynamics
follows a cyclical trajectory in principal component
space, reflecting the rapid growth of saplings, their
suppression at higher densities, the dominance of a
large tree, and eventual release of the understory
when this tree dies (Fig. 3). (See Allen et al. 1977 for
another example that depicts succession as a cycle in
principal component space.)

All of the sample quadrats are initially identical
(i.e., bare ground). With time they become increas-
ingly dissimilar as their individual gap dynamics
grow out of phase with each other due to differential
growth rates and stochastic establishment and mor-
tality of individual trees on the grid cells. As these
differences accumulate over successive sampling in-
tervals, the pooled-sample variance increases rapidly
and then stabilizes in the later years of the simula-
tion. The forest as a whole (the pooled-sample
mean) transcribes an inward spiral toward the cen-
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Fig. 3. Changes in forest structure through time for a single 0.01
ha quadrat, as a trajectory in principal component space.

troid of principal component space (Fig. 4). Thus,
while the pooled-sample mean converges on the cen-
troid, the individual quadrats diverge to occupy a
greater area in this space. The trend in variance
among quadrats can be illustrated conveniently by
drawing an ellipse around 95% (%2 SD) of the vari-
ance on each principal component at successive
sampling intervals (Fig. 5).
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Fig. 4. Changes in mean forest structure through time for the
pooled 900 0.01 ha quadrats per sample year.
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Fig. 5. Trends in variation in forest structure through time, as el-
lipses that encompass 95% of the variance on two principal com-
ponent axes for the pooled sample of 0.01 ha quadrats.

Effects of sample scale

Within the framework of a statistical distribution,
the effects of sample scale (aggregate quadrat size)
are easily illustrated. With increasing quadrat size,
the behavior of a single aggregate more closely
resembles that of the pooled-sample mean (Fig. 6).
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Fig. 6. Changes in forest structure through time for a typical 0.25
ha quadrat, as a trajectory in principal component space.
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Consequently, the variance among quadrats
decreases with quadrat size (Fig. 7). The waves along
the time axis in Fig. 7 correspond to cycles of tree
replacement as the first cohort of shade-intolerant
species is replaced by its shade-tolerant successors,
which in turn are replaced in a second, less pro-
nounced wave. These damping waves are a general
pattern in forest succession mediated by gap dynam-
ics (Shugart 1984). At increasingly larger sample
scales these dynamics rapidly attenuate, so as to be
essentially absent in 1.0 ha samples.

Sample scale affects the apparent rate of forest dy-
namics as well as the patterns observed at any time.
In principal component space, the Euclidian dis-
tance between a quadrat’s position at one sampling
time and its position at the next sampling time is a
measure of its rate of change (Allen et al. 1977). At
the base sampling scale (0.01 ha), quadrats’ dynam-
ics reflect the relative growth rates of small and large
trees, corresponding to the waves of gap dynamics
(seen in Fig. 7), and decelerate slightly with time
(Fig. 8, solid line). At large sample scales, these dy-
namics are initially similar but quickly damped (Fig.
8, dashed line). Quadrats that are an order of magni-
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Fig. 7. Trends in variance in forest structure through time for
quadrats of 10 sizes. Variance is indexed as area of 95% confi-
dence ellipses as illustrated in Fig. 5.
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Fig. 8. Rate of change of forest-structural dynamics through
time for 0.01 ha quadrats (solid circles) and 1 ha quadrats (open
circles). Rate is indexed as mean Euclidian distance in principal
component space of a quadrat at time 7 from that quadrat at time
t—1.

ORNL -DWG 85-17069
20 T T T T T T T 11

MEAN VECTOR LENGTH
5
I
|

o I W S I N S S
LEVEL: 1 2 3 4 5 6 7 8 9 {0
.0f 04 .09 46 .25 .36 .49 .64 .81 1.00 ha

SPATIAL SCALE

Fig. 9. Effect of quadrat size on apparent rate of change in struc-
ture averaged over simulation years 650—750.

tude larger than the base scale are also nearly an ord-
er of magnitude slower. Apparent dynamics de-
crease steeply with sample scale (Fig. 9).

Discussion
The forest stand as a two-level system

These results illustrate two scales at which a forest
stand may be referenced, here represented by the ex-
tremes of our range of sampling scales. At a large
scale the forest stand is more or less an equilibrium
system: it succeeds to a particular (mean) configura-
tion and remains the same thereafter. At a small

scale, the forest gap is clearly not at equilibrium:
gap-scale elements are continuously undergoing
structural changes driven by the dominance of large
trees. One can focus on smaller- or larger-scale be-
haviors by choosing appropriately small or large
sample quadrats. There are certainly cases where it
is appropriate to examine forests from either vantage
point, but the important point is that the qualitative
behavior of the forest differs according to the scale
at which it is referenced.

At the scale of gap dynamics, the forest undergoes
a characteristic dynamic that is interpretable in
terms of demographic mechanisms and life-history
traits of the species involved (Huston & Smith 1987).
At the scale of the forest stand, attributes such as
stand biomass, diameter distributions, and species
composition are interpretable as the integration or
steady-state expression of gap dynamics under a giv-
en set of environmental conditions. At intermediate
scales of reference, forest behaviors are not so coher-
ent: the observed dynamics are neither gap dynamics
nor the steady-state stand. The potential to obscure
real qualitative patterns in forests by arbitrarily
choosing an inappropriate scale of reference un-
derscores the importance of using sampling
methods that are carefully scaled.

It should be emphasized that the two levels at
which we have illustrated forest pattern are mutually
exclusive in any single analysis. That is, the details
of gap dynamics are lost in an analysis of the ag-
gregate forest stand; reciprocally, an analysis that fo-
cuses on gap-scale details cannot detect larger-scale
patterns. The two levels of organization can be ob-
served only by performing one analysis, rescaling the
data, and repeating a second analysis. It has been
recommended that ecologists routinely rescale and
reanalyze their data in order to discover multi-
levelled richness in complex data (Allen & Wyleto
1983; Allen et al. 1984).

The two-levelled nature of the forest stand is of
further interpretative value because of the way the
two levels are related. The establishment, growth,
and death of individual trees generate gap dynamics,
so a mechanistic explanation of gap dynamics must
invoke the silvics of trees interacting within the gap.
At the same time, the stand is the constraining con-
text for the gaps it comprises, so a contextual expla-
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conditions (e.g., soil moisture) or disturbance regime
under which gap dynamics occur. Both mechanisms
(tree silvics) and context (stand condition) contrib-
ute to patterns in gap dynamics.

A scaling relationship for ecological pattern

Both gap dynamics and the steady-state forest stand
are scaled phenomena, but the relationship between
two such reference levels is more general than our ex-
ample and is independent of the actual scales in-
volved. Within the framework we develop, gap dy-
namics represent a source of statistical variation that
is incorporated at a larger scale of reference. In ef-
fect, aggregation transfers ‘among-component’ vari-
ation to ‘within-component’ variation, until at the
level of the forest stand, all of the variation is within
the stand. This mode of incorporation is general and
allows us to extrapolate beyond our results.

Just as differences among gap-scale elements con-
tribute to within-stand variance, differences among
forest stands in a landscape mosaic contribute to
within-landscape variance. And just as a forest stand
can be defined at a scale at which gap-scale variance
stabilizes, so can a landscape be defined at a scale
where among-stand variance stabilizes. This defini-
tion of a landscape is implicit in Whittaker’s (1953)
notion of ‘climax pattern’, a landscape mosaic with
a constant distribution of vegetation types (stands).

Levin & Buttel (1986) have suggested a useful ana-
Iytic method that is very compatible with this ap-
proach. They noted that, if within-aggregate vari-
ance and aggregate sample area are log-transformed,
the relationship between variance and aggregate area
is linear. Further, if there is no spatial covariance in
the system, the regression slope should equal —1.0.
Applying this method to our simulation data, we
log-transformed the data illustrated in Fig. 9, and
regressed the variance in principal-component vec-
tor lengths for sampling years 650 — 760 on aggregate
sample area (again, both variables log-
transformed). The slope of this regression was
—0.95 (p<0.0001, r=0.98; the slope is not different
from —1.0, p > 0.10). This result (Fig. 10) is as expect-
ed, because the spatial interactions (hence, any
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Fig. 10. Relationship between apparent rate of change in forest
structure over simulation years 650—750 and aggregate forest
area (log-transformed).

covariance) are restricted to a fine scale of resolution
(i.e., adjacent grid cells); there are no larger-scale in-
teractions.

We can speculate as to the kinds of larger-scale
patterns that might emerge for actual forested land-
scapes. Clearly, larger-scaled disturbances (e.g., fire)
or environmental constraints (e.g., topographic pat-
tern) would modify the pattern of variation in forest
structure. The regression relationship might also
vary for other criteria of interest (e.g., species com-
position rather than structure). It is not yet clear
whether these factors change the variance relation-
ship systematically. We are currently exploring
hypothetical scenarios of this sort, using the ZELIG
model described in this paper. Importantly, Levin &
Buttel (1986) have detailed a means of assessing the
variance relationship with field data by using sam-
pling transects. Thus, this approach seems to have
a great potential for empirical verification and fur-
ther theoretical extensions.

The incorporation of statistical variance is not
limited to forest pattern. By extension, it seems likely
that the analysis of variance framework — partition-
ing ‘within’ and ‘among’ components of variation as
a scaling operation — may prove to be a useful
framework in which to study a variety of scaled pat-
terns in general and landscapes in particular.
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