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Abstract: We analyzed spatial patterns of overstory trees in late-successional Abies amabilis (Dougl. ex Loud.) Dougl. ex
J. Forbes forests and late-successional Pseudotsuga menziesii (Mirb.) Franco forests to establish reference spatial patterns
for restoration thinning treatments, and to determine whether thinning treatments with minimum intertree spacing rules re-
sult in spatial patterns characteristic of late-successional forests. On average, 32.7% of overstory trees in Abies plots and
26.3% of overstory trees in Pseudotsuga plots occurred as members of multitree clusters (groups of trees in which trees
are spaced within a specified minimum distance of each other) at a distance of 3.0 and 4.0 m, respectively. Multitree clus-
ters occurred throughout the three Abies plots; the distribution of multitree clusters within the two Pseudotsuga plots was
variable. Spatial patterns of overstory trees in late-successional forests were significantly different from those created by
simulated restoration thinning treatments. Restoration thinning treatments that release both individual trees and multitree
clusters promote characteristic late-successional tree spatial patterns at the within-patch scale (<0.04 ha). This formulation
of restoration thinning highlights conservation of existing small-scale (<0.04 ha) spatial heterogeneity within the treatment
area, elaborating on current practices that emphasize introduction of spatial heterogeneity at scales of 0.04 ha to 1.0 ha.

Résumé : Nous avons étudié la répartition des arbres formant la canopée de forêts dominées par des espèces de fin de suc-
cession, soit Abies amabilis (Dougl. ex Loud.) Dougl. ex Forbes et Pseudotsuga menziesii (Mirb.) Franco, afin d’établir
des répartitions pouvant servir de référence pour les traitements d’éclaircie de restauration et de déterminer si les traite-
ments d’éclaircie basés sur des règles minimales d’espacement entre les arbres produisent des répartitions caractéristiques
des forêts de fin de succession. En moyenne, 32,7 % des arbres de la canopée des placettes dominées par Abies et 26,3 %
des arbres de la canopée dominée par Pseudotsuga font partie de groupes de plusieurs arbres (groupes d’arbres espacés les
uns des autres d’une distance minimale spécifiée) distants les uns des autres de respectivement 3,0 et 4,0 m. Des groupes
de plusieurs arbres étaient présents dans les trois placettes dominées par Abies alors que la distribution des groupes de plu-
sieurs arbres dans les deux placettes de Pseudotsuga était variable. La répartition des arbres de la canopée des forêts de
fin de succession était significativement différente de celle qui a été engendrée par des traitements simulés d’éclaircie de
restauration. Les traitements d’éclaircie de restauration, qui libèrent des arbres individuels et des groupes de plusieurs ar-
bres, produisent les caractéristiques de la répartition des arbres de fin de succession à l’échelle de la placette (<0,04 ha).
Cette forme d’éclaircie de restauration met en évidence la conservation de l’hétérogénéité spatiale qui existe à petite
échelle (<0,04 ha) dans la superficie traitée, ce qui explique les opérations courantes qui visent à créer une hétérogénéité
spatiale à des échelles variant de 0,04 à 1,0 ha.

[Traduit par la Rédaction]

Introduction

Restoring late-successional conditions in previously har-
vested or otherwise anthropogenically modified forests is an
increasingly common forest management objective (e.g.,
USDA and USDI 1994; City of Seattle 2000). Forest density
management with thinning is the primary silvicultural inter-
vention used to increase the rate of forest structural develop-
ment (Carey 2003), and to promote development of
characteristic late-successional forest structure and composi-

tion, including understory plant communities and wildlife
habitat, in previously harvested mesic conifer forests
(Wilson and Puettmann 2007). These objectives represent a
major departure from the traditional primary objective of
thinning, which is to optimize the yield of merchantable tim-
ber volume and financial return (Smith et al. 1997). Tradi-
tional thinning treatments typically include tree spacing
guidelines (e.g., Curtis 2006) to optimize the use of avail-
able growing space. One outcome, by definition, of spac-
ing-based thinning treatments is uniform tree spatial
patterns at scales up to the specified spacing distance; this
outcome is most strongly expressed when thinning treat-
ments include a minimum intertree spacing rule. It is cur-
rently not known whether spacing-based thinning treatments
result in tree spatial patterns characteristic of late-succes-
sional forests.

Any thinning treatment imposes a spatial pattern on the
arrangement of trees in the treated forest stand; silvicultural-
ists have the opportunity to specify particular tree spatial
patterns to be retained or introduced. In mesic Pacific Coast
conifer forests Carey (2003; A. Carey, personal communica-
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tion, 10 February 2008) recommends creating patches at the
0.1 to 0.5 ha scale with a 2:1 ratio of light to heavier thin-
nings. These recommendation are based on spatial patterns
of forest structure in late-successional forests capable of
supporting populations of northern spotted owls (Carey et
al. 1999a) and results from the Forest Ecosystem Study
(Carey et al. 1999b). This method is known as variable den-
sity thinning (VDT) (Carey 2003) and is a specific case of
‘‘free’’ thinning (Tappeiner et al. 2007). In free thinning,
the size and species of trees designated for removal and re-
tention vary across the treatment area and are determined by
the relative priority for retention and by the frequency of
occurrence of different tree species and size classes (Tap-
peiner et al. 2007). Other recommendations for restoration
thinning treatments in mesic Pacific Coast conifer forests in-
clude leaving unthinned ‘‘skips’’ and creating open ‘‘gaps’’
or heavily thinned patches at scales ranging from 0.04 to
0.3 ha (Carey and Harrington 2001; Roberts et al. 2007) up
to 1.0 ha (Wilson and Puettmann 2007). Skips and gaps to-
gether usually occupy 10% to 25% of the treatment area
(e.g., Roberts et al. 2007) and are embedded in the remain-
ing 75% to 90% of the treatment area. This remaining area
is thinned to one or sometimes two target densities using
traditional spacing-based method (Roberts et al. 2007; Wil-
son and Puettmann 2007).

The recommended scale (0.04 to 1.0 ha) for introducing
spatial heterogeneity with restoration or VDT thinning
(Carey and Harrington 2001; Carey 2003; Roberts et al.
2007; Wilson and Puettmann 2007) appears to approximate
patch-scale spatial patterns found in mesic late-successional
conifer forests in Washington (Chen et al. 2004; Larson and
Franklin 2006) and Oregon (Bradshaw and Spies 1992).
However, guidance for restoration thinning treatments with
respect to tree spatial patterns at the within-patch scale (i.e.,
less than *0.04 ha, or a radius of about 11 m) is lacking.

Characterization and analysis of tree spatial patterns are
carried out with stem-map data (Moeur 1993): tree locations
are surveyed in the field and then represented as points on a
plane, with the spatial point pattern subjected to statistical or
descriptive analysis. One popular method for analyzing tree
spatial patterns is the family of distance-based spatial point
pattern statistics (Loosmore and Ford 2006); Ripley’s K sta-
tistic is an example of this type of analysis. However, trans-
lating results from analyses with spatial point pattern
statistics into management recommendations is extremely
difficult and, in many cases, operationally infeasible. Silvi-
cultural prescriptions are often written and implemented in
terms of specific forest structural elements such as individ-
ual trees or patches (e.g., ‘‘thin to a residual density of
150 trees/ha’’ or ‘‘leave one, 0.1 ha unthinned skip per hec-
tare’’). Thus, a method of characterizing spatial patterns in
terms of discrete groups of trees, rather than frequency dis-
tributions of intertree spacing or departure from a null spa-
tial model, should be useful in the design of restoration
thinning prescriptions.

In this study we examine the spatial patterns of overstory
trees in several mesic late-successional conifer forests of the
Pacific Northwest. Residual trees left following restoration
thinning treatments in these forests are intended to become
the initial cohort of overstory trees in the target late-succes-
sional (restored) stand structure. Thus, information about

spatial patterns of overstory trees in late-successional forests
will help managers ensure that restoration thinning prescrip-
tions achieve their intended result. Our study proceeds in
two stages. First, we characterize patterns of overstory tree
spacing in five late-successional forests using the clustering
algorithm of Plotkin et al. (2002). Second, we determine
whether the spatial pattern of residual trees created by
spacing-based restoration thinning treatments differs
significantly from the spatial pattern of overstory trees in
late-successional forests. Specifically, we test the null
hypothesis that spatial patterns of overstory trees in five dif-
ferent mesic late-successional conifer forests are not signifi-
cantly different from those created by simulated restoration
thinning prescriptions that include a minimum intertree
spacing rule. For sites characterized by the presence of the
long-lived early-seral-dominant Pseudotsuga menziesii
(Mirb.) Franco we repeated these analyses using only over-
story Pseudotsuga stems to examine the spatial patterns of
an overstory species that does not typically self-replace in
late-successional forests.

Methods

Study area
The study sites are situated within Tsuga heterophylla

Zone and Abies amabilis Zone forests in the western Wash-
ington Cascade Range. None of the study forests have
experienced silvicultural manipulations. The Tsuga hetero-
phylla Zone is the most extensive forest vegetation type in
western Washington and Oregon, occurring on mesic, tem-
perate sites below about 1000 m (Franklin and Dyrness
1988). Total precipitation ranges from about 1500 to
3000 mm, falling primarily as winter rains with transient
snowfall. Mean annual temperatures are about 8 to 11 8C.
Tsuga heterophylla Zone forests are equivalently termed
Pseudotsuga forests, reflecting the early-seral dominance
and long-lasting presence of P. menziesii in these forests
(Franklin et al. 2002). The Abies amabilis Zone, where
Abies amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes occurs
as the principal late-successional species, occupies middle-
and upper-slope sites (about 1000 to 1500 m) in the
western Cascade Range (Franklin and Dyrness 1988). Envi-
ronmental conditions within the Abies amabilis Zone are
characterized by cool temperatures (mean annual tempera-
ture of about 5 to 6 8C) and heavy precipitation (2000 to
2500 mm annually), with much precipitation falling as
winter snow and accumulating to depths of 1000 to
3000 mm (Franklin and Dyrness 1988). We refer to the
Abies amabilis Zone and Tsuga heterophylla Zone as Abies
forests and Pseudotsuga forests, respectively.

We used previously published data sets to generate maps
of overstory tree locations in two late-successional Pseudot-
suga forests and three late-successional Abies forests
(Table 1). Overstory trees were defined as those
trees ‡25 m tall in the Abies plots (Larson and Franklin
2006). We defined overstory trees in the Canopy Crane plot
as trees ‡40 m tall based on inspection of tree height distri-
bution. A complete inventory of tree heights was not avail-
able for the Yellowjacket Creek plot. However, maximum
tree height (*65m) and diameter (190 cm) in the Yellow-
jacket Creek plot (Winter et al. 2002a) were similar to max-
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imum tree height (64.6 m) and diameter (182.5 cm) in the
Canopy Crane plot. Thus, we assumed that the overstory
canopy stratum and height–diameter relationships in the
Yellowjacket Creek plot could be adequately represented by
those of the Canopy Crane plot and defined overstory trees
in the Yellowjacket Creek plot as all trees with a diameter at
breast height (DBH) >45 cm, which is the smallest overstory
tree DBH in the Canopy Crane plot. Site characteristics,
field sampling methods, and stand structure for the study
sites have been reported elsewhere (Winter et al. 2002a,
2002b; Shaw et al. 2004; Larson and Franklin 2006). Over-
story tree species composition ranged from two to six coni-
fer species per plot, and overstory density ranged from 81.5
to 215.0 trees/ha (Table 2).

Cluster analysis
The clustering algorithm is very straightforward. Trees are

members of the same cluster if they are within distance t of
each other. At any value of t the data set is partitioned into a
set of unique clusters. In the case of t = 0 the number of
clusters will equal the number of trees in the pattern. All
trees are members of the same single cluster when t exceeds
the maximum nearest neighbor distance in the pattern.

Clusters coalesce and grow in a pairwise fashion: not all
trees within the cluster need be within t of each other; how-
ever, all trees in the cluster must link to at least one neigh-
bor within t. For example, if tree I and J are within t of each
other, they are in the same cluster. If tree K is greater than t
from either tree I or J, it forms a separate cluster. However,
if a fourth tree is introduced, H, which is within t of tree J
and tree K, the cluster grows to a size of four and now con-
tains trees H, I, J, and K. Refer to Fig. 1 in Plotkin et al.
(2002) for a graphical example. There are no constraints on
the spatial configuration of the cluster: clusters may take
any form as long as a chain of pairwise linkages £t is main-
tained among the cluster members.

Variation in cluster characteristics and demographics vary
with respect to t provides the basis for spatial pattern char-
acterization at multiple scales. For a given t, the data set
will be portioned into m distinct clusters, with the size of
the individual clusters represented as c1, c2, . . ., cm. The total
number of points in the pattern is then denoted as

n ¼
X

ci

Mean cluster size (Plotkin et al. 2002) is then:

c ¼ 1

n

Xm
i¼1

c2
i

The normalized mean cluster size bc, which is useful for
comparing results across patterns of different n, is calculated
as:

bc ¼ c=n
The cluster size distribution at various scales is particu-

larly useful, as it provides a quantitative, yet intuitive char-
acterization of spatial heterogeneity.

Statistical analysis
The G and K spatial point pattern statistics (Diggle 2003)

were used to test the null hypothesis of no difference be-
tween the spatial patterns of overstory trees (all species
pooled) in natural late-successional Abies forests and Pseu-
dotsuga forests and the spatial patterns of trees created by
spacing-based restoration thinning in young forests. Statisti-
cal analysis of spatial point patterns is based on comparing
an empirical test statistic calculated from interpoint distan-
ces of the observed pattern to a null distribution of test sta-
tistics derived from a set of s Monte Carlo (MC) simulated
spatial point patterns, where point-to-point distances are
considered up to some maximum distance tmax (Diggle
2003). Traditionally, inference is made using a method
known as the simulation envelope approach and a null
model of complete spatial randomness (CSR; e.g., Kenkel
1988). Unfortunately, the simulation envelope method leads
to sharply inflated type-I error rates (Loosmore and Ford
2006), rendering it inappropriate as a method of inference
about pattern and scale. Loosmore and Ford (2006) devel-
oped a goodness-of-fit test for the G and K statistics that
provides the expected type-I error performance; their
method for inference is used in this present analysis. Briefly,
the values of the spatial statistic of interest (G or K) over the
range of scales examined are reduced to a single summary
test statistic, ui (eq. 3 in Loosmore and Ford (2006)). Test
statistics (u) are calculated for the observed pattern (u1) and
each of the MC simulated patterns (ui; i = 2, . . ., s). A stat-
istical test can then be performed by ranking u1 against the
test statistics for the s MC simulated patterns.

The nature of our hypothesis required that a null model
other than CSR be used, because spacing-based thinning
treatments by definition do not create CSR tree patterns.
Postrestoration thinning tree spatial patterns in young forests
were modeled with a hard-core inhibition spatial point proc-
ess (simple sequential inhibition, Diggle 2003): locations of
points (i.e., trees) are constrained such that no points occur
within a specified distance tthin of each other. This method
mimics operational guidelines and contract language for
minimum spacing requirements in spacing-based restoration
thinning prescriptions (Hunter 2001); e.g., ‘‘remove all trees

Table 1. Summary of site characteristics for the study plots.

Site Forest Zonea
Age
(years)

Elevation
(m) Plot dimensions or size Source

Sutton Lake Abies amabilis *300 1160 100 m � 100 m Larson and Franklin 2006
Sister Rocks Abies amabilis *600 1200 100 m � 100 m Larson and Franklin 2006
Mosquito Lake Abies amabilis *300 1110 100 m � 200 m Larson and Franklin 2006
Canopy Crane Tsuga heterophylla *500 370 200 m � 200 m Shaw et al. 2004
Yellowjacket Creek Tsuga heterophylla *500 700 3.3 ha irregular polygon Winter et al. 2002b

aAccording to Franklin and Dyrness (1988).
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within 3.5 m of the target tree’’. The value of tthin was set to
3.0 m for Abies plots and 4.0 m for Pseudotsuga plots; these
values are conservative representations (i.e., more closely
spaced) of tree spacing created by typical restoration thin-
ning treatments in both merchantable and nonmerchantable
stands of these respective forest types (e.g., Curtis et al.
2000; Curtis 2006). Tree spacing was implemented using
pith-to-pith distances in simulations, which is also conserva-
tive; tree spacing in actual thinning treatments is usually be-
tween the outer radii of tree boles. The number of points in
a simulated pattern was set equal to the number of overstory
trees in the plot being tested. A null distribution of n = 1999
Monte Carlo simulated patterns was used for each test. Edge

correction was carried out using the reduced sample method
(Loosmore and Ford 2006): points are excluded from the
sample when a neighbor point does not occur within a
search radius less than the distance to the nearest plot boun-
dary. The 2 ha Mosquito Lake study plot (Table 1) was sub-
divided into two, 1 ha plots (Mosquito Lake west and
Mosquito Lake east) to reduce computation time and mem-
ory requirements, which were prohibitively large. Statistical
analysis was not conducted for the Yellowjacket Creek plot
because the method used (Loosmore and Ford 2006) does
not accommodate plots with irregular boundaries.

The value of tmax is user specified based on the spatial
scale of the null process to which the observed pattern is
compared (see eq. 3 and associated discussion in Loosmore
and Ford (2006)). Initially, tests were conducted with tmax =
tthin, the scale at which the process of interest — restoration
thinning — occurs. Tests were repeated with tmax = 13.0 m,
the best estimate available for the maximum expected scale
of competitive interactions — the ecological process that
causes natural self-thinning in Pseudotsuga (Franklin et al.
2002) and Abies (Oliver et al. 1985) forests, and for which
restoration thinning is a surrogate — among trees in mesic
Pacific Coast conifer forests (Canham et al. 2004). Setting
tmax = 13.0 m allowed comparisons of tree spatial patterns
over the range of scales at which competition and, presum-
ably, natural self-thinning occur.

A second test was conducted in which only Pseudotsuga
trees were considered in the Canopy Crane plot. Limiting
the analysis to only Pseudotsuga stems provided a more
conservative test of the null hypothesis: Pseudotsuga does
not self-replace in the absence of major disturbance
(Franklin et al. 2002). The shade-tolerant conifers Abies
amabilis, Tsuga heterophylla (Raf.) Sarg., and Thuja plicata
Donn ex. D. Don, and the moderately shade tolerant species
Abies grandis (Dougl. ex D. Don) Lindl. and Abies procera
Rehd. can occupy canopy positions in natural late-succes-
sional Pseudotsuga forests (Table 2). Closely spaced over-
story trees are less likely to be detected when these species
are excluded from the analysis.

All analysis was carried out in the statistical program and
language R (R Core Development Team, http://cran.
r-project.org). We used R source code supplied as an online
supplement to Loosmore and Ford (2006) for hypothesis

Table 2. Overstory tree species composition in the study plots.

Density (trees/ha)

Species
Sutton
Lake

Sister
Rocks

Mosquito
Lake

Canopy
Crane

Yellowjacket
Creek

Abies amabilis 77.0 171.0 181.0 1.0 —
Abies grandis — — — 3.0 —
Abies procera 6.0 — — 0.3 —
Pseudotsuga menziesii 3.0 — 1.0 34.0 13.9
Thuja plicata — — — 11.0 9.1
Tsuga heterophylla 78.0 21.0 8.0 32.3 63.6
Tsuga mertensiana 51.0 — 35.0 — —
Total 215.0 192.0 225.0 81.5 86.7

Note: Overstory trees are defined as trees ‡25 m tall for the Sutton Lake, Sister Rocks, and
Mosquito Lake sites (Larson and Franklin 2006); trees ‡40 m tall for the Canopy Crane site;
and trees ‡45 cm DBH for the Yellowjacket Creek site. See Methods for further explanation.

Fig. 1. Normalized mean cluster size of overstory trees (all species
pooled) plotted as a function of distance for the three Abies plots.
All trees belong to the same cluster when normalized mean cluster
size = 1. The inflection point marks tcrit, the ‘‘percolation thresh-
old’’ (Plotkin et al. 2002), which is the scale at which trees transi-
tion from being arranged primarily in many small clusters to a
single large cluster. In all three Abies plots tcrit = 7 to 8 m. See
Methods for additional detail.
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testing with the G and K point pattern statistics. We devel-
oped R source code to implement the cluster algorithm and
provide it as a supplement to this present article.3

Results

Cluster analysis
The shape of the normalized mean cluster size curve was

similar among the three Abies plots (Fig. 1): normalized
mean cluster size was very small up to about t = 5 m. From
5 to 10 m, however, the mean cluster size rose sharply, ap-
proaching the maximum cluster size. This transition marks
the critical distance (tcrit) known as the ‘‘percolation thresh-
old’’ (Plotkin et al. 2002), which is the scale at which trees
transition from being primarily arranged in many small clus-
ters to one single large cluster. This transition occurred con-
sistently at about 7 to 8 m in the Abies plots. In other words,
the majority of overstory trees had multiple neighbors within
about 8 m, such that the trees formed a single or few large
cluster(s).

Normalized mean overstory tree (all species pooled) clus-
ter size increased with distance in the Pseudotsuga plots,
but the scale of pattern differed from that observed in the
Abies plots. Overstory trees in the both the Canopy Crane
and Yellowjacket Creek plots were arranged such that tcrit
was relative larger than that in the Abies plots, about 13 m,
and the transition from many small to a few large clusters
occurred at larger distances and over a greater range, from
about 8 to 15 m (Fig. 2). When only P. menziesii trees
were considered in the Canopy Crane and Yellowjacket
Creek plots, the transition from many small clusters to a
single large cluster occurred over an even wider range of
distances, from about 7 to 43 m (Fig. 2). Conspecific
P. menziesii clusters coalesced and grew relatively slowly
until tcrit was reached at about 24 m in the Canopy Crane
plot and 33 m in the Yellowjacket Creek plot (Fig. 2). The
larger tcrit in the Yellowjacket Creek plot likely reflects the
relatively lower density of P. menziesii trees in the Yellow-
jacket Creek plot (13.9 trees/ha) compared with that in the
Canopy Crane plot (34.0 trees/ha): on average, P. menziesii
trees should be spaced further apart in the Yellowjacket
Creek plot.

The distribution of trees among clusters of different sizes
at a given distance (Tables 3 and 4) is perhaps of greatest
relevance to informing the design of restoration thinning
treatments. In the three Abies plots 64.9% to 71.9% of
overstory trees occurred in single-tree clusters at a distance
of tthin (3.0 m). However, multitree clusters were present at
scales as small as 1 m in the Mosquito Lake plot and 2 m
in the Sutton Lake and Sister Rocks plots (Table 3). Over-
story trees occurred in clusters of three to six or more trees
at a distance of tthin in the Abies plots (Table 3). Similarly,
only 73.3% of overstory trees in the Canopy Crane plot
and 74.1% of overstory trees in the Yellowjacket Creek
plot occurred in single-tree clusters at tthin (4.0 m), and
clusters as large as four trees were observed at tthin
(Table 4). Pseudotsuga menziesii trees were less likely to

belong to conspecific multitree clusters at tthin; however,
8.8% and 4.3% of P. menziesii trees belonged to a conspe-
cific cluster of size = 2 (i.e., composed of two trees)
(Table 4).

The prevalence of multitree clusters at scales £tthin ex-
plains the results from the statistical tests. Spacing-based
thinning treatments eliminate multitree clusters at
scales £tthin.

Multitree clusters at tthin exhibited variable spatial patterns
in terms of distribution of clusters across the plot area in the
intensively studied stands (Fig. 3). Multitree clusters at tthin
were distributed throughout the plot area in all three Abies
plots (Figs. 3b–d). Considerable heterogeneity was apparent
in the distribution of multitree clusters in the Canopy Crane
plot: a patch of approximately 1 ha lacked multitree clusters
(Fig. 3a). Multitree clusters were distributed throughout the
Yellowjacket Creek plot (data not shown).

Fig. 2. Normalized mean cluster size of overstory trees (all species
pooled) and Pseudotsuga menziesii trees only plotted as a function
of distance for the two Pseudotsuga plots. All trees belong to the
same cluster when normalized mean cluster size = 1. The inflection
point marks tcrit, the ‘‘percolation threshold’’ (Plotkin et al. 2002),
which is the scale at which trees transition from being arranged
primarily in many small clusters to single large cluster. When all
species were included tcrit was reached at about 13 m in both the
Canopy Crane and Yellowjacket Creek plots. However, when only
P. menziesii trees were considered tcrit increased to about 24 m in
the Canopy Crane plot and 33 m in the Yellowjacket Creek plot.
The larger tcrit for P. menziesii trees in the Yellowjacket Creek plot
likely reflects the relatively lower density of P. menziesii trees in
the Yellowjacket Creek plot (13.9 trees/ha) compared with that in
the Canopy Crane plot (34.0 trees/ha): on average, P. menziesii
trees should be spaced further apart in the Yellowjacket Creek plot.
See Methods for additional detail.

3 Supplementary data for this article are available on the journal Web site (http://cjfr.nrc.ca) or may be purchased from the Depository of
Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa, ON K1A
0R6, Canada. DUD 3849. For more information on obtaining material refer to http://cisti-icist.nrc-cnrc.gc.ca/cms/unpub_e.html.
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Statistical analysis
The spatial pattern created by simulated spacing-based re-

storation thinning prescriptions was statistically different
from the spatial pattern of overstory trees (all species
pooled) in the three Abies plots and the Canopy Crane Pseu-
dotsuga plots at spatial scales of 0 to 3.0 m and 0 to 4.0 m,
respectively. The null hypothesis was rejected (P £ 0.009)
when tthin = tmax with both the G and K spatial statistics
(Table 5). The spatial patterns of trees created by simulated
spacing-based restoration thinning treatments remained
significantly different from the spatial pattern of overstory
trees in all plots when tests were repeated with tmax =
13.0 m (P £ 0.014).

The spatial pattern trees in the Canopy Crane plot re-
mained statistically different from patterns created by simu-
lated spacing-based restoration thinning prescriptions when
only P. menziesii trees were considered (Table 5). The null
hypothesis was rejected with both the G and K spatial statis-
tics (P £ 0.001) when tthin = tmax, and again when tmax =
13.0 m (P £ 0.003).

Discussion

Development and detection of spatial structure within
forest patches

Plant population ecology theory predicts that self-thinning
in plant populations due to competitive mortality may lead
to the development of spatial uniformity (or, equivalently,
spatial regularity) in the distribution of plants surviving the
self-thinning process (Greig-Smith 1957; Pielou 1962). Spa-
tial uniformity is rare in natural plant populations (Greig-
Smith 1957; Adler 1996), although some empirical studies
have found that self-thinning leads to the development of
modest spatial regularity in the arrangement of the trees sur-
viving competitive mortality (e.g., Kenkel 1988).

Natural stand development often includes a self-thinning
phase in Pseudotsuga (Oliver and Larson 1996; Franklin et
al. 2002) and Abies forests (Oliver et al. 1985). A tendency
towards spatial regularity in the distribution of overstory
trees has been observed in mesic conifer forests of the Pa-
cific Coast region (Stewart 1986; He and Duncan 2000;

Table 3. Number per hectare (with percentages in parentheses) of overstory trees (all species
pooled) in Abies amabilis Zone stands occurring in clusters of different sizes at various spatial
scales.

Cluster size (trees/cluster)

Scale (m) 1 2 3 4 5 ‡6

Sutton Lake
1 215.0 (100.0) — — — — —
2 177.0 (82.3) 16.0 (14.9) 2.0 (2.8) — — —
3 140.0 (65.1) 26.0 (24.2) 6.0 (8.4) — 1.0 (2.3) —
4 92.0 (42.8) 29.0 (27.0) 11.0 (15.3) 4.0 (7.4) 2.0 (4.7) 1.0 (2.8)
5 62.0 (28.8) 14.0 (13.0) 12.0 (16.7) 5.0 (9.3) 2.0 (4.7) 8.0 (27.5)
6 35.0 (16.3) 7.0 (6.5) 5.0 (7.0) 5.0 (3.7) 6.0 (14.0) 10.0 (52.5)
7 15.0 (7.0) 3.0 (2.8) — 1.0 (1.9) 3.0 (7.0) 9.0 (81.3)
8 5.0 (2.3) 2.0 (1.9) — — — 6.0 (95.8)
9 5.0 (2.3) — — — — 1.0 (97.7)
10 1.0 (0.5) — — — — 1.0 (99.5)

Sister Rocks
1 192.0 (100.0) — — — — —
2 180.0 (93.8) 6.0 (6.2) — — — —
3 138.0 (71.9) 21.0 (21.9) 4.0 (6.2) — — —
4 92.0 (47.9) 24.0 (25.0) 12.0 (18.8) 2.0 (4.2) — 1.0 (4.1)
5 48.0 (25.0) 17.0 (17.7) 9.0 (14.1) 5.0 (10.4) 2.0 (5.2) 6.0 (27.6)
6 25.0 (13.0) 8.0 (8.3) 5.0 (7.8) 4.0 (8.3) 2.0 (5.2) 8.0 (57.4)
7 11.0 (5.7) 3.0 (3.1) 3.0 (4.7) 1.0 (2.1) 1.0 (2.6) 5.0 (81.8)
8 3.0 (1.6) 1.0 (1.0) 1.0 (1.6) 1.0 (2.1) 1.0 (2.6) 2.0 (91.1)
9 1.0 (0.5) — — 2.0 (4.2) 1.0 (2.6) 2.0 (92.7)
10 1.0 (0.5) — — 1.0 (2.1) — 1.0 (97.4)

Mosquito Lake
1 222.0 (98.7) 1.5 (1.3) — — — —
2 183.5 (81.6) 18.5 (16.4) 1.5 (2.0) — — —
3 146.0 (64.9) 28.5 (25.3) 4.0 (5.3) 0.5 (0.9) 1.0 (2.2) 0.5 (1.4)
4 80.5 (35.8) 34.5 (30.7) 10.5 (14.0) 4.0 (7.1) 2.0 (4.4) 2.5 (8.0)
5 39.0 (17.3) 21.0 (18.7) 7.5 (10.0) 5.5 (9.8) 5.5 (12.2) 9.0 (32.0)
6 20.5 (9.1) 8.0 (7.1) 5.0 (6.7) 3.5 (6.2) 3.5 (7.8) 9.0 (63.1)
7 9.5 (4.2) 2.0 (1.8) 1.5 (2.0) 1.0 (1.8) 0.5 (1.1) 7.0 (89.1)
8 4.0 (1.8) 1.5 (1.3) 0.5 (0.7) 1.0 (1.8) 0.5 (1.1) 2.0 (93.3)
9 1.5 (0.7) — 0.5 (0.7) 0.5 (0.9) — 1.5 (97.7)
10 0.5 (0.2) — — — — 1.0 (99.8)
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Van Pelt and Franklin 2000; Zenner 2004) as well as in
other forest types (e.g., Kenkel 1988; Oliver and Larson
1996). In a previous study of the Canopy Crane plot,
trees ‡76 cm DBH were more regularly spaced than ex-
pected at distances of 0 to 15 m based on a null model of
spatial randomness (North et al. 2004).

These earlier findings seem to contrast with results from
the statistical tests (Table 5) reported in this present study,
which indicate that overstory tree spatial patterns in the

study plots are not regular. What might explain this apparent
discrepancy? It is critical to note that the prior studies and
this present study did not use similar spatial null models.
The previous studies demonstrated that the spatial pattern of
overstory trees in their study plots departed from (rejection
of) a null model of spatial randomness, i.e., the patterns ob-
served in these studies were more spatially uniform than the
random expectation. However, the authors did not confirm
strict regular (i.e., hard-core inhibition) tree spatial patterns.

Table 4. Number per hectare (with percentages in parentheses) of overstory trees (all species
pooled) and Pseudotsuga menziesii trees only in Tsuga heterophylla Zone stands occurring in
clusters of different sizes at various spatial scales.

Cluster size (trees/cluster)

Scale (m) 1 2 3 4 5 ‡6

Canopy Crane
1 81.5 (100.0) — — — — —
2 77.0 (94.5) 2.3 (5.5) — — — —
3 70.0 (85.9) 5.0 (12.3) 0.5 (1.8) — — —
4 59.8 (73.3) 7.0 (17.2) 2.3 (8.3) 0.3 (1.2) — —
5 50.8 (62.3) 9.5 (23.3) 2.5 (9.2) 0.8 (3.7) 0.3 (1.5) —
6 37.8 (46.3) 10.8 (26.4) 3.8 (13.8) 1.8 (8.6) 0.5 (3.1) 0.3 (1.8)
7 29.0 (35.6) 9.5 (23.3) 4.5 (16.6) 1.0 (4.9) 1.3 (7.7) 1.5 (11.9)
8 20.0 (24.5) 8.3 (20.2) 3.5 (12.9) 1.5 (7.4) 0.8 (4.6) 2.3 (30.4)
9 13.3 (16.3) 5.8 (14.1) 2.8 (10.1) 0.8 (3.7) 1.5 (9.2) 2.5 (46.6)
10 8.5 (10.4) 3.8 (9.2) 2.5 (9.2) 0.8 (3.7) 1.5 (9.2) 3.3 (58.3)

Yellowjacket Creek
1 86.7 (100.0) — — — — —
2 83.0 (95.8) 1.8 (4.2) — — — —
3 77.0 (88.8) 4.8 (11.2) — — — —
4 64.2 (74.1) 10.3 (23.8) 0.6 (2.1) — — —
5 54.2 (62.6) 10.9 (25.2) 2.1 (7.3) 0.3 (1.4) 0.6 (3.5) —
6 40.9 (47.2) 12.1 (28.0) 3.0 (10.5) 0.9 (4.2) 0.6 (3.5) 0.9 (6.6)
7 27.9 (32.2) 7.9 (18.2) 5.5 (18.9) 1.5 (7.0) 1.5 (8.7) 1.8 (15.0)
8 18.5 (21.3) 7.3 (16.8) 3.6 (12.6) 2.1 (9.8) 1.2 (7.0) 3.3 (32.5)
9 10.3 (11.9) 6.7 (15.4) 1.8 (6.3) 1.2 (5.6) 1.2 (7.0) 3.6 (53.8)
10 5.5 (6.3) 4.2 (9.8) 1.8 (6.3) 0.9 (4.2) 1.2 (7.0) 2.7 (66.4)

Canopy Crane P. menziesii
1 34.0 (100.0) — — — — —
2 34.0 (100.0) — — — — —
3 33.5 (98.5) 0.3 (1.5) — — — —
4 31.0 (91.2) 1.5 (8.8) — — — —
5 28.0 (82.4) 3.0 (17.6) — — — —
6 23.3 (68.4) 3.8 (22.1) 0.8 (6.6) 0.3 (2.9) — —
7 21.3 (62.5) 3.5 (20.6) 0.8 (6.6) 0.5 (5.9) — 0.3 (4.4)
8 15.5 (45.6) 4.0 (23. 5) 0.8 (6.6) 1.5 (17.6) — 0.3 (6.7)
9 12.8 (37.5) 2.8 (16.2) 1.5 (13.2) 0.8 (8.8) 0.3 (3.7) 0.5 (20.6)
10 11.3 (33.1) 1.8 (10.3) 2.0 (17.6) 0.5 (5.9) 0.3 (3.7) 0.8 (29.4)

Yellowjacket Creek P. menziesii
1 13.9 (100.0) — — — — —
2 13.9 (100.0) — — — — —
3 13.9 (100.0) — — — — —
4 13.3 (95.7) 0.3 (4.3) — — — —
5 12.7 (91.3) 0.6 (8.7) — — — —
6 12.1 (87.0) 0.9 (13.0) — — — —
7 12.1 (87.0) 0.9 (13.0) — — — —
8 10.9 (78.3) 1.5 (21.7) — — — —
9 9.7 (69.6) 2.1 (30.4) — — — —
10 9.7 (69.6) 2.1 (30.4) — — — —
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By using a null model of hard-core inhibition we were able
to test, and reject (Table 5), the upper limit on the degree of
spatial regularity potentially present in the tree patterns (at a
scale of tthin). However, the cluster analysis indicates that
some spatial regularity is apparent in the spatial distribution
of overstory trees (Tables 3 and 4). Between 65% and 72%
of overstory trees in Abies forests occurred as single trees
(cluster size = 1) at a scale of 3 m. Pseudotsuga forests ex-
hibited a slightly greater degree of regularity: 73% to 74%
of overstory trees occurred as single trees at 4 m. Our results
from both forest types, in combination with those of past
studies, provide a more precise characterization of the spa-
tial structure of overstory trees. Overstory tree spatial pat-
terns appear to be best characterized by the gradient
between spatial randomness and hard-core inhibition. This
type of pattern is known as soft-core inhibition (Diggle
2003). Future studies that parameterize soft-core inhibition
spatial point process models, such as the Strauss inhibition
process, may allow for even more precise characterization

of pattern intensity and scale (see Kenkel (1993) for an eco-
logical application of the Strauss process).

Our results and those of past studies in similar forests are
strong evidence that competition and subsequent nonrandom
mortality influence the spatial distribution of overstory trees
(Kenkel 1988). However, the results from the cluster analy-
sis indicate that the intensity of the past self-thinning was
not so great as to create a strict uniform pattern, the type of
pattern created by spacing-based thinning treatments. Ap-
proximately one-third and one-quarter of overstory trees in
Abies and Pseudotsuga forests, respectively, occur in multi-
tree clusters at tthin. We cannot determine the precise cause
of this heterogeneity. Several factors, such as favorable mi-
crosites or edaphic conditions; initial tree spacing or density;
localized disturbance that released tree clusters from other
neighboring competitors; or even resource sharing via root
grafting or common mycorrhizal networks (Simard et al.
1997), are potential causes of the observed heterogeneity.
Our results support the idea that natural forest development

Fig. 3. Locations of overstory trees (all species) belonging to clusters of size >1 (black symbols) and clusters of size = 1 (i.e., single trees;
gray symbols) in the Canopy Crane (a), Sutton Lake (b), Sister Rocks (c), and Mosquito Lake (d) study plots. A tree belongs to a multitree
cluster if it has a neighboring tree within a distance of tthin. In this figure, tthin = 4.0 m for the Canopy Crane plot (a) and tthin = 3.0 m for the
Sutton Lake (b), Sister Rocks (c), and Mosquito Lake (d) study plots. Refer to Table 3 (Sutton Lake, Sister Rocks, and Mosquito Lake) and
Table 4 (Canopy Crane) for additional detail on cluster demographics at tthin.
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and the resultant tree spatial patterns integrate the relatively
deterministic process of competitive self-thinning, which
drives the development of spatial uniformity, and other sto-
chastic factors that provide for the retention of spatial heter-
ogeneity in the form of tree clusters at small spatial scales.

What causes some forests to have many multitree clusters
of overstory trees at small scales, while others have rela-
tively few? While the Abies and Pseudotsuga forests we
studied exhibited similar general trends, there are some con-
spicuous differences in the results. The percolation threshold
was reached at smaller scales in Abies forests (Fig. 1) than
in Pseudotsuga forests (Fig. 2). The difference in scale be-
tween the Pseudotsuga and Abies plots is likely due to the
relatively larger stature of the trees in the overstory of the
Pseudotsuga plots (Van Pelt and North 1996; Winter et al.
2002a, 2002b; Shaw et al. 2004; Larson and Franklin
2006). Additionally, more overstory trees occurred as mem-
bers of multitree clusters at tthin in Abies forests than in
Pseudotsuga forests (Tables 3 and 4). One possible explana-
tion for this difference is that there may be relatively less
intense competition and less complete self-thinning —
leaving more small scale aggregation — in the Abies forests.
However, this explanation does not seem likely because de-
veloping Abies stands have characteristically high stem den-
sities and a protracted (100–300 years) self-thinning stage
(Long 1976; Packee et al. 1982; Oliver et al. 1985). A more
likely explanation for the higher degree of clustering in the
Abies forests is the high degree of crown-level morphologi-
cal plasticity of A. amabilis, which allows for asymmetrical
crown development and increased tree survival under highly
aggregated initial tree spatial patterns (Sorrensen-Cothern, et
al. 1993).

Because natural self-thinning influences spatial patterns
at small scales (Kenkel 1988), it follows that stands with
different initial densities should exhibit divergent patterns

of clustering at scales £tthin. On a relative frequency (i.e.,
percentage) basis, one would expect multitree clusters at
small scales to be more common in stands that developed
at low initial densities than in stands that developed at
high initial density. However, our analysis indicates that
high initial stand density does not necessarily lead to the
elimination of multitree clusters; the Yellowjacket Creek
Pseudotsuga plot had a high initial density and formed a
closed canopy by stand age 40 years (Winter et al. 2002a).
Yet, 14.3% of P. menziesii stems in the Yellowjacket Creek
stand had their nearest conspecific neighbor within 4.0 m at
stand age 500 years. It is also necessary to determine how
non-stand-replacing disturbances influence the spatial distri-
bution of overstory trees. The Yellowjacket stand experi-
enced multiple canopy-thinning disturbances during its
500 year life (Winter et al. 2002b). Partial fire disturbance
is known to influence the spatial structure of Pseudotsuga
forests (Goslin 1997); however, the influence of non-stand-
replacing fire on the formation and persistence of multitree
clusters at small scales has not been studied. Future studies
that incorporate permanent-plot and stand-reconstruction
techniques will be necessary for identifying specific mecha-
nisms of spatial pattern formation throughout natural forest
stand development.

Restoration thinning treatments in Abies and
Pseudotsuga forests

Spacing-based thinning prescriptions eliminate pairs and
groups of closely spaced overstory trees (i.e., the solid black
symbols in Fig. 3), components of natural forest structure
(Fig. 4) that are not quickly replaced via stand development
processes. Spacing between residual post-thinning overstory
trees will increase through time as members of the overstory
cohort die. New trees must successfully establish and recruit
into the overstory to redevelop closely spaced pairs and

Table 5. Characteristics of statistical tests (goodness-of-fit test) with the G and K spatial
point pattern statistics.

Site npoints
a tthin (m)b tmax (m)c PG

d PK
e

Sutton Lake 215 3.0 3.0 <0.001 <0.001
215 3.0 13.0 <0.001 <0.001

Sister Rocks 192 3.0 3.0 <0.001 <0.001
192 3.0 13.0 <0.001 <0.001

Mosquito Lake West 212 3.0 3.0 0.009 0.001
212 3.0 13.0 0.014 0.001

Mosquito Lake East 238 3.0 3.0 0.002 <0.001
238 3.0 13.0 0.003 <0.001

Canopy Crane 326 4.0 3.0 <0.001 <0.001
326 4.0 13.0 0.003 <0.001

Canopy Crane P. menziesii 145 4.0 4.0 <0.001 <0.001
145 4.0 13.0 0.003 <0.001

Note: Results shown are for tests of the null hypothesis of no difference between tree spatial pat-
terns created by simulated spacing-based restoration thinning treatments (see Methods) and observed
spatial patterns of overstory trees in late-successional conifer forests. The small P values for tests con-
ducted with both the G and K statistics indicate that the null hypothesis can be rejected.

aNumber of points in the pattern.
bMinimum spacing distance between points in the simulated thinning patterns.
cMaximum scale considered for the goodness-of-fit tests.
dP value of the goodness-of-fit test with the G statistic.
eP value of the goodness-of-fit test with the K statistic.
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groups of overstory trees in stands treated with spacing-
based restoration thinning treatments.

Coastal P. menziesii does not readily regenerate under
closed-canopy conditions (Herman and Lavender 1990). Re-
covery of closely spaced P. menziesii trees thus requires a
stand-replacing or partial stand disturbance, allowing the es-
tablishment of a new cohort (e.g., Larson and Franklin
2005) and successful recruitment into the overstory, a proc-
ess that requires many decades or centuries of forest devel-
opment (Churchill 2005; Zenner 2005).

Abies amabilis and the associated species Tsuga hetero-
phylla and Tsuga mertensiana (Bong.) Carrière are shade
tolerant and capable of regeneration in the absence of signif-
icant overstory disturbance (Lertzman 1992). Seedlings of
shade-tolerant tree species may establish and then persist in
a suppressed state with virtually no height growth for sev-
eral decades (Antos et al. 2005). Recruitment into the can-
opy occurs in canopy gaps (Lertzman 1992; Parish and
Antos 2004): seedlings respond to small-scale disturbance
by increasing height (Van Pelt and Franklin 1999) and diam-
eter (Winter et al. 2002a) growth. However, understory and
midstory trees are spatially segregated from overstory trees
in old-growth Abies forests (Larson and Franklin 2006), sug-
gesting that recruitment from subordinate height classes into
the overstory class is not likely to occur in locations near
established overstory trees. Consequently, redevelopment of
closely spaced pairs and groups of overstory trees in Abies
forests will likely proceed via gap-phase regeneration, a
process that also requires many decades or centuries.

Restoration thinning treatments in both commercial and
precommercial stands will be more effective at creating the

fine-scale spatial patterns characteristic of late-successional
forest structure if they are modified to allow for the reten-
tion of closely spaced clusters of trees. Multitree clusters oc-
curred throughout the study plots (Fig. 3), indicating that the
fine-scale spatial patterns characteristic of late-successional
overstory trees cannot be achieved by leaving one or less
unthinned skip per hectare (e.g., Roberts et al. 2007); reten-
tion of closely spaced tree clusters within thinned areas will
be necessary. On average, 32.7% of overstory trees in Abies
plots and 26.3% of overstory trees in Pseudotsuga plots oc-
curred as members of multitree clusters at scales of 3.0 and
4.0 m, respectively. The data presented in Tables 3 and 4
can be used as a rough guideline for how many clusters of
different sizes to retain per hectare in Abies and Pseudot-
suga forests, respectively, if site-specific data on spatial pat-
terns of late-successional overstory trees are not available.

Restoration thinning treatments that release individual
trees as well as multitree clusters promote characteristic
late-successional tree spatial patterns at the within-patch
scale. This formulation of restoration thinning explicitly in-
corporates conservation of existing small-scale spatial heter-
ogeneity within the treatment area as a core element of the
silvicultural design process. This approach extends current
restoration thinning practices that emphasize introduction of
patch-scale spatial heterogeneity with ‘‘skips’’, ‘‘gaps’’, and
variable thinning densities throughout the stand. Restoration
thinning prescriptions will be most effective at creating
desired spatial patterns when they do not include minimum
tree spacing guidelines, and when they contain clear, opera-
tionally meaningful descriptions of the desired spatial pat-
terns.

Fig. 4. An example of a cluster of three codominant overstory Pseudotsuga menziesii trees (i.e., cluster size = 3 in Tables 3 and 4) in a ca.
300-year-old Pseudotsuga forest in the Gifford Pinchot National Forest, Washington, USA. (Photo by A.J. Larson.)

Larson and Churchill 2823

# 2008 NRC Canada



Acknowledgements
Conversations with Alina Cansler, Jerry Franklin, Rolf

Gersonde, Amy LaBarge, and James Lutz helped clarify our
ideas about relationships between restoration thinning and
forest spatial structure. We thank the Wind River Canopy
Crane Research Facility and Linda Winter for sharing data.
Jon Bakker, Alina Cansler, Andy Carey, James Freund, Van
Kane, Bert Loosmore, Bob Van Pelt, Linda Winter, and two
anonymous reviewers provided constructive comments that
greatly improved this paper.

References
Adler, F.R. 1996. A model of self-thinning through local competi-

tion. Proc. Natl. Acad. Sci. U.S.A. 93: 9980–9984. doi:10.1073/
pnas.93.18.9980. PMID:11607703.

Antos, J.A., Guest, H.I., and Parish, R. 2005. The tree seedling
bank in an ancient montane forest: stress tolerators in a produc-
tive habitat. J. Ecol. 93: 536–543. doi:10.1111/j.1365-2745.
2005.00968.x.

Bradshaw, G.A., and Spies, T.A. 1992. Characterizing canopy gap
structure in forests using wavelet analysis. J. Ecol. 80: 205–215.
doi:10.2307/2261007.

Canham, C.D., LePage, P.T., and Coates, K.D. 2004. A neighbor-
hood analysis of canopy tree competition: effects of shading
versus crowding. Can. J. For. Res. 34: 778–787. doi:10.1139/
x03-232.

Carey, A.B. 2003. Biocomplexity and restoration of biodiversity in
temperate coniferous forest: inducing spatial heterogeneity with
variable-density thinning. Forestry, 76: 127–136. doi:10.1093/
forestry/76.2.127.

Carey, A.B., and Harrington, C.A. 2001. Small mammals in young
forests: implications for management for sustainability. For.
Ecol. Manage. 154: 289–309. doi:10.1016/S0378-1127(00)
00638-1.

Carey, A.B., Kershner, J., Biswell, B., and de Toledo, L.D. 1999a.
Ecological scale and forest development: squirrels, dietary fungi,
and vascular plants in managed and unmanaged forests. Wildl.
Monogr. 142: 1–71.

Carey, A.B., Thysell, D.R., and Brodie, A.W. 1999b. The Forest
Ecosystem Study: background, rationale, implementation, base-
line conditions, and silvicultural assessment. USDA For. Serv.
Gen. Tech. Rep. PNW-GTR-457.

Chen, J., Song, B., Rudnicki, M., Moeur, M., Bible, K., North, M.,
Shaw, D.C., Franklin, J.F., and Braun, D.M. 2004. Spatial rela-
tionship of biomass and species distribution in an old-growth
Pseudotsuga–Tsuga forest. For. Sci. 50: 364–375.

Churchill, D.C. 2005. Factors influencing understory douglas-fir
vigor in multi-cohort prairie colonization stands at Fort Lewis,
Washington. M.S. thesis, College of Forest Resources, Univer-
sity of Washington, Seattle, Wash.

City of Seattle. 2000. Final Cedar River watershed habitat
conservation plan. Seattle, Washington, USA. Available from
http://www.seattle.gov/util/About_SPU/ Water_System/
Habitat_Conservation_Plan–HCP/Documents/index.asp [ac-
cessed 12 January 2008].

Curtis, R.O. 2006. Volume growth trends in a Douglas-fir Levels-
of-Growing-Stock study. West. J. Appl. For. 21: 79–86.

Curtis, R.O., Clendenen, G.W., and Henderson, J.A. 2000. True
fir–hemlock spacing trials: design and first results. USDA For.
Serv. Gen. Tech. Rep. PNW-GTR-492.

Diggle, P. 2003. Statistical analysis of spatial point patterns. Ar-
nold, London, UK.

Franklin, J.F., and Dyrness, C.T. 1988. Natural Vegetation of Ore-

gon and Washington. Oregon State University Press, Corvallis,
Ore.

Franklin, J.F., Spies, T.A., Van Pelt, R., Carey, A.B., Thornburgh,
D.A., Berg, D.R., Lindenmayer, D.B., Harmon, M.E., Keeton,
W.S., Shaw, D.C., Bible, K., and Chen, J. 2002. Disturbances
and structural development of natural forest ecosystems with
silvicultural implications, using Douglas-fir forests as an exam-
ple. For. Ecol. Manage. 155: 399–423. doi:10.1016/S0378-
1127(01)00575-8.

Goslin, M.N. 1997. Development of two coniferous stands im-
pacted by multiple, partial in the Oregon Cascades: establish-
ment history and the spatial patterns of colonizing tree species
relative to old-growth remnant trees. M.S. thesis, Oregon State
University, Corvallis, Ore.

Greig-Smith, P. 1957. Quantitative plant ecology. Academic Press,
New York.

He, F., and Duncan, R.P. 2000. Density-dependant effects on tree
survival in an old-growth Douglas fir forest. J. Ecol. 88: 676–
688. doi:10.1046/j.1365-2745.2000.00482.x.

Herman, R.K., and Lavender, D.P. 1990. Pseudotsuga menziesii
(Mirb.) Franco. In Silvics of North America. Vol. 1 Conifers.
U.S. Dep. Agric. Agric Handb. 654.

Hunter, M.G. 2001. Management in young forests. Communique
No. 3, Cascade Center for Ecosystem Management, Corvallis,
Ore.

Kenkel, N.C. 1988. Pattern of self-thinning in jack pine: testing the
random mortality hypothesis. Ecology, 69: 1017–1024. doi:10.
2307/1941257.

Kenkel, N.C. 1993. Modeling Markovian dependence in popula-
tions of Aralia nudicaulis. Ecology, 74: 1700–1706. doi:10.
2307/1939928.

Larson, A.J., and Franklin, J.F. 2005. Patterns of conifer tree regen-
eration following an autumn wildfire event in the western Ore-
gon Cascade Range, USA. For. Ecol. Manage. 218: 25–36.
doi:10.1016/j.foreco.2005.07.015.

Larson, A.J., and Franklin, J.F. 2006. Structural segregation and
scales of spatial dependency in Abies amabilis forests. J.
Veg. Sci. 17: 489–498. doi:10.1658/1100-9233(2006)
17[489:SSASOS]2.0.CO;2.

Lertzman, K.P. 1992. Patterns of gap-phase replacement in a subal-
pine, old-growth forest. Ecology, 73: 657–669. doi:10.2307/
1940772.

Long, J.N. 1976. Forest vegetation dynamics within the Abies am-
abilis zone of a western Cascades watershed. Ph.D. dissertation,
University of Washington, College of Forest Resources, Seattle,
Wash.

Loosmore, N.B., and Ford, E.D. 2006. Statistical inference using
the G or K point pattern spatial statistics. Ecology, 87: 1925–
1931. doi:10.1890/0012-9658(2006)87[1925:SIUTGO]2.0.CO;2.
PMID:16937629.

Moeur, M. 1993. Characterizing spatial patterns of trees using
stem-mapped data. For. Sci. 39: 756–775.

North, M., Chen, J., Oakley, B., Song, B., Rudnicki, M., Gray, A.,
and Innes, J. 2004. Forest stand structure and pattern of old-
growth western hemlock/Douglas-fir and mixed-conifer forests.
For. Sci. 50: 299–311.

Oliver, C.D., and Larson, B.C. 1996. Forest stand dynamics. John
Wiley & Sons, Inc., New York.

Oliver, C.D., Adams, A.B., and Zasoski, R.J. 1985. Disturbance
patterns and forest development in a recently deglaciated valley
in the northwestern Cascade Range of Washington, U.S.A. Can.
J. For. Res. 15: 221–232. doi:10.1139/x85-040.

Packee, E.C., Oliver, C.D., and Crawford, P.D. 1982. Ecology of
Pacific silver fir. In Proceedings of the Biology and Manage-

2824 Can. J. For. Res. Vol. 38, 2008

# 2008 NRC Canada



ment of True Fir in the Pacific Northwest Symposium. Edited by
C.D. Oliver and R.M. Kenady. Institute of Forest Resources
Contribution No. 45. University of Washington, College of For-
est Resources, Seattle, Wash.

Parish, R., and Antos, J.A. 2004. Structure and dynamics of an an-
cient montane forest in coastal British Columbia. Oecologia
(Berlin), 141: 562–576. doi:10.1007/s00442-004-1690-4.

Pielou, E.C. 1962. The use of plant-to-neighbour distances for the
detection of competition. J. Ecol. 50: 357–367. doi:10.2307/
2257448.

Plotkin, J.B., Chave, J., and Ashton, P.S. 2002. Cluster analysis of
spatial patterns in Malaysian tree species. Am. Nat. 160: 629–
643. doi:10.1086/342823. PMID:18707513.

Roberts, S.D., Harrington, C.A., and Buermyer, K.R. 2007. Does
variable-density thinning increase wind damage in conifer stands
on the Olympic Peninsula? West. J. Appl. For. 22: 285–296.

Shaw, D.C., Franklin, J.F., Bible, K., Klopatek, J., Freeman, E.,
Greene, S., and Parker, G.G. 2004. Ecological setting of the
Wind River old-growth forest. Ecosystems (N. Y., Print), 7:
427–439. doi:10.1007/s10021-004-0135-6.

Simard, S.W., Perry, D.A., Jones, M.D., Myrold, D.D., Durall,
D.M., and Molina, R. 1997. Net transfer of carbon between
ectomycorrhizal tree species in the field. Nature (Washington,
D.C.), 388: 579–582. doi:10.1038/41557.

Smith, D.M., Larson, B.C., Kelty, M.J., and Ashton, P.M.S. 1997.
The practice of silviculture: applied forest ecology. 9th ed. John
Wiley & Sons, New York.

Sorrensen-Cothern, K.A., Ford, E.D., and Sprugel, D.G. 1993. A
model of competition incorporating plasticity through modular
foliage development and crown development. Ecol. Monogr.
63: 277–304. doi:10.2307/2937102.

Stewart, G.H. 1986. Population dynamics of a montane conifer for-
est, western Cascade Range, Oregon, USA. Ecology, 67: 534–
544. doi:10.2307/1938596.

Tappeiner, J.C., Maguire, D.A., and Harrington, T.B. 2007. Silvi-

culture and ecology of western U.S. Forests. Oregon State Uni-
versity Press, Corvallis, Ore.

USDA and USDI. 1994. Record of decision on management of the
habitat for late-successional and old-growth forest related spe-
cies within the range of the northern spotted owl (Northwest
Forest Plan). Portland, Ore.

Van Pelt, R., and Franklin, J.F. 1999. Response of understory trees
to experimental gaps in old-growth Douglas-fir forests. Ecol.
Appl. 9: 504–512.

Van Pelt, R., and Franklin, J.F. 2000. Influence of canopy structure
on the understory environment in tall, old-growth, conifer
forests. Can. J. For. Res. 30: 1231–1245. doi:10.1139/cjfr-30-8-
1231.

Van Pelt, R., and North, M.P. 1996. Analyzing canopy structure in
Pacific Northwest old-growth forests using a stand-scale crown
model. Northwest Sci. 70(Special Issue): 15–30.

Wilson, D.S., and Puettmann, K.J. 2007. Density management and
biodiversity in young Douglas-fir forests: challenges of mana-
ging across scales. For. Ecol. Manage. 246: 123–134. doi:10.
1016/j.foreco.2007.03.052.

Winter, L.E., Brubaker, L.B., Franklin, J.F., Miller, E.A., and De-
Witt, D.Q. 2002a. Initiation of an old-growth Douglas-fir stand
in the Pacific Northwest: a reconstruction from tree-ring records.
Can. J. For. Res. 32: 1039–1056. doi:10.1139/x02-031.

Winter, L.E., Brubaker, L.B., Franklin, J.F., Miller, E.A., and De-
Witt, D.Q. 2002b. Canopy disturbances over the five-century
lifetime of an old-growth Douglas-fir stand in the Pacific North-
west. Can. J. For. Res. 32: 1057–1070. doi:10.1139/x02-030.

Zenner, E.K. 2004. Does old-growth condition imply high live-tree
structural complexity? For. Ecol. Manage. 195: 243–258. doi:10.
1016/j.foreco.2004.03.026.

Zenner, E.K. 2005. Development of tree size distributions in Dou-
glas-fir forests under differing disturbance regimes. Ecol. Appl.
15: 701–714. doi:10.1890/04-0150.

Larson and Churchill 2825

# 2008 NRC Canada




