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Fire suppression and past logging have dramatically altered forest conditions in many areas, but changes
to within-stand tree spatial patterns over time are not as well understood. The few studies available sug-
gest that variability in tree spatial patterns is an important structural feature of forests with intact fre-
quent fire regimes that should be incorporated in restoration prescriptions. We used a rare dataset
consisting of mapped locations for all trees P10 cm in three 4-ha plots in 1929 before logging and in
2007/2008, 78 and 79 years after logging, to assess changes in three spatial components of forest struc-
ture: individual trees, tree clusters and gaps. Comparing 1929 old growth to modern conditions, area in
gaps decreased from 20% to zero, the percentage of stems that were single trees from 6% to 2% and in
small or medium clumps (2–9 trees) from 28% to 9%, while trees in large clumps (P10 trees) increased
from 66% to 89%. Concurrent with these changes, canopy cover increased from 45% to 62%, and the aver-
age number of trees in a clump increased from 11 to 26, resulting in much more homogenous conditions
across the stand. These changes also altered tree size and species associations within different structural
groups (i.e., single tree, small, medium and large clumps). In an effort to account for the alteration of the
fire regime that had already taken place in 1929 (the last fire recorded in tree rings was in 1889) we also
analyzed spatial patterns of 1929 conditions removing all trees <25 cm. In this analysis, 35% of the plot
area was in gaps and canopy cover averaged 36%. Tree clusters had an average of 5.2 trees per clump, with
13% of trees being singles, 30% in small clumps, 24% in medium clumps and 33% in large clumps. Our
results provide metrics that quantify spatial patterns and composition of individual trees, tree clumps,
and gaps under the historical fire regime that may be useful to forest managers. Our study demonstrates
that the contemporary forest is more homogeneous than it was historically, and variability that likely
provided diverse microclimate and habitat conditions and fostered resilience to a variety of stressors
and disturbances such as fire, insects and drought has been lost. Future management may benefit from
restoring these structural components.

Published by Elsevier B.V.
1. Introduction

A number of studies have documented considerable changes
over the past century in structure and composition of forest types
historically associated with frequent low- to moderate-severity fire
(e.g., Parsons and Debenedetti, 1979; Laudenslayer and Darr, 1990;
Naficy et al., 2010; Scholl and Taylor, 2010; Collins et al., 2011).
These changes, frequently attributed to factors such as fire exclu-
sion and past logging practices, include higher tree densities, fewer
large trees, and increased proportions of shade-tolerant tree spe-
cies with corresponding decreases in shade-intolerant species. A
lesser-studied aspect of change in these forest types is the spatial
pattern of trees. Changes in tree spatial patterns are more difficult
to study due to both a general lack of spatially-explicit information
for historical/reference forests and the complexity of quantifying
meaningful spatial patterns. Recently, several papers have been
published using new analytical techniques to examine tree spatial
patterns from reconstructed and mapped historical tree data, pro-
ducing management-relevant metrics (Abella and Denton, 2009;
Sánchez Meador et al., 2011; Larson and Churchill, 2012; Larson
et al., 2012; Churchill et al., 2013). These studies demonstrate a
fairly consistent historical pattern of tree groups, gaps and a matrix
of low-density, often large, fire-resistant species in forest types
associated with frequent fire. This spatial structure has been iden-
tified as having greater resilience to both drought and wildfire
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(Stephens et al., 2008), as well as reduced crown fire potential (Fule
et al., 2001). Additionally, several studies suggest this interspersion
of tree groups with high canopy cover, gaps, and low-tree density
matrix provides necessary habitat for a range of wildlife species,
including several sensitive species (Raphael et al., 1987; Humple
and Burnett, 2010; Underwood et al., 2010).

Although the need for greater structural heterogeneity in fire-
suppressed forests is widely acknowledged, existing data have
been difficult to apply to management prescriptions because lo-
cal-scale measures of spatial heterogeneity are lacking. Until re-
cently, most studies on tree spatial patterns used global
statistical techniques such as Ripley’s K (e.g., North et al., 2007)
and Moran’s I (e.g., Scholl and Taylor, 2010) that calculate the aver-
age scale over which tree spacing is aggregated, random or regular
across the measured stand (Sánchez Meador et al., 2011; Larson
and Churchill, 2012). Marking guidelines, however, often require
more local measures such as size of tree groups and gaps, percent-
age of area that tree canopies occupy within a stand, and species
composition and diameter distributions within different tree
groups. While recent work begins to address this translation of
spatial heterogeneity to silvicultural prescriptions (Churchill
et al., 2013), additional spatial analyses from different forest types
and geographic settings are needed to provide measures of local
tree aggregation and gap structure that can be directly incorpo-
rated into restoration prescriptions designed to increase forest
heterogeneity.

The objective of this study was to analyze temporal changes in
tree spatial patterns in a mixed-conifer forest with a history of
frequent fire using spatial metrics amenable to the development
of silvicultural prescriptions. We take advantage of a unique data-
set consisting of detailed stem maps for three different plots,
mapped in 1929, and again in 2007/2008. Having historical and
contemporary stem maps of the same plots allows the extent of
change in spatial forest structural patterns to be quantified. Spe-
cifically, we sought to characterize (1) changes to the distribution
of area in openings, single trees, and tree clumps; (2) changes in
the average number, density, size and species composition of
stems within tree clumps; and (3) distribution of species and size
classes among single trees and tree clumps. While local measures
of forest spatial structure hold promise for identifying patterns
that may be more useful for silvicultural application, no standard
metrics of local within-stand structure have been identified or
gained acceptance in the literature. Our intent is to develop some
metrics to generate further discussion and refinement of these
tools.
2. Methods

2.1. Study site

Three permanent ‘‘Methods of Cutting’’ plots were established
in 1929 in the Stanislaus Tuolumne Experimental Forest (STEF), lo-
cated in mixed-conifer forest in the central Sierra Nevada near
Pinecrest, California. Plots, hereafter referred to as MC9, MC10
and MC11, are each approximately four ha in size and range in ele-
vation from 1740 to 1805 m. Plots were mapped in 1929 prior to
any harvest, recording location, species and diameter at breast
height (DBH) for all trees >10 cm. After the initial data collection,
each plot received a different logging treatment. MC9 was har-
vested following standard Forest Service methods for that time,
resulting in removal of many of the large overstory trees of all spe-
cies and maintaining approximately the same proportion of pine as
in the original stand. MC10 was harvested using a ‘‘light economic
selection’’, in which only the largest pines were removed with an
objective of maximizing first-harvest profits. MC11 was logged
according to a standard practice on private forest lands at that
time, in which all merchantable trees were removed. The same
data was collected in 1929 following logging, and again in 2007
(MC11) or 2008 (MC9 and 10). The mapping in 2007 and 2008
was completed using laser rangefinders.

Fire history studies in this area showed a median fire return
interval of five years (range 1–40 years) at the approximate scale
of the plots, with the last fire in 1889 (Knapp et al., Unpublished
results). Because the last fire recorded occurred forty years prior
to forest mapping, it is possible that some ingrowth post-1889
had attained a DBH >10 cm. Therefore the density of especially
the smallest tree size classes may not be fully representative of for-
est conditions under the historical fire regime. To address the po-
tential influence of this fire-free period on tree spatial patterns
we created an additional dataset consisting of 1929 pre-harvest
trees that excluded those less than 25 cm DBH. Dropping trees be-
tween 10 cm and 25 cm resulted in 2400 or 58.9% fewer trees, but
these trees comprised just 6.5% of the basal area present in the full
1929 dataset. Restricting the spatial analysis to trees P25 cm DBH
is also of practical interest because trees smaller than this are often
not marked in current thinning prescriptions in the Sierra Nevada.
Such a cut-off, however, neglects the role of <25 cm trees, to the
extent that these were present in forests with an intact historical
fire regime.

The principal species growing in the study area were white fir
(Abies concolor), incense-cedar (Calocedrus decurrens), sugar pine
(Pinus lambertiana) and ponderosa pine (Pinus ponderosa). Willow
(Salix scouleriana) and black oak (Quercus kelloggii) > 10 cm DBH
were present but rare (<0.11% of canopy cover in 1929
and < 0.25% of stems in 2007/2008), and were therefore excluded
from the analyses. In addition, data for Jeffrey pine (Pinus jeffreyi)
were combined with ponderosa pine. Jeffrey pines were uncom-
mon in 2007/2008, representing only 5% of ‘‘yellow pines’’ (encom-
passing both ponderosa and Jeffrey pine), and Jeffrey pine was
either not present or the two species were not differentiated in
the 1929 data.

2.2. Detecting tree clumps

For each mapped dataset, forest spatial structure was character-
ized in terms of open gaps, solitary trees, and clumps of two or
more trees, which are typical structural components of fire-depen-
dent forests (Larson and Churchill, 2012). The degree of tree
clumping was analyzed in ArcMap 9.3 using a clustering algorithm
that assigns trees into clumps or singles based on the presence of
adjacent trees within a user-defined distance from the stem loca-
tion (Plotkin et al., 2002; Larson and Churchill, 2008; Abella and
Denton, 2009; Sánchez Meador et al., 2011; Larson et al., 2012).
Following methods suggested by Larson and Churchill (2008), we
assessed tree clumping at inter-tree distances ranging from 1 to
9 m.

Sierra Nevada mixed-conifer forests are distinctly clustered
(North et al., 2004) and foresters often define tree clumps by
crown overlap. Therefore tree patterns were also analyzed using
crown radius as the critical distance, defining tree clumps (also
commonly referred to as clusters) as a group of two or more trees
with touching or overlapping crowns (Meyer et al., 2008). Tree
crown radii were estimated using allometric equations developed
from on-site field measurements taken in 2012. DBH and two
orthogonal crown diameters were measured on 59–70 trees of
each of the four principle species, with trees systematically se-
lected by proximity to a set of grid points within each plot. The
crown projection was visually estimated using clinometers at
the ground level. We then developed linear regression equations
in SAS version 9.3 (SAS Institute Inc., 2011) to predict crown ra-
dius from DBH. All allometric regressions were significant with



372 J.M. Lydersen et al. / Forest Ecology and Management 304 (2013) 370–382
R2 values varying between 0.67 (white fir) to 0.88 (ponderosa
pine), and were nearly identical to previously published allome-
tric equations for these same species developed from statewide
data (Gill et al., 2000).

After delineating tree clumps, edge effects were controlled for
by applying a 9 m buffer inward from the plot edge. The largest
crown radius in any of the datasets was 8.9 m; therefore this width
buffer excluded the effect of tree canopies hanging into the plot
from stems outside the plot boundary, but allowed for tree cano-
pies within the 9 m buffer to contribute to clump canopy charac-
teristics. Continuous clumps may have extended beyond the plot
boundaries, so our analysis reflects the structural characteristics
within a discrete area, and thus does not characterize qualities
such as absolute maximum number of stems per clump that might
be witnessed at larger spatial scales. Tree clumps were categorized
as small (2–4 trees), medium (5–9 trees) and large (10 or more
trees), the same categories used by Larson et al. (2012) and recom-
mended by (Churchill et al., 2013). Species composition, average
nearest neighbor distance, basal area, stem density, quadratic
mean DBH (QMD) and the proportions of plot area and trees
encompassed were then calculated for single trees and within
the various classes of tree clumps. These same attributes, with
the exception of proportions of trees and plot area encompassed,
were also calculated as stand-level averages to compare against
the four different local structural conditions (individual tree, small,
medium and large clump).
2.3. Characterization of open space

Forest openings were quantified using the PatchMorph tool in
ArcMap 9.3. This tool identifies areas of interest or suitability using
two user-specified thresholds: (1) ‘‘gap’’, or maximum pixel size of
unsuitable area allowed within a suitable area, and (2) ‘‘spur’’ or
minimum width allowed for defining a suitable area (Girvetz and
Greco, 2007). Our aim was to describe areas that were not directly
under any projected canopy area, and were greater in diameter
than most tree crowns and could therefore represent an area com-
parable in size to the zone of dominance of a large tree in our data.
Since all trees in our study had a calculated crown diameter greater
than 1.5 m, this was used as the ‘‘gap’’ threshold, thereby prevent-
ing overlap of gap space with tree canopy cover and allowing us to
uniquely classify all area within the plots as tree clump, single, or
opening. The ‘‘spur’’ threshold was 12 m, which resulted in a min-
imum opening width bigger than all but the largest tree crown
diameters in the data, and a minimum area of 112 m2. Smaller
‘‘spur’’ values allowed for substantial inclusion of narrow inter-
canopy areas into forest gaps, while larger ‘‘spur’’ values failed to
detect sizeable open areas.

Canopy openings were further analyzed using the empty space
function (Diggle, 2003; Larson et al., 2012; Churchill et al., 2013).
We used this technique to calculate the distance to the nearest
canopy edge for all points in a 5 � 5 m grid overlaying the buf-
fered plot area. The 5 m spacing between grid points was chosen
using guidelines reviewed in (Diggle, 2003), suggesting that the
number of points along each side of the grid should be roughly
equal to the square root of the number of observations in the spa-
tial dataset. For comparison, the analysis was also performed
using a 1�1 m grid. All values in this analysis were within 1.5%
of the values obtained using a 5 � 5 m grid. Plot area not directly
under the projected tree canopy was then summarized by dis-
tance to nearest canopy edge. In addition to informing on the
gap size distribution, this analysis describes the open spaces be-
tween trees that are too small (i.e., <112 m2) to be defined as gaps
in PatchMorph.
2.4. Comparisons between datasets and structural groups

We were interested in assessing forest spatial structure prior to
logging and fire suppression, and how it has changed over time.
Therefore our discussion is focused on analysis of three datasets:
(1) 1929 P25 cm, (2) 1929 P10 cm and (3) 2007/2008
(P10 cm). We also performed spatial analysis of the 1929 post-
logging dataset, showing the immediate effects of the different log-
ging treatments on spatial structure. This information is presented
in Appendix A.

To allow for statistical comparisons between the 1929 and the
2007/2008 datasets, the data from the three plots were averaged.
Although plots experienced different harvest methods, both the
magnitude and variation in structure and composition among plots
in the 2007/2008 dataset was minimal and even less than differ-
ences among plots prior to logging (Table A1). This suggests that
any unique effects of the individual logging treatments had largely
disappeared after 79 years, perhaps eclipsed by changes of greater
magnitude due to other factors such as fire exclusion.

Repeated-measures mixed model ANOVAs were used to assess
differences in structural metrics of the 1929 P10 cm dataset to
both the 2007/2008 and 1929 P25 cm datasets within each spatial
class (single trees and small, medium and large clumps). Dunnett’s
test, which is appropriate for making multiple comparisons to one
treatment (Dunnett, 1955), was used to compare means to those in
the 1929 P10 cm dataset. We did not make statistical comparisons
between 1929 P25 cm and 2007/2008 since these datasets dif-
fered by multiple confounding factors (time of mapping and min-
imum diameter cutoff). We also tested for differences in QMD
between single trees and small, medium and large clumps within
1929 P10 cm and 2007/2008 using a similar mixed model ANOVA
and Tukey’s HSD (Honest Significant Difference) test. Homogeneity
of variances were checked using plots of residual vs. predicted val-
ues and a Levene test (Levene, 1960), and normality of residuals
was assessed using the Shapiro–Wilk test (Shapiro and Wilk,
1965). Logarithmic and power transformations were used on most
variables (exceptions were canopy cover, stand level basal area,
stem density and proportion of trees within clumps) to improve
conformation to model assumptions. Contingency analyses were
also performed to evaluate the distribution of different tree species
and size classes among structural groups. Pearson’s chi-squared
(v2) values were used to compare cell counts in contingency tables
to expected distributions. Statistical comparisons were made using
SAS software, version 9.3 (SAS Institute Inc, 2011), and an alpha le-
vel of 0.05.

2.5. Global pattern analysis

To provide an additional measure of forest spatial structure that
would allow comparisons between this study and other previously
published papers, Ripley’s K point pattern analysis was performed
in an exploratory context using version 1.31–1 of the Spatstat
package (Baddeley and Turner, 2005) in R version 3.0 (R Core Team,
2013). This method informs on the average clumping of trees with-
in an area. A result of trees being significantly clumped at a certain
distance means that on average, trees have more neighbors within
that distance than would be expected with a random distribution
(Illian et al., 2008). The square-root transformation, or L-function,
was calculated for each plot in each dataset, using the default set-
tings in Spatstat, so that spatial aggregation was assessed up to a
maximum distance of 45 m (one quarter the length of the shortest
plot dimension), over 512 equally spaced intervals. We used the
isotropic correction to control for edge effects. Observed values
of L(r) were compared to an envelope of complete spatial random-
ness (CSR) generated with 999 simulations.



Table 1
Structural characteristics of single trees, small, medium and large clumps, and stand level structure, showing mean (and standard
deviation) of the three plots. Asterisks denote significant difference from1929 P10 cm (p < 0.05). Clump basal area and stem densities were
calculated using clump canopy projection area.

1929 P25 cm 1929 P10 cm 2007/2008

Single trees
# Singles ha�1 16.6 (2.9) 18.1 (2.6) 16.9 (3.8)
Proportion of trees (%) 12.6� (1.5) 5.6 (0.6) 2.3� (0.8)
% Shade intolerant 30.2 (5.5) 31.5 (10.4) 12.0 (7.1)
Nearest neighbor dist. (m) 8.7� (0.7) 6.4 (0.3) 4.7� (0.3)
BA/ha (m2 ha�1) 7.6� (0.5) 4.8 (0.6) 0.8� (0.3)

Small clumps (2–4 trees)
# Clumps ha�1 14.4 (1.8) 14.7 (4.2) 11.4 (0.8)
Proportion of trees (%) 30.4� (6.8) 13.4 (6) 4.0� (0.6)
% Shade intolerant 26.3 (5) 24.9 (2.9) 6.7� (1.7)
Nearest neighbor dist. (m) 3.4� (0.3) 2.8 (0.3) 1.9� (0.1)
BA/clump (m2) 1.2 (0.3) 0.8 (0.3) 0.2� (0)
BA/ha (m2 ha�1) 133.5� (15.3) 92.8 (10.9) 66.4� (3.9)
Stem density ha�1 496.3� (64) 1000.8 (133.4) 1174.6 (84.6)

Medium clumps (5–9 trees)
# Clumps ha�1 5.0� (0.8) 7.2 (0.9) 5.3� (0.6)
Proportion of trees (%) 23.5a (1.5) 14.8 (3.8) 4.6a (0.5)
% Shade intolerant 23.3 (3) 22.7 (5.9) 8.0� (3)
Nearest neighbor dist. (m) 3.1� (0.2) 2 (0.1) 1.7� (0.1)
BA/clump (m2) 2.5� (0.3) 1.2 (0.2) 0.6� (0.1)
BA/ha (m2 ha�1) 147.1� (10.9) 100.7 (9.5) 99.2 (19.2)
Stem density ha�1 518.5� (52) 1172.4 (126.8) 1258.2 (108.9)

Large clumps (P10 trees)
# Clumps ha�1 3.1� (1.6) 7.0 (2.3) 11.7� (1.8)
Proportion of trees (%) 33.5� (8.6) 66.2 (10.3) 89.1� (25.2)
% Shade intolerant 22.1 (5.8) 16.8 (4.9) 8.8� (2.4)
Nearest neighbor dist. (m) 3.1� (0.4) 2 (0.1) 1.6� (0.1)
BA/clump (m2) 5.4 (1.4) 4.4 (0.9) 5.6 (1)
BA/ha (m2 ha�1) 151.4a (29.2) 111.7 (7.7) 117.6a (10.4)
Stem density ha�1 525.9� (146.5) 1112.2 (43) 1292.6 (126)

Stand metrics
% Canopy cover 36.4 (4.1) 44.8 (5.1) 61.6� (2.6)
Ave. trees/clump 5.2 (0.6) 11 (3.5) 26.3� (5.1)
Max. trees/clump 27� (5.6) 108 (29.8) 542.7� (309.1)
Gap density ha�1 6.2 (0.8) 5.2 (0.7) 0.2� (0.2)

a Transformations were unable to reduce heterogeneity of variance below threshold of significance; therefore statistical comparisons
are not available.
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3. Results

3.1. Stand level structure

Comparing stand characteristics of the 1929 P10 cm (pre-log-
ging) and 2007/2008 datasets for trees located inside of the 9 m
buffer, there was a decrease in the percent pine (from 20.8 to
10.7% by stem count), QMD (from 47.3 to 34.6 cm), standard devi-
ation of diameter (from 32.1 to 19.1 cm), and an increase in tree
density (from 328.1 to 754.8 ha�1) and basal area (from 56.6 to
70.5 m2 ha�1) over time, despite the substantial harvest of over-
story trees after the initial survey in 1929. Estimated canopy cover
changed from 45% in 1929 to 62% in 2007/2008. Average and max-
imum number of trees per clump also increased, and the number of
forest openings decreased over time (Table 1). All stand-level met-
rics (percent pine, QMD, standard deviation of diameter, basal area,
stem density, canopy cover, gap density, average and maximum
number of trees per clump, and area of plot in gaps) in 2007/
2008 were significantly different from those in the pre-harvest
data.

After excluding trees <25 cm DBH in 1929, 25.1% of stems were
pine species, QMD was 71.7 cm, standard deviation of diameter
was 33.8 cm, tree density was 133.4 stems ha�1 and basal area
was 52.8 m2 ha�1. In general, these stand-level results were more
similar to the 1929 P10 cm dataset than results from the 2007/
2008 dataset. Between 1929 P25 cm and 1929 P10 cm, the only
significant differences were in maximum number of trees per
clump, proportion pine species, QMD and stem density (Table 1).

3.2. Clump detection algorithm at multiple inter-tree distances

Varying the inter-tree distance used in the tree clump detection
algorithm at regular intervals gave different proportions of trees
allocated into structural groupings for each dataset (Fig. 1). In
the 1929 P25 dataset, virtually all trees were in clumps containing
ten or more trees at a distance of 8 m. This threshold was reached
much more quickly in the other two datasets, occurring at 5 m for
the 1929 P10 cm dataset, and at 3 m for the 2007/2008 dataset.
Results of the relative proportion of trees in each structural group
at an inter-tree distance of 3 m were most similar to results ob-
tained using crown radius as the critical distance.

3.3. Forest openings

Substantial differences in the proportion of plot area in gaps
and open space were found between the three datasets. This
was largely due to differences in the area covered by tree
clumps containing ten or more trees (Fig. 2). A similar amount
of open space occurred within 3 m of a tree canopy projection
in all datasets, but in the 2007/2008 forest only a small percent-
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Fig. 1. Proportion of trees in each structural group at a range of inter-tree distances.
Data for the three plots are averaged in each dataset; error bars show the standard
deviation of each group.
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age of the plot was more than 3 m from the nearest canopy pro-
jection (Table 2). Similarly, the distribution of gap sizes varied
between the three datasets (Fig. 3). In the 1929 P25 cm dataset,
gaps of all sizes were common components of the landscape.
While small gaps were more frequent, the greatest proportion
of gap area was in larger openings. In the 1929 P10 cm dataset
gaps were also common, but including all trees in the analysis
resulted in fewer gaps in the 250–500 m2 and P1000 m2 size
classes compared to using a 25 cm tree size cutoff. In 2007/
2008 small gaps (<250 m2) were very infrequent, and larger gaps
were absent.
3.4. Local characteristics of tree spatial structure

3.4.1. Changes over time, assessing trees P10 cm DBH
Over time there were substantial changes to the characteristics

of single trees and tree clumps (Table 1). Both datasets contained a
range of tree clump sizes (Fig. 4). The majority of trees were found
in large tree clumps in both datasets, however the spatial pattern
changed over time such that the modern forest had a lower propor-
tion of trees as singles and in small clumps, and a greater propor-
tion in large clumps. The density of single trees and small tree
clumps did not vary significantly over time, but there was an in-
crease in the density of large clumps and a decrease in the density
of medium clumps. Consistent with the stand level averages, both
percent pine and nearest neighbor distance were significantly low-
er in all structural groups in the contemporary forest compared to
1929. QMD was lower in all structural groups, with the exception
of large tree clumps (Fig. 5). Correspondingly, basal area (both per
ha and per clump) decreased within singles and small clumps, de-
spite an increase at the stand level, reflecting the shift in stand
structure caused by loss of widely spaced large diameter trees
and a greater prevalence of smaller diameter trees. Basal area with-
in large clumps did not change over time (Table 1).

3.4.2. Comparisons between 1929 P25 cm and 1929 P10 cm
Comparing the 1929 P25 cm to the 1929 P10 cm dataset, a

greater proportion of trees were singles, corresponding to a greater
proportion of plot area in this structural group. There was also a
lower proportion of trees and plot area in large clumps, and a
greater proportion of trees in small clumps in the 1929 P25 cm
dataset. All clump sizes had greater BA ha�1 on average, and signif-
icantly lower stem densities. Nearest neighbor distance was also
significantly greater in all structural groups. There were no signif-
icant differences in species composition in any structural group.

3.4.3. Associations of tree species and diameter within structural
groups

QMD for trees P10 cm varied between structural groups as well
as between 1929 and 2007/2008 (Fig. 5). In 1929, QMD was signif-
icantly smaller for trees in large clumps than for singles or trees in
small clumps. Trees in medium clumps were also significantly
smaller than trees in small clumps. In contrast, in 2007/2008, sol-
itary trees had a significantly smaller QMD than trees in medium
or large clumps.

Contingency analysis of species and size class distributions
within the different structural groups deviated significantly
(p 6 0.0001) from the expected distribution in all three datasets
(Table 3). Species associations were similar in both 1929 datasets,
but removal of trees 10–25 cm DBH from the analysis resulted in
some changes to associations, and overall a less pronounced pat-
tern of local structuring. In particular, in the 1929 P10 cm dataset
ponderosa pine was more likely to be single and white fir were less
likely to be single or in small groups. Another notable pattern in
the 1929 P10 cm dataset was that intermediate size trees (50–
100 cm DBH) were more likely to be in small or medium tree
groups. Size class and species associations with different structural
groups differed greatly in 2007/2008 from that in either 1929 data-
set. In particular, small rather than large trees occurred dispropor-
tionately as singles in 2007/2008.

3.5. Global point pattern analysis

The spatial point pattern of trees identified by Ripley’s K analy-
sis indicated that trees were significantly clustered between 1 and
45 m in all datasets (Fig. 6). In all plots in each dataset there was an
initial downward spike in the observed L(r). In both the 1929
P25 cm and 2007/2008 datasets, this spike was small enough that



Fig. 2. Spatial composition of MC9 plot area in the three datasets, showing analysis of tree clustering and gaps. The purple colored zone is the 9 m buffer on the inside edge of
the plot. Pie charts show the relative proportion of plot area in each structural group, including gaps but not open space smaller than the minimum gap size. Asterisks by pie
charts denote significant difference from1929 P10 cm (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Empty space distribution calculated from a systematic grid of sample points (5 � 5 m
spacing) across each plot.

1929 P25 cm 1929 P10 cm 2007/2008

%<3 m 37.8 (3.2) 39.6 (2.3) 37.0 (2.6)
%3–6 m 17.8 (3.4) 12.5 (4) 1.3 (0.5)
%6–9 m 6.0 (2.3) 2.8 (2) 0.0 (0)
%P9 m 1.6 (1.3) 0.5 (0.6) 0.0 (0)
Total % in open 63.2 (4) 55.4 (4.7) 38.3 (3.1)
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passed in each gap size class.
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trees were not different from CSR at distances of less than 1 m in
each plot. In the 1929 P10 cm dataset, this spike was sufficiently
large that the point pattern was regularly spaced at very small dis-
tances. The observed L(r) for all plots in all datasets had a quick in-
crease following this initial downward spike, indicating that the
clustered pattern was most pronounced at smaller distances
(approximately <10 m in both 1929 datasets, and approximately
<3 m in 2007/2008). In both 1929 datasets, maximum clustering
in MC9 and MC10 was observed between 10–20 m, while MC11
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continued to slowly increase with greater values of r. In the 2007/
2008 dataset, all plots had a sharp increase until around 2.5 m, and
then gradually increased with larger values of r.
Table 3
Contingency analysis of the distribution of tree species and size classes among structural
symbols contained fewer than expected. The number of symbols denote the magnitude of
>10, two for those between 3.5 and 10, one for those between 1.5 and 3.5, and 0 for those <1
material in Appendix B.

1929 P25 cm 1929 P10 cm

Single Small Medium Large Single S

White fir 0 0 0 + �� �
Incense-cedar 0 + + �� 0 +
Sugar pine + � 0 0 ++ �
Ponderosa pine 0 ++ � � ++ +
10–50 0 � 0 + �� �
50–100a �� 0 0 0 0 +
>100 ++ + 0 �� + �

a In the 2007/2008 dataset all trees >50 cm DBH were included in this size class becaus
4. Discussion

4.1. Overview

Historical fires in Sierra Nevada mixed-conifer forests are be-
lieved to have been predominantly low- to moderate-severity
(Scholl and Taylor, 2010), occasionally producing patches of high
severity, and this variability in part resulted in a highly heteroge-
neous forest structure (Show and Kotok, 1924; Beaty and Taylor,
2008). A challenge to managers restoring spatial and compositional
structure similar to what would be produced by an intact fire re-
gime is translating this historical heterogeneity into prescriptions
and marking guidelines. Our study documents the spatial and
structural homogenization following a single-entry harvest and
more than 100 years of fire exclusion. In 1929, forest conditions
were heterogeneous, consisting of varying sizes of tree clusters
and gaps, with single trees interspersed throughout. Much of this
heterogeneity was lost in the contemporary forest, where gaps
had almost disappeared, likely substantially reducing or eliminat-
ing areas with sufficient light to support pine regeneration (Bige-
low et al., 2011) and most shrub species that once occurred in
canopy openings (Nagel and Taylor, 2005). This loss of spatial het-
erogeneity carries with it a loss of certain microclimate and habitat
features that some wildlife species depend on (White et al., in
press).

We caution that our analysis has several limitations. First,
excluding small trees gives an incomplete characterization of for-
est conditions under the historical fire regime. Due to the patchy
nature of historical fires (Show and Kotok, 1924), smaller trees
would not have been eliminated from stands, even with an active
fire regime, and stems in the smaller size classes (<10 or <25 cm)
were likely present. Therefore, the use of either diameter cut-off
underestimates smaller diameter tree spatial conditions. Second,
our data is limited to three plots in close proximity to each other
and does not encompass a broader range of geographic or topo-
graphic settings that can strongly influence active-fire forest condi-
tions (Lydersen and North, 2012), and thus may underrepresent
the full scale of variability present across a landscape. Finally, the
plots in our study all received a different logging treatment in
1929. While some of the differences in forest structure created
by the logging treatments may still be apparent today, we found
that the variation among plots in the 2007/2008 dataset was min-
imal (Table A1), and therefore treat the plots as replicates in statis-
tical analyses. The current lack of significant structural differences
between the different logging treatments may in part be due to
STEF’s high site productivity. In all three plots forest conditions
have converged to a similar state of dense understory trees and
an increased prevalence of shade-tolerant species. Many western
US forests have a similar history of logging and fire exclusion,
groups. Cells with ‘‘+’’ symbols contained more counts than expected, those with ‘‘�’’
a cell’s contribution to the overall v2 value, with three symbols for those contributing
.5. The cell values for contribution to the overall v2 value are included as supplemental

2007/2008

mall Medium Large Single Small Medium Large

� � ++ �� 0 0 0
++ �� ++ ++ + 0

� 0 0 �� 0 0 0
++ 0 ��� +++ �� � 0

� ++ + 0 0 0
++ ++ ��� ��� � 0 0

0 0

e too few were in the largest size category.



Fig. 6. Global tree spatial patterns for each plot in the three datasets, at inter-tree distances of r. Values above the gray zone (CSR) indicate a clumped pattern and values
below indicate regular spacing.
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but the legacy of logging effects may be more pronounced in more
xeric forests with slower growth and recovery from overstory tree
removal. Despite these limitations our results help quantify the
dominant within-stand spatial patterns in historical and contem-
porary Sierra Nevada mixed-conifer forests. Using mapped plots
with both historical and contemporary measurements helps over-
come a substantial limitation of tree-ring based reconstructions:
the loss of evidence over time.

4.2. Comparison of methods

The results of the Ripley’s K analysis were typical of those using
global pattern techniques to assess spatial structure in fire-depen-
dent western forests, in that most studies have demonstrated tree
spatial aggregation at distances of less than 20 m (Larson and
Churchill, 2012). For example, (North et al., 2007) found significant
clustering at distances of <70 m in reference conditions, and at all
distances tested in an untreated control. The initial downward
spike in the observed L(r) we noted has also been reported for large
trees (Lutz et al., 2012). However (Lutz et al., 2012) did not see a
downward spike at small distances when the spatial pattern of
all size classes was considered. They attributed this spatial pattern
to physical attributes of large trees preventing overlap within 3 m
distances. Our study supports this finding as this spike was least
pronounced in the 2007/2008 data that had fewer large trees.

Assessing local spatial conditions, our study site exhibited more
tree clustering at smaller inter-tree distances than has been re-
ported in other studies using the same clump detection algorithm
on data from historical and contemporary forests. This was partic-
ularly noticeable when comparing to work done in forests with a
much lower overall stem density. For example Churchill et al.
(2013) found that the majority of trees in a reference ponderosa
pine-Douglas-fir forest in the eastern Cascades were classified as
singles up to an inter-tree distance of 5 m, and even at a distance
of 10 m their site still had nearly a third of trees as singles. The
smallest proportion of trees was in clumps of five or more trees
at any inter-tree distance. Conditions in a mixed-conifer forest in
the northern Rockies that had similar tree densities to those at
our study site were somewhat closer to our findings (Larson
et al., 2012). However, trees were still less clumped, with over
two thirds of the trees in reference conditions classified as single
at an inter-tree distance of 3 m, and just over half the trees in
clumps of ten or more trees at a distance of 9 m. In contrast, in
1929 our site had either 5 or 17% of trees as singles at an inter-tree
distance of 3 m (considering trees >10 cm or >25 cm DBH, respec-
tively), and 100% of trees in clumps of ten or more at an inter-tree
distance of 9 m (Fig. 1). Comparing contemporary conditions, at an
inter-tree distance of 3 m, Larson et al. (2012) found that pre-treat-
ment sites generally had most trees in clumps of 2–4 trees, while
99% of trees at our site were in clumps of ten or more trees at that
inter-tree distance. This may reflect the high productivity of our
study site and that infilling trees may not yet have reached suffi-
cient density to trigger widespread competitive mortality (i.e.,
stem-exclusion phase (O’Hara et al., 1996)).

For assessing within-clump characteristics, most other studies
selected an inter-tree distance of 6 m, corresponding to the average
crown diameter of a mature ponderosa pine (Abella and Denton,
2009; Larson et al., 2012; Churchill et al., 2013). Sánchez Meador
et al. (2011) used a similar approach to that employed in this
study, defining tree clumps based on individual crown radii, with
resulting inter-tree distances ranging from 5.3 to 6.6 m. Our study
site had a greater range of variability in crown size (0.9–8.9 m in
1929, 0.9–6.5 m in 2007/2008). Therefore, the choice to define tree
clumps ecologically based on overlapping crowns (Larson and
Churchill, 2012) rather than using a single inter-tree distance such
as 6 m likely had a greater impact on the results of our analysis,
particularly since the average crown size was different in 2007/
2008 than in 1929. Although use of actual crown radii potentially
makes the results more ecologically meaningful, the use of a vari-
able inter-tree distance may prove to be more challenging to
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implement in marking prescriptions compared with the use of a
single distance (Churchill et al., 2013).

4.3. Changes in spatial structure over time, assessing trees P10 cm
DBH

4.3.1. Canopy openings
The distribution of gaps and open space was very different be-

tween the historical and current forest. There was a similar amount
of open space within 3 m of canopy in both time points, but the
contemporary forest had a complete loss of gaps >250 m2 and far
fewer small (<250 m2) gaps. This loss of open space has coincided
with a decrease in shrub cover and diversity (Knapp et al., Unpub-
lished results). Definitions of gap sizes in experimental and obser-
vational studies are often larger than those identified in our
analysis. For example, York et al. (2007) generated gaps ranging
from 0.1 to 1 ha in size, and Skinner (1995) used a minimum cutoff
of 0.1 ha when identifying gaps from aerial photographs. Piirto and
Rogers (2002) suggest that gaps in giant sequoia groves were typ-
ically 0.04–0.8 ha prior to fire exclusion. We found that at the scale
of our study plots, openings within the 1929 forest ranged from
0.01 to 0.4 ha, with gaps smaller than 0.05 ha being a common
structural element. This difference in gap size between our study
and those defined in other studies could be due to several factors:
(1) how we chose to define gaps, (2) the scale of the study (4 ha),
and/or (3) the specific conditions of our study site (e.g., site pro-
ductivity). Despite these potential influences, our results suggest
that a distribution of gap sizes, consisting of many small gaps with
fewer large gaps, may be an inherent fine-scale pattern in Sierran
mixed-conifer forests. Silvicultural treatments aimed at restoring
historical forest structure and pattern could incorporate a similar
gap size distribution to restore heterogeneity.

4.3.2. Local spatial patterns of trees
The number of single trees did not change over time, but the

size and composition among single trees varied greatly between
the contemporary forest and 1929. Single trees in the historical for-
est were more likely to be large trees and pine species. This pres-
ence of widely spaced, fire-resistant pines and other large
diameter trees, interspersed with gaps, likely contributed to the
rarity of crown fire in historical forests (Show and Kotok, 1924).
Nearest neighbor distance decreased significantly between times,
so that in the contemporary forest the frequency distribution of
single trees with size was reversed, with large trees less likely to
occur as singles and small trees more likely. High tree densities
may have caused this association in 2007/2008, because for a tree
to have an isolated canopy, it generally had to have a small crown.
In the contemporary forest, ponderosa pines were still more likely
to occur as single trees than other species. This may reflect the
association of ponderosa pine with harsher microsites where over-
all tree density would be expected to be somewhat lower, even in a
dense forest.

The stem density within tree clumps was similar in 1929 and
2008 when considering all trees P10 cm, but the nearest neighbor
distance did decrease over time. In addition, the space taken up by
large tree clusters increased with time such that large tree clumps
in the contemporary forest occupied more than twice the amount
of space within the stand as compared to 1929, and encompassed a
larger proportion of stems. The maximum number of trees per
clump also increased fivefold between 1929 and 2007/2008. These
shifts represent a homogenization of the stand structure, to one
where the majority is composed of large clumps of very closely
spaced trees. Large tree clusters are often proposed as good options
to maintain habitat for wildlife species reliant on closed canopy
(North et al., 2009). These areas are important components of the
forest, yet are at risk of loss from crown fire under current
conditions (Hessburg et al., 2005). Dense clumps of trees may also
experience increased mortality from moisture stress (Lutz et al.,
2009), particularly in a warming climate (van Mantgem and Ste-
phenson, 2007).

4.4. Reference conditions

All reconstruction methods have limitations (White and Walk-
er, 1997), and an inferred ‘‘reference condition’’ really encom-
passes a range of possible stand structures depending on sample
scale and methods used. One potential shortcoming of our charac-
terization of historical forest conditions is the lack of information
on small trees. Small trees in particular may have varied in density
depending on recent fire frequency and severity, as they are more
susceptible to fire induced mortality. For example, in a Jeffery pine
mixed-conifer forest with a relatively intact fire regime, one study
found that wildfires killed 30–60% of pole sized trees (Minnich
et al., 2000) and another found that half of trees <20 cm died after
a fire (Stephens et al., 2008). Even if more complete information on
the historical patterns of small trees was available, it would be con-
founded by the impacts of fire suppression, as the last fire recorded
in tree rings was 1889. We believe that the range of conditions cap-
tured by two different minimum tree diameters may encompass
what likely occurred when fire had an active influence on forest
structure.

While the overarching pattern of open spaces, singles and tree
clumps is a consistent finding in frequent-fire western forests,
the characteristics of local patterns appears to vary by forest type.
The distributional range of trees among the different structural
groups in this study was on the same order as that reported for ref-
erence conditions in a mixed-conifer forest in western Montana
(Larson et al., 2012), although there were generally fewer trees in
small and medium clumps and a greater proportion in large
clumps at our study site. However, our finding that larger diameter
pines occurred disproportionately as single trees and in small
groups is similar to other spatial studies of frequent-fire forests
(e.g., Pielou, 1960; Sánchez Meador et al., 2011). Perhaps the dom-
inance of shade-tolerant species at our site contributed to the low-
er proportions of single trees and small clumps. Compared to local
spatial structure of reference conditions for ponderosa pine forests
in Northern Arizona, our study had a greater proportion of trees in
clumps and a greater maximum number of trees per clump, even
when excluding the smaller trees (Abella and Denton, 2009; Sán-
chez Meador et al., 2011). As noted by Larson et al. (2012), the dif-
ference in proportion of trees in clumps is likely due to the mixed-
conifer sites having higher productivity that may support greater
tree density than the ponderosa pine sites in Northern Arizona, a
finding also supported by the greater maximum clump size in this
study.

While restoration guidelines often include a target stand-level
canopy cover (North and Sherlock, 2012), metrics of average can-
opy conditions do not capture the high variability in canopy cover
noted in historical forests. Within the 1929 plots, there was high
structural variability in how canopy cover was allocated due to
the presence of different sizes of tree clumps, widely-spaced single
trees and openings. Low density areas of large solitary trees with
low average canopy cover are an important structural component
of many reference forests (Larson and Churchill, 2012).The histor-
ical data from our study showed that pine species and larger diam-
eter trees occurred disproportionately as singles and in small
groups. The historical structure also contained patches of high tree
density forming large areas of contiguous canopy cover. These lar-
ger tree clumps were more likely to be dominated by white fir and
small trees, suggesting that restoration of contemporary mixed-
conifer stands could maintain some larger groups of similar com-
position to provide such habitat, in addition to creating more open



Table A1
Structural characteristics in 1929 post-harvest and 2007/2008 for each of the three plots.

1929 Post-harvest 2007/2008

MC9 MC10 MC11 MC9 MC10 MC11

Single trees
# Singles ha-1 28.1 15.6 23.2 13.7 15.9 21.1
Proportion of trees (%) 15.3 6.2 8.8 1.6 2.2 3.1
% Shade intolerant 22.3 28.0 22.4 20.0 9.8 6.3
Nearest neighbor dist.(m) 6.7 7.4 5.9 4.4 4.8 4.8
BA/ha (m2 ha�1) 3.3 4.5 2.4 0.5 0.9 1.0
Proportion of plot area (%) 4.6 3.8 3.3 1.3 1.8 2.4
QMD (cm) 38.7 60.8 36.5 21.9 26.3 24.8

Small clumps
# Clumps ha-1 19.4 13.1 19.9 10.7 11.2 12.2
Proportion of trees (%) 28.6 14.8 20.0 3.4 3.8 4.6
% Shade intolerant 14.4 11.5 20.8 6.4 5.1 8.6
Nearest neighbor dist.(m) 2.1 2.5 2.1 1.8 2.0 1.9
BA/clump (m2) 0.2 0.7 0.2 0.2 0.2 0.2
BA/ha (m2 ha�1) 58.1 104.3 56.4 63.6 70.8 64.9
Stem density (ha-1) 1202.6 1018.0 1211.5 1270.6 1110.9 1142.4
Proportion of plot area (%) 5.5 6.2 5.0 2.4 2.9 3.1
QMD (cm) 31.9 55.7 28.7 27.1 33.6 30.3

Medium clumps
# Clumps ha-1 4.9 6.5 6.6 5.7 4.7 5.6
Proportion of trees (%) 15.3 17.5 17.1 4.4 4.3 5.2
% Shade intolerant 7.3 20.7 19.3 5.1 7.9 11.1
Nearest neighbor dist.(m) 1.7 2.0 1.4 1.7 1.5 1.8
BA/clump (m2) 0.4 1.2 0.3 0.5 0.7 0.6
BA/ha (m2 ha�1) 70.7 108.8 61.1 81.9 119.8 95.8
Stem density (ha-1) 1458.1 1216.2 1610.5 1243.0 1373.9 1157.7
Proportion of plot area (%) 17.5 5.6 3.0 3.3 2.8 3.3
QMD (cm) 29.8 47.1 22.8 31.6 36.5 34.5

Large clumps
# Clumps ha-1 4.6 4.4 7.1 10.7 10.6 13.8
Proportion of trees (%) 40.8 61.5 54.1 90.5 89.8 87.1
% Shade intolerant 20.6 11.3 18.6 6.3 9.1 11.1
Nearest neighbor dist.(m) 1.8 1.8 1.6 1.5 1.7 1.6
BA/clump (m2) 1.4 4.0 1.0 5.9 6.5 4.4
BA/ha (m2 ha�1) 89.0 105.7 67.0 107.2 127.9 117.6
Stem density (ha-1) 1185.7 1290.1 1426.5 1437.9 1213.6 1226.3
Proportion of plot area (%) 7.0 14.0 10.1 56.4 55.1 49.8
QMD (cm) 33.6 38.0 24.8 32.3 36.3 36.4

Stand
Canopy cover (%) 34.6 29.6 21.3 63.5 62.6 58.6
% Shade intolerant 18.1 17.1 20.8 10.1 9.7 12.2
QMD (cm) 33.4 44.3 26.5 31.9 36.1 35.8
DBH St. Dev. (cm) 18.8 29.8 13.8 17.8 21.0 18.6
BA/ha (m2 ha�1) 16.2 38.6 14.6 67.9 75.4 68.0
Stem density (ha-1) 184.2 250.1 263.7 847.9 738.6 677.9
Ave. trees/clump 5.4 9.8 7.2 30.8 27.3 20.8
Max. trees/clump 40 126 45 584 829 215
Number of gaps/ha 2.7 5.0 2.5 0.3 0.0 0.3
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conditions to favor pines and shrubs. This heterogeneous pattern
produced by different species associations among structural
groupings contributed to variation in canopy closure (a point-level
measure of canopy conditions sensu (Jennings et al., 1999)) across
the stand.

Comparisons between the 1929 >>25 cm and 1929 P10 cm
datasets show where trees may have arisen during the initial forty
years of fire suppression, comparable to a quiescent period in the
fire record. Trees 10–25 cm DBH grew within forest openings, so
that the 1929 P10 cm dataset had a higher proportion of small
gaps (<0.05 ha), and larger gaps (>0.1 ha) were rare. Stand-level
average canopy cover ranged from 36% (when considering trees
P25 cm) to 45% (when considering trees P10 cm). Thus approxi-
mately 9% of the canopy cover was contributed by trees between
10 and 25 cm DBH-a size class frequently targeted for removal in
standard ‘‘thinning from below’’ prescriptions. These small trees
were predominantly shade-tolerant species (82%) that generally
occurred in large, dense patches, reflecting the dense and highly
clustered nature of tree regeneration (Stephens and Fry, 2005; Lar-
son and Churchill, 2012). In the 1929 P10 cm dataset, basal area
per clump was greater, while basal area ha�1 within clumps was
lower, indicating that in addition to growing within open areas,
the trees that arose near the onset of fire exclusion grew near lar-
ger trees. This infilling of small trees generates a more competitive
environment which can put trees at greater risk of mortality (Das
et al., 2011), and increase the risk of crown fire due to ladder fuels
carrying fire into the canopy.

In both 1929 datasets, gaps were typically sinuous, rather than
round, in shape (Fig. 2). While other studies have suggested that a
relatively high amount of light (>41% of full sun) is needed to favor
regeneration of shade-intolerant pines (Bigelow et al., 2011), these
somewhat narrow breaks in the canopy likely provided sufficient
light to support shrub patches and pine regeneration in forests
when fire played an active role. Shrub patches are less common
in fire-suppressed forests, but provide important habitat and are
associated with higher small mammal (Coppeto et al., 2006) and
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bird (Raphael et al., 1987; Humple and Burnett, 2010) species
diversity.
5. Management recommendations

Foresters often focus on measuring, marking and managing
trees at the scale of a stand, which Oliver and Larson (1996) de-
scribe as ‘‘a spatially continuous group of trees and associated veg-
etation having similar structures and growing under similar soil
and climatic conditions’’. Spatial descriptions of active-fire forest
conditions presented here and in other regions (Larson and Chur-
chill 2012) suggest fine-scale within stand patterns and their influ-
ence on ecological processes may be important to consider in
management practices. While more traditional even spacing may
maximize tree growth rates, the resulting structure may not have
been a common historical condition.

In mixed-conifer forests similar to those found at STEF, marking
prescriptions designed to restore within-stand heterogeneity
might focus on creating tree groups, gaps and individual trees
roughly in proportion to our 1929 P25 cm data (Figs. 1 and 3
and Table 1). The high variability in tree clumps in the historical
data, with larger clumps consisting of between 10 and 33 trees,
suggests that managers may wish to create a range of tree cluster
sizes rather than emphasizing the groups of 3–6 trees that are of-
ten marked (authors pers. obs.; Churchill et al., 2013). When mark-
ing trees to leave as a larger clump, thinning some smaller trees
within the clump may be appropriate when within-clump densi-
ties exceed those present in the reference forest, if it can be done
without excessive damage to residual trees. Groups of trees may
be identified by focusing on the attributes that make them poten-
tial wildlife habitat such as the presence of large, old trees and
higher levels of canopy closure (North et al., 2009). Other charac-
teristics that may enhance habitat value include live trees with
dead tops or broken branches, evidence of heart rot organisms,
mistletoe brooms, or other ‘‘defects’’ associated with preferred
habitat for some species (North and Sherlock, 2012). The reference
forest also contained abundant single trees and small tree clumps,
comprised of a greater proportion of large trees and pines. In areas
where large neighboring pines remain, a more aggressive thinning
of shade-tolerant species may be appropriate to create an open
environment to favor shrub habitat and pine regeneration.

What may be more difficult is creating a range of gap sizes,
including gaps >0.05 ha. Current standards and guides in the Sierra
MC9 MC10

Fig. A1. Stem maps are of MC9, MC10 and MC11 post-harvest in 1929, showing spatial c
zone is the 9 m buffer on the inside edge of the plot. (For interpretation of the references
Nevada emphasize meeting target canopy cover conditions of 40 or
50% depending on potential use by the California spotted owl (Strix
occidentalis occidentalis) (USDA, 2004). Marking crews may be
reluctant to create these large gaps, particularly when the removal
of larger trees would result (Churchill et al., 2013). Larger gaps in
our reference forest were sinuous. This could provide some guid-
ance on the width of larger gaps and help overcome this obstacle,
allowing for large gaps to be created while minimizing larger
diameter stem removal. The resulting high microsite variability
in canopy closure may not compromise target canopy cover, a
stand-level average measure (North and Stine, 2012).

Restoration of heterogeneous spatial structure in western fire-
dependent forests can potentially increase ecosystem resilience
to drought and wildfire, without compromising forest habitat for
species associated with closed canopy conditions (North et al.,
2010; Underwood et al., 2010). Measures of local spatial structure
of active-fire forests can help inform managers by providing infor-
mation that is more easily translated to tree marking guidelines,
but descriptions of within-stand characteristics are new and will
benefit from further development. The most difficult practical con-
cept suggested by our research is that management and marking
avoid downscaling stand-level targets if the objective is to increase
fine-scale forest heterogeneity. There may not be a single, optimal
marking method to create the spatial patterns suggested by the
historical structure data, but flexible response to existing condi-
tions and applying the general principles outlined here should
put a stand on a trajectory towards such heterogeneity.
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Appendix A

Even though the three plots were harvested using different cut-
ting methods, some generalizations can be made about the 1929
post-harvest data as compared to the other time points
MC11

omposition of plot area and analysis of tree clustering and gaps. The purple colored
to color in this figure legend, the reader is referred to the web version of this article.)



Appendix B. Supplementary Material 1
Cell contributions to the overall v2 value for contingency analysis of the distribution of tree species and size classes among structural groups.

1929 P25 cm 1929 P10 cm 2007/2008

Single Small Medium Large Single Small Medium Large Single Small Medium Large

White fir 2.95 1.37 1.31 0.00 5.68 6.34 4.28 2.92 0.44 4.20 1.01 0.33
Incense-cedar 7.67 0.16 2.78 1.51 4.89 0.63 3.15 7.21 1.21 4.60 5.09 1.70
Sugar pine 0.52 2.48 1.78 0.28 0.06 5.87 3.75 0.05 0.27 5.92 0.14 0.07
Ponderosa pine 1.69 0.01 7.68 2.09 19.50 6.29 70.96 0.05 0.17 15.01 9.22 2.90
10–50 2.38 0.79 2.95 0.37 4.00 3.78 3.32 2.12 0.14 2.39 0.42 0.00
50–100a 0.07 6.18 1.33 0.72 10.78 0.07 24.94 7.18 1.01 16.76 2.97 0.00
>100 5.51 5.63 1.54 0.06 0.16 1.80 1.88 0.19

a In the 2007/08 dataset all trees >50 cm DBH were included in this size class.
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(Table A1). The average number of trees per clump and the distri-
bution of stems amongst the structural classes were more similar
to the 1929 pre-harvest data than to contemporary conditions,
with a relatively low number of trees per clump, the greatest pro-
portion of stems in large clumps, and a substantial number of trees
occurring in small clumps and singles. Nearest neighbor distance
was similar to that immediately prior to harvest, and stem density
within clumps was similar to the contemporary data. BA ha�1 of
single trees was lower after harvest, but still greater than in the
contemporary forest. As expected, the proportion of plot area in
each structural group was generally lower than prior to harvest,
corresponding to a decrease in canopy cover. Compared to contem-
porary conditions there was a greater proportion of plot area in
singles and small clumps, but a much lower proportion in large
clumps. The number of gaps per hectare was similar to 1929
P10 cm, but the average gap size and the proportion of plot area
in gaps were greater than in other time points (see Fig. A1).
Appendix B

Supplementary data 1. Cell contributions to the overall v2 value
for contingency analysis of the distribution of tree species and size
classes among structural groups.
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