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Abstract
Questions: How do gap abundance and the spatial pattern of
trees and snags change throughout stand development in Picea
mariana forests? Does spatial pattern differ among site types
and structural components of a forest?
Location: Boreal forests dominated by Picea mariana, north-
ern Quebec and Ontario, Canada.
Methods: Data on the abundance, characteristics and spatial
location of trees, snags and gaps were collected along 200 m
transects at 91 sites along a chronosequence. Spatial analyses
included 3TLQV, NLV and autocorrelation analysis. Non-
parametric analyses were used to analyse trends with time and
differences among structural components and site types.
Results: Gaps became more abundant, numerous and more
evenly distributed with time. At distances of 1-4 m, tree cover,
sapling density and snag density became more heterogeneous
with time. Tree cover appeared to be more uniform for the 10-
33 m interval, although this was not significant. Patch size and
variance at 1 m were greater for overstorey than for understorey
tree cover. Snags were less spatially variable than trees at 1 m,
but more so at intermediate distances (4 - 8 m). Few significant
differences were found among site types.
Conclusions: During stand development in P. mariana forest,
gaps formed by tree mortality are filled in slowly due to poor
regeneration and growth, leading to greater gap abundance
and clumping of trees and snags at fine scales. At broader
scales, patchy regeneration is followed by homogenization of
forest stands as trees become smaller with low productivity
due to paludification.

Keywords: Chronosequence; Forest structure; Forest stand
development; Gap dynamics; New local variance; Spatial
autocorrelation; Three-term local quadrat variance.

Abbreviations: 3TLQV = Three-term local quadrat variance;
NLV = New local variance.
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Introduction

Changes in the spatial pattern of forest structure with
time can provide insight into processes that occur
throughout stand development. Clumping and regular
distributions of plants have been linked with the interac-
tions of facilitation and competition for limited resources,
respectively (Malkinson et al. 2003). In early stages of
forest stand development, competitive self-thinning leads
to a more regular distribution of trees (Christensen
1977; Kenkel 1988; Moeur 1993; Peterson & Squires
1995; Lee et al. 1997), logs (Harmon et al. 1986) and
small gaps (Spies et al. 1990; Bradshaw & Spies 1992;
Kuuluvainen 1994). During later phases of develop-
ment, spatial pattern dynamics are driven by fine-scale
disturbances (Kuuluvainen et al. 1998) such as windthrow
or insect outbreaks, resulting in a more clumped distri-
bution of deadwood (Harmon et al. 1986) and more gaps
of all sizes (Spies et al. 1990; Bradshaw & Spies 1992;
Tyrrell & Crow 1994; Lertzman et al. 1996; Kneeshaw
& Bergeron 1998; Chen & Popadiouk 2002). Present
knowledge thus indicates that gap abundance and the
spatial heterogeneity of trees and snags increases with
time since disturbance. Although many studies have
examined spatial pattern at different stages of develop-
ment, only an investigation that spans all developmental
stages following disturbance will be able to detect the
full extent of trends in spatial pattern during succession.
Likewise, the simultaneous examination of trends in
gaps and the spatial pattern of both trees and snags will
be able to link gap formation and the resulting spatial
patterns of forest structure.

Spatial pattern of trees and gaps can also be affected
by factors other than stand development, which could
obscure trends with time since disturbance. Edaphic
factors such as soil moisture can affect the distribution
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of trees and stand structure (Parish et al. 1999;
Druckenbrod et al. 2005); autocorrelation of plants may
be greater on more productive soils because of better
growth of newly dispersed plants next to parent plants
(Miller et al. 2002). Heterogeneity in the micro-environ-
ment could also cause clumping (McDonald et al. 2003).
The abundance and spatial pattern of gaps can also
differ among different forest types (Bartemucci et al.
2002). Therefore, the pattern of forest (and gap) struc-
ture may differ among sites with different species com-
position, productivity and superficial deposits. In par-
ticular, trends in spatial pattern with time may differ
among sites that are continuously dominated by one
species compared with sites that undergo succession of
the dominant tree species during stand development.

We investigated gaps and spatial pattern of forest
structure along a chronosequence following fire in three
different site types in a boreal coniferous forest. Our
main objective was to identify effects of self-thinning
and fine-scale disturbance on the spatial pattern of trees
and snags throughout stand development. Whereas most
studies on spatial pattern include only a few sites, we
developed new methods to compare spatial pattern among
many sites along a chronosequence. We also assessed if
there were differences in spatial pattern among different
structural components (trees and snags of different sizes
and decay stages) to indirectly infer changes related to
forest structural development. Finally, we compared the
spatial pattern of trees and snags, as well as the abun-
dance of gaps, among three different site types (organic,
clay and sand) to assess any differences in spatial pat-
tern due to species composition or soil type.

Methods

Study area

We sampled sites in Picea mariana boreal forest in
the northwestern part of the Abitibi region in Québec
and in the Abitibi Lake Model Forest in Ontario (48°92'
to 49°93' N; 78°64' to 80°64' W; Harper et al. 2005).
This region is part of the northern Clay Belt, a broad
physiographic unit characterized by lacustrine deposits
from the proglacial lakes Barlow and Objibway (Vin-
cent & Hardy 1977). The topography is flat at an eleva-
tion of ca. 300 m a.s.l. Soils are predominantly organic,
with clay deposits and some till (Gauthier et al. 2000).
Mean annual temperature is 0.8/0.9 °C, annual precipi-
tation is 856/792 mm, and there are 64/90 frost-free
days (period 1961-1990, La Sarre, Québec and Iroquois
Falls, Ontario weather stations respectively; Environ-
ment Canada, Anon. 1993).

Picea mariana is dominant in stands of all ages on

clay and organic sites, and in older stands on sand sites
(Harper et al. 2003). Pinus banksiana is often abundant
on early-intermediate aged drier sites such as outwash
deposits, old beaches and eskers, and some clay sites
(Harper et al. 2003). Other early successional species
(Populus tremuloides and Salix spp.) can be abundant in
early-intermediate aged clay and sand stands (Gauthier
et al. 2000; Harper et al. 2003). Therefore, structural
development of the canopy coincides with changes in
dominant species composition on sand sites, but is inde-
pendent of species replacement in stands on organic
sites which are always dominated almost exclusively by
Picea mariana (Harper et al. 2002, 2003).

The disturbance regime in this region is character-
ized by large crown fires that kill most of the trees and
above-ground vegetation (Harper et al. 2003). The re-
cent fire history for the entire study area is available
from a fire reconstruction by dendrochronology and
aerial photograph interpretation (Bergeron et al. 2004).

Data collection

To determine changes in spatial pattern with time
since fire, 91 sites were located in separate forest stands
at least 1 km apart along a chronosequence (Fig. 1).
Using the reconstructed fire history for the region to
determine time since the most recent fire (Bergeron et
al. 2004), we selected site locations to span a variety of
ages. Accessibility and the lack of harvesting were also
prerequisites for sites to be selected. Time since last fire
was verified from tree age data collected from ten trees
at each site. Sites were classified as organic-hydric,
mesic to subhydric-clay and xeric-sand (cf. Gauthier et
al. 1996) based on a combination of superficial deposit
and hydric regime which were sampled at each site.
Organic sites (25 sites) had an organic layer more than
60 cm thick and poor drainage; clay sites (45 sites) had
clay deposits with moderate drainage; and well-drained
sandy sites (20 sites) were designated as sand. This
rough classification was used since the distinction be-
tween the three site types was usually clear with very
few intermediate cases. The different types of sites were
quite well interspersed (Fig. 1); therefore we assumed
that differences among site types were not a result of
random variation across the landscape that might occur
if the site types were clumped.

Data were collected on the abundance, characteris-
tics and spatial location of trees, snags and gaps along
transects at all sites in 1996 and 1997. At each site, a
200-m transect was established except for 21 sites in
small stands where 100-190 m transects were necessary
to avoid logged areas or abrupt changes in environmental
conditions. Gap diameter was measured as the distance
along the transect between the first living branches on
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either side of a gap with evidence of a treefall. The
vertical projection of the tree canopy was mapped to the
nearest 10 cm along the transect; cover above and below
3m was also noted separately as overstorey and under-
storey tree cover, respectively. All live trees and snags
with DBH greater than or equal to 1 cm within a 200 m
× 4 m wide rectangular plot centered on each transect
were mapped with a accuracy of 1 m such that density
was measured within a grid of 800 1 m × 1 m subplots.
All trees and snags were measured for height and diam-
eter at breast height. The results for saplings (height
class 1-5 m and diameter class 1-5 cm) are presented in
the main text; results of other size classes and decay
classes for snags are presented in App. 2.

Spatial analyses

For each site, we used a combination of different
spatial analyses to determine: (1) the patch size and
variance for total, understorey (height less than 3 m) and
overstorey (height greater than 3 m) tree cover; and (2)
the degree of autocorrelation of tree, snag and sapling
densities. To estimate the size of patches of trees for
each site, we employed new local variance (NLV;
Galiano 1982; Dale 1999) on the tree cover data: (1)
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where VN(b) is the NLV for block size b (size of a block

of quadrats, distance or ‘scale’), n is the number of
‘quadrats’ or 10 cm segments along the transect and x is
the tree cover (presence/ absence). In this paper, we use
the term ‘distance’ or ‘distance class’ for the analysis of
the data to identify the distance or spacing between
sampling units (Dungan et al. 2002). The results of NLV
are graphs of VN(b) vs. b. We assigned the patch size as
the block size corresponding to the first tall peak by
visually inspecting each graph. Since NLV determines
the smaller of either patch or gap size, we converted gap
size to patch size by dividing by the ratio of gap to tree
cover if the ratio was less than one. Although there may
be other scales of pattern, broader scales will likely be
groups of patches or gaps.

The spatial pattern of forest structure at each site was
assessed using both a paired quadrat variance method on
the tree cover data and correlation analysis on the tree,
snag and sapling density data. Three-term local quadrat
variance (3TLQV) measured the amount of variability
in tree cover at difference distances (Dale 1999):  (2)
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where V3(b) is the 3TLQV for block size b. Results for
3TLQV, consisting of graphs of V3(b) vs b, are usually
interpreted on a site-by-site basis; although comparisons
have been made among few sites (e.g. Dale & Blundon
1990; Bradshaw & Spies 1992; Dale & Zbigniewicz

Fig. 1. Map of all the sites.
Symbols represent the site
type: organic (circles), clay
(squares), sand (triangles).
Sites are labelled with the
time since the most recent
fire. The inset map shows
the location of the study area
within Canada. Reprinted
from Harper et al. (2005),
Copyright (2006), with per-
mission from Elsevier.
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1997). In order to assess the trends of spatial pattern
with time since fire, we used a new method to summa-
rize spatial pattern analysis results to allow comparisons
among a large number of sites (cf. Bartemucci et al.
2002). First, we standardized the 3TLQV results by
dividing V3(b) by the sample variance (Rossi et al.
1992), which enabled comparisons of trends in pattern,
irrespective of trends in abundance. Mean values were
then calculated over non-overlapping distance classes;
we used 0.0-2.0, 2.1-6.0, 6.1-10.0 and 10.1-33.0 m. The
first three intervals were chosen to complement results
from correlation analysis of trees and snags (1, 4, 8 m;
see below); and 33 m was the maximum possible block
size for the shortest transect. Greater average variance
would indicate greater relative heterogeneity in tree
cover and therefore aggregation of trees within the
particular distance class. We performed NLV and
3TLQV analyses on total, understorey and overstorey
tree cover.

We also assessed trends in spatial pattern of trees,
snags and saplings using correlograms. The correlogram
statistic is calculated as (cf. 1 – Geary’s C, Dale 1999;
autocorrelation, Miller et al. 2002; statistic for a
correlogram, Scheller & Mladenoff 2002): (3)
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where ρ = autocorrelation coefficient, n = number of
quadrats, wij are weights with the values 1 or 0 if the pair
xi and xj are included or not, respectively, and x is the
number of trees, snags or saplings in the quadrat. The
correlogram statistic is calculated for each distance sepa-
rately. For a distance of 1 m, we used the grid of 1 m ×
1 m subplots as quadrats; wij = 1 when pairs of quadrats
were adjacent (including diagonal adjacency). For addi-
tional distances of multiples of 4 m up to 32 m, numbers
of trees, snags or saplings were combined within 4 m ×
4 m quadrats, resulting in a transect of contiguous
quadrats; for these distances, wij = 1 when pairs of
quadrats were 1, 2 and 8 quadrats apart. Analyses were
only conducted if there were five or more trees, snags or
saplings per transect. We used this inverse of Geary’s C,
which still varies between 0 and 1, so that greater values
represent greater spatial autocorrelation or spatial struc-
ture (similar values) at the specific distance and there-
fore less heterogeneity or clumping. Correlelograms
were determined for live tree, snag and sapling density.

Statistical analyses

Non-parametric statistical analyses were used to de-
termine trends with time since fire and differences among
sites for gap abundance and spatial pattern after tests of
normality revealed that data for many variables did not
satisfy assumptions of normal error distributions. Re-
sponse variables for all analyses included: gap propor-
tion, density, average length and diversity (estimated as
the standard deviation of gap lengths); total, overstorey
and understorey tree cover patch size (NLV results);
standardized 3TLQV for four different distance classes
(0-2, 2-6, 6-10, 10-33 m) for total, overstorey and
understorey tree cover; autocorrelation coefficient for
four different distances (1, 4, 8 and 32 m) for total live
tree density, total snag and sapling density. Since we
conducted multiple tests, we modified the p-value for
groups of tests using the sequential Bonferroni test
(Rice 1989). We applied this method separately for each
test and for each site type (organic, clay, sand or all sites
combined), where appropriate. We also separated the
variables into two groups before applying the sequential
Bonferroni test: general variables (all variables listed
above except saplings) and trees and snags in different
classes of dbh, height and decomposition (all variables
in App. 2 plus saplings). The number of tests considered
for multiple testing are stated where the original results
are reported (Tables 1, 2; Tables A1, A2 in App. 1;
Tables B1, B2, B3 in App. 2).

Spearman’s coefficient of rank correlation (Sokal &
Rohlf 2001) for all sites combined was used to test for
significant overall trends with time since fire. Correla-
tions were also calculated separately for each of the
three site types. Correlations were only calculated when
non-zero data were available for ten sites or more. We
also used Kruskal-Wallis analyses to test differences in
spatial pattern among site types irrespective of time
since fire. These and all other statistical tests were
carried out by use of SPSS (Anon. 2004)

Additional analyses were carried out to test differ-
ences in spatial pattern among different forest structural
components. The Wilcoxon signed ranks test was used
to assess the difference in patch size and 3TLQV results
of the four distance classes (0-2, 2-6, 6-10, 10-33 m)
between the understorey (< 3 m) and overstorey (> 3 m)
tree cover; sites with missing data were omitted. The
Wilcoxon signed ranks test was also used to assess
differences in the spatial pattern between live trees and
snags using the autocorrelation coefficients at all four
distances (1, 4, 8 and 32 m).
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Results

Trends with time since fire

Gap abundance increased with time since fire, reach-
ing proportions greater than 80% of stand area and
densities greater than 10 per 100 m on some sites (Fig.
2A). There was no significant trend with time since fire

for average gap length (Fig. 2A) or patch size (App. 1,
Table A1). Gaps were more evenly distributed among
all size classes in older forests, as indicated by greater
variation (standard deviation) in gap size (Fig. 2A).

Tree cover became significantly more variable with
time since fire for the 0-2 m distance class (Fig. 2B).
There was an apparent decrease in variability with time
for the 10-33 m interval, but it was not significant likely

Fig. 2. Trends with time since fire on all sites combined for: A. Gap proportion, density, length and standard deviation of length;
B. Spatial variance in total canopy cover (3TLQV results) for all four distance classes; C. Autocorrelation coefficient for live trees
at all four distances; D. Autocorrelation coefficient for saplings (DBH 1–5 cm) at all four distances; E. Autocorrelation coefficient
for snags at all four distances. Solid regression lines were added where the trends were significant (α < 0.05) as a visual aid; the trend
for saplings at 1 m was only marginally significant (α <  0.1). Note that for B-D, the scale of the y-axis for 0-2 m and 1 m is different
from the other distances. Statistics on non-parametric Spearman correlations are in App. 1, Table A1.
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due to the presence of three intermediate-aged outlier
stands with very high variance. These results are also
evident from the graph of 3TLQV results for total
canopy cover on the ten youngest and ten oldest sites
which shows greater variance for the oldest sites at 0-
2 m, and for the youngest sites at 10-33 m (Fig. 3).
Overall, variance in cover increased with distance.
There were no significant trends with time since fire

when understorey and overstorey cover were considered
separately (App. 1, Table A1).

Change in the spatial structure of live tree density
with time since fire was not significant at any distance,
although a non-significant decrease with time was
apparent at 1 m (Fig. 2C). Saplings (DBH 1-5 cm)
became less homogeneous with time at the 1 m dis-
tance (Fig. 2D). The spatial structure of saplings less

Table 1. Comparison of spatial pattern between overstorey
and understorey tree cover. Mean values and p-values from
Wilcoxon sign ranks tests for patch size (NLV results) and
spatial variance for four different distance classes (3TLQV
results). Sample size is n = 87.

Understorey Overstorey p-value
cover cover

patch size 1.45 2.15 0.000*
    0-2 m 0.373 0.292 0.000*
    2-6 m 0.777 0.783 0.862
  6-10 m 1.009 1.012 0.896
10-33 m 1.581 1.393 0.488

* = Significant at α = 0.05 with the sequential Bonferroni test where  the
number of tests considered is k = 5.

Table 2. Comparison of spatial pattern between live trees and
snags. Mean values and p-values from Wilcoxon sign ranks
tests for autocorrelation analysis at four different distances.
Sample size is n = 89.

Live trees Snags p-value

  1 m 0.864 0.974 0.000*
  4 m 0.225 0.072 0.000*
  8 m 0.163 0.095 0.009*
32 m 0.036 0.018 0.503

* = Significant at α = 0.05 with the sequential Bonferroni test where  the
number of tests considered is k = 4.

Fig. 3. Standardized 3TLQV results for total canopy cover on
the ten youngest (< 40 years, dotted lines) and the ten oldest
sites (≥ 240 years, solid lines) as a function of distance. Note
that the variance was greater for the oldest sites in the dis-
tance class 0-2 m, and for the youngest sites in the distance
class of 10-33 m, while no trends with time since fire can be
seen in the distance classes 2-6 and 6-10 m (boundaries
between distance classes are represented by dashed lines).

Fig. 4. Spatial structure of snags on the ten youngest (< 40
years, dotted lines) and the ten oldest sites (≥ 240 years, solid
lines) as a function of distance between observation points.
Note that the variance was greater for the youngest sites at 4 m,
but there were no significant trends with time since fire at 8
and 32 m (these three distances are represented by dashed
lines).
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than 5 m tall exhibited no significant trends with time
(App. 1, Table A1). For snags, the autocorrelation
coefficient at 4 m decreased with time since fire from
relatively high values in very young sites indicating a
more uniform distribution of snags after fire (Fig. 2E).
The correlogram results for snag density on the young-
est and oldest sites (Fig. 4) also illustrates this trend.

Trends with time since fire varied among site types
(Fig. 5). Gap density and proportion increased signifi-
cantly with time since fire on organic and clay sites but
not on sand sites (although an increase in gap proportion
was significant at the α = 0.1 level on sand sites; Fig.
5A). Gap standard deviation increased significantly with
time since fire only on clay sites (Fig. 5A). For saplings,
the autocorrelation coefficient decreased significantly
with time at 1 m for sand sites and at 4 m for organic
sites (Fig. 5B). The decrease in homogeneity with time
of saplings at 1 m on sand sites appeared to be due to
relatively high values of the autocorrelation coefficient
in young sites (Fig. 5B).

Fig. 5. Trends with time since fire for each of the three site types for: A. Gap proportion, density and standard deviation of length;
B. Autocorrelation coefficient for saplings (DBH 1-5 cm) at 1 and 4 m and for saplings (height 1-5 m) at 1 m. Only results which are
significant for some site types but not others are shown. Solid regression lines were added where the trends were significant (α <
0.05) as a visual aid: solid for organic sites, dashed for clay sites and dash-dot-dot for sand sites; the trend for saplings at 1 m was only
marginally significant (α < 0.1). Statistics on non-parametric Spearman correlations are in App. 1, Table A1.

Comparisons among structural components

Patch size was significantly greater for overstorey
than for understorey tree cover (Table 1). There was sig-
nificantly greater variance in understorey tree cover than
overstorey cover for the 0-2 m distance class (Table 1).
Snags were more homogeneous (higher autocorrelation
coefficient) than trees at 1 m, but less so at 4 and 8 m
(Table 2). Results for the autocorrelation coefficient for
trees and snags of different sizes and for snags in differ-
ent decay stages are presented in App. 2.

Differences among site types

There was only one significant difference among
site types (App. 1, Table A2). There was a decrease in
variability in overstorey tree cover for the 0-2 m interval
from organic to clay to sand sites (Fig. 6).
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Discussion

Direct evidence for changes in pattern during stand
development

Our results show changes of the spatial pattern of
several important Picea mariana boreal forest charac-
teristics during stand development. The observed in-
crease in the proportion of gaps with time since fire,
also found in many other forests (Tyrrell & Crow
1994; Lertzman et al. 1996; Kneeshaw & Bergeron
1998), was due to greater densities of gaps in older
forest stands, rather than larger gaps as observed in
other forests (Spies et al. 1990; Liu & Hytteborn 1991;
Bradshaw & Spies 1992; Hill et al. 2005). Some small
gaps arise after self-thinning (Bradshaw & Spies 1992),
but gap abundance primarily increases due to mortality
brought about by fine-scale disturbance in later suc-
cessional stages. An increase in gap size usually oc-
curs as the result of larger tree sizes (Tyrrell & Crow
1994), enlargement of gaps (Young & Hubbell 1991;
Hill et al. 2005) or a change in mortality from self-
thinning to windthrow which usually removes clumps
of trees. Franklin et al. (2002) suggest that gap devel-
opment and expansion in later developmental stages
may not occur in ecosystems with frequent stand-
replacing disturbance. However, Chen & Popadiouk
(2002) found that, even in the boreal forest which
experiences frequent disturbance by fire, gaps expand
in the final stage of development. We may not have
observed an increase in gap length in the Picea mariana
forest because trees in older stands are often small due
to low productivity, and because windthrow is more
likely to act on single trees in the more open canopied

forests (Harper et al. 2005). Changes in forest structure
(smaller trees and an open canopy) result from palu-
dification which is the process by which the develop-
ment of thick moss and organic layers lowers soil
temperature and decreases nutrient availability (Paré
& Bergeron 1995; Gower et al. 1996; Lavoie et al.
2005). The change in gap diversity from small gaps to
a more even distribution of gaps on gap size classes is
also found by other studies (Spies et al. 1990; Bradshaw
& Spies 1992; Tyrrell & Crow 1994; Kneeshaw &
Bergeron 1998).

Changes in the spatial pattern of trees during struc-
tural development can be partly attributed to the differ-
ential mortality of trees, particularly through two major
processes: competitive thinning and patchiness of dis-
turbance agents. Self-thinning of smaller, notably
clumped trees during the stem exclusion stage is likely
to increase the distance between trees, so that the
surviving, larger trees have a more regular distribution
(Christensen 1977; Kenkel 1988; Peterson & Squires
1995; Lee et al. 1997; Malkinson et al. 2003). Since
our chronosequence approach spanned a long time
period, we were unable to detect a change from a
clumped to a more regular distribution at the early
stem exclusion stage (approx. 40-100 years in this
ecosystem, Harper et al. 2005).

Mortality of individual trees leads to a more het-
erogeneous pattern of tree density and cover (Harmon
et al. 1986; Kuuluvainen et al. 1998). We found that
significant trends in spatial pattern during stand devel-
opment usually occurred at the scale of individual trees
(0-2 m). Other studies find variation in canopy cover
or tree density at short distances (3.5 m, Kenkel 1988;
< 1 m, Kuuluvainen et al. 1996; < 7 m, Kuuluvainen &
Linkosalo 1998; Kuuluvainen et al. 1998) where direct
interactions with neighbouring trees take place (Kenkel
1988). Aggregation results from the clumping of trees
that have established in gaps (Frelich & Reich 1995;
McDonald et al. 2003). In later stages of development,
saplings establish in gaps created by individual tree
mortality or fine-scale secondary disturbances such as
windthrow or insect outbreaks (Christensen 1977;
Kuuluvainen et al. 1996; Parish et al. 1999; Awada et
al. 2005; Wolf 2005). In the Picea mariana forest,
further clumping of saplings at these fine scales may
arise by layering (vegetative reproduction as a result of
rooting from lower branches) from neighbouring trees.

Aggregation in later stages of development may
also be due to the lack of replacement of large trees
because paludification hinders tree growth (Harper et
al. 2005). Spatial autocorrelation or spatial depend-
ence in organic layer thickness can occur at distances
of up to 80 m in Picea mariana sites but is highly
variable (M. Lavoie et al. In press). Without site-

Fig. 6. Significant differences among site types for overstorey
cover at a distance class of 0-2 m. This was the only significant
difference among site types. Bars represent average values
with standard error. Statistics on the Kruskal Wallis tests are in
App. 1, Table A2.
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specific data for the spatial pattern of organic matter
thickness it is hard to assess the extent to which
paludification affects the spatial pattern of forest struc-
tural characteristics.

Concurrently, tree cover becomes more uniform at
larger distances (10-33 m). Although this trend was
not significant, a visual inspection of the graph and the
change in the trend with time as the distance increases
indicates that the trend of increasing homogeneity with
time at broader scales may warrant further investiga-
tion. In deciduous boreal forest, spatial homogeneity
of trees within stands also increases with age (Lee et al.
1997). Clumping in young stands may be due to local
seed dispersal or facilitation as established plants im-
prove conditions for others nearby in a heterogeneous
environment (Malkinson et al. 2003); this effect would
diminish with time creating a more homogeneous pat-
tern. Alternatively, heterogeneous cover in young Picea
mariana stands may be created by variation in fire
severity. Recruitment and growth are greater in areas
with exposed mineral soil compared to areas where
fire severity is low (Lecomte et al. 2006). Over time,
patches in which fire severity was low will remain
open, while dense stands that established in areas with
high fire severity will become more open with time
due to paludification (Harper et al. 2005; Lecomte et
al. 2006). The overall effect at broad scales is homog-
enization of tree cover forming open canopied forest
across all older stands.

Snag density followed a trend of increasing hetero-
geneity with time since fire at a distance of 4 m. As for
trees, deadwood was also expected to be evenly dis-
tributed during self-thinning at early stages of devel-
opment, and more aggregated later in development due
to increasing importance of mortality agents that act on
finer scales (Harmon et al. 1986; Kuuluvainen et al.
1998).

Comparison among structural components

Greater patch size for overstorey than for under-
storey tree cover implies that patches enlarge or coa-
lesce as trees grow. However, average patch sizes are
small (1-2 m) with only 1-3 trees in each patch and
there is no trend in patch size with time. Therefore, the
difference in patch size may be attributable to the
growth of trees or the formation of small patches as
trees enter the canopy. Other studies report coales-
cence of patches leading to an increase in patch size
during succession (Yarranton & Morrison 1974;
Christensen 1977).

We find differences in heterogeneity between the
understorey and overstorey tree cover only at the small-
est distance (1 m) where variance was greater in the

understorey due to the patchy distribution of saplings
which generally cluster within gaps (Christensen 1977;
Kuuluvainen et al. 1996; Parish et al. 1999). This result
opposes the general trend of increasing heterogeneity
with time since fire, from which we would predict
overstorey tree cover to become more heterogeneous
as trees entered the canopy during stand development.
A reason why the overstorey cover is more regular
than the understorey tree cover may be that differences
in spatial pattern between the two canopy levels is
unrelated to time since fire. As saplings grow into the
canopy, their spatial distribution becomes more vari-
able at intermediate scales, due to mortality from sec-
ondary disturbances such as windthrow or insect out-
breaks. Reduced homogeneity for larger trees at inter-
mediate scales, as compared to smaller trees, is found
in some studies (Svensson & Jeglum 2000; Antos &
Parish 2002a), while in others density-dependent mor-
tality or competition for light is reported to maintain
more uniform distributions among larger trees (Moeur
1993; Ward et al. 1996; Rouvinen et al. 2002;
Druckenbrod et al. 2005). Differences between studies
in these respects may be due to differences in stand
age, stand composition or site factors which favour
density-dependent vs. density-independent mortality
processes. In these Picea mariana stands, density-
dependent mortality of saplings may be more likely to
be clustered at fine scales because of layering or veg-
etative reproduction close to the parent trees.

Differences in spatial structure between live and
dead trees provide insight into patterns of mortality.
Greater variability in snag distribution at intermediate
scales reflects the patchy nature of mortality from
secondary disturbances such as windthrow or insect
outbreaks. Relatively clumped distributions of snags
are also found in some (Kenkel 1988; Kuuluvainen et
al. 1998), but not all (Lee et al. 1997; Druckenbrod et
al. 2005) other studies. The more even distribution of
snags than trees at 1 m was surprising and may simply
reflect lower densities of snags. Antos & Parish (2002b)
report similar results for short distances (< 5 m): clump-
ing of live trees but not of dead trees, suggesting that
mortality was spatially random at these scales.

Differences among site types

Our results that relatively few variables differ in
spatial pattern of forest structural characteristics among
site types accords with Scheller & Mladenoff (2002).
However, we did find one exception for overstorey
tree cover, which provides some evidence that edaphic
conditions influence tree spatial patterns (Ward &
Parker 1989; Miller et al. 2002). In stands with better
and more homogeneous light and soil conditions, the
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establishment and growth of newly dispersed plants
near the parent plants will be favoured resulting in
greater autocorrelation or spatial homogeneity (Miller
et al. 2002), particularly at short distances. Our find-
ings of lower variance for overstorey cover on clay and
sand sites with relatively high productivity compared
with organic sites, as well as a more homogeneous
distribution of saplings at 1 m distance on young sand
sites, support this hypothesis. Our results indicate that
trends with time since fire vary among site types for
gaps in addition to saplings. On sand sites, the pres-
ence of Pinus banksiana may obscure trends in gap
abundance and diversity since time since fire may be
confounded with a change in dominance (Harper et al.
2003), particularly in the early-intermediate aged sites.

Conclusions

The spatial pattern of forest structural characteris-
tics in Picea mariana boreal forest provides insight
into processes that occur during stand development.
The shift in the cause of mortality from density-de-
pendent self-thinning to secondary disturbances af-
fects many aspects of spatial pattern including an in-
crease in gap abundance and diversity, and greater
variability in tree cover and snag density at short
distances. Trees establish in clusters within gaps as
seedlings; these patches then enlarge or coalesce as
trees grow into the canopy. Once trees enter the canopy,
the patchy nature of mortality from fine-scale distur-
bances leads to greater variability at intermediate dis-
tances. These processes and the associated patterns are
common during stand development in many forest
stands. However, we also note other trends that reflect
unique processes in Picea mariana forest. Patchy re-
generation and tree growth immediately after fire are
followed by homogenization of forest stands at broad
scales. Factors other than stand development influence
spatial pattern, as evidenced by the large variation in
our results for trends with time since fire. Particularly
on sand sites, a varied species composition obscures
spatio-temporal trends.
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n rs p-value k

All sites combined
Gap proportion 91 0.611 0.000* 27
Gap density 91 0.445 0.000* 27
Gap length 71 0.250 0.037 27
Gap standard deviation 91 0.546 0.000* 27
Total cover1 patch size 90 -0.133 0.212 27
Total cover1 0-2 m 90 0.336 0.001* 27
Total cover1 2-6 m 90 -0.178 0.093 27
Total cover1 6-10 m 90 -0.105 0.325 27
Total cover1 10-33 m 90 -0.250 0.018 27
Understorey tree cover1 patch size 89 -0.175 0.101 27
Understorey tree cover1 0-2 m 89 0.224 0.035 27
Understorey tree cover1 2-6 m 89 0.166 0.121 27
Understorey tree cover1 6-10 m 89 -0.118 0.270 27
Understorey tree cover1 10-33 m 89 -0.150 0.160 27
Overstorey cover1 patch size 88 -0.144 0.182 27
Overstorey cover1 0-2 m 88 0.075 0.490 27
Overstorey cover1 2-6 m 88 -0.054 0.614 27
Overstorey cover1 6-10 m 88 0.048 0.655 27
Overstorey cover1 10-33 m 88 0.069 0.523 27
Live tree density2 1 m 89 -0.227 0.033 27
Live tree density2 4 m 89 -0.138 0.196 27
Live tree density2 8 m 89 -0.139 0.194 27
Live tree density2 32 m 89 0.015 0.888 27
Saplings (DBH 1-5 cm)2 1 m 89 -0.271 0.010 52
Saplings (DBH 1-5 cm)2 4 m 89 -0.221 0.038 52
Saplings (DBH 1-5 cm)2 8 m 89 -0.203 0.057 52
Saplings (DBH 1-5 cm)2 32 m 89 -0.115 0.284 52
Saplings (height 1-5 m)2 1 m 88 -0.321 0.002** 52
Saplings (height 1-5 m)2 4 m 88 -0.222 0.038 52
Saplings (height 1-5 m)2 8 m 88 -0.191 0.075 52
Saplings (height 1-5 m)2 32 m 88 -0.157 0.143 52
Snag density2 1 m 89 0.142 0.183 27
Snag density2 4 m 89 -0.352 0.001* 27
Snag density2 8 m 89 -0.085 0.427 27
Snag density2 32 m 89 -0.171 0.109 27

Organic sites only
Gap density 25 0.635 0.000* 27
Gap proportion 25 0.655 0.000* 27
Gap standard deviation 25 0.634 0.001 27
Saplings (DBH 1-5 cm)2 1 m 25 -0.269 0.194 52
Saplings (DBH 1-5 cm)2 4 m 25 -0.619 0.001* 52
Saplings (height 1-5 m)2 1 m 25 -0.337 0.099 52

Clay sites only
Gap density 45 0.486 0.001* 27
Gap proportion 45 0.682 0.000* 27
Gap standard deviation 45 0.602 0.000* 27
Saplings (DBH 1-5 cm)2 1 m 44 -0.039 0.802 52
Saplings (DBH 1-5 cm)2 4 m 44 -0.303 0.045 52
Saplings (height 1-5 m)2 1 m 43 -0.116 0.460 52

Sand sites only
Gap density 20 0.374 0.104 27
Gap proportion 20 0.667 0.001** 27
Gap standard deviation 20 0.510 0.022 27
Saplings (DBH 1-5 cm)2 1 m 20 -0.673 0.001* 48
Saplings (DBH 1-5 cm)2 4 m 20 -0.351 0.129 48
Saplings (height 1-5 m)2 1 m 20 -0.700 0.001* 48

1 Analysed using 3TLQV.
2 Analysed using spatial autocorrelation analysis.
*   Significant at α = 0.05 with the sequential Bonferroni test where the number of tests considered is k.
** Significant at α = 0.1 with the sequential Bonferroni test where the number of tests considered is k.

App. 1. Detailed statistical results for trends in spatial pattern in Picea mariana boreal forest.

Table A1. Detailed results of Spearman correlation analyses with time since fire as the independent variable. Results are reported for
each of the three site types separately only where results are significant for some site types but not others.
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Table A2. Detailed results for the Kruskal Wallis tests among site types.

n χ2 p-value k

Gap proportion 91 3.44 0.179 27
Gap density 91 4.45 0.044 27
Gap length 71 1.08 0.584 27
Gap standard deviation 91 6.26 0.108 27
Total cover1 patch size 90 1.61 0.446 27
Total cover1 0-2 m 90 2.67 0.263 27
Total cover1 2-6 m 90 6.89 0.032 27
Total cover1 6-10 m 90 6.80 0.033 27
Total cover1 10-33 m 90 3.54 0.170 27
Understorey tree cover1 patch size 89 5.65 0.059 27
Understorey tree cover1 0-2 m 89 0.546 0.761 27
Understorey tree cover1 2-6 m 89 1.12 0.572 27
Understorey tree cover1 6-10 m 89 0.741 0.690 27
Understorey tree cover1 10-33 m 89 0.694 0.707 27
Overstorey cover1 patch size 88 6.58 0.037 27
Overstorey cover1 0-2 m 88 12.50 0.002* 27
Overstorey cover1 2-6 m 88 3.56 0.038 27
Overstorey cover1 6-10 m 88 4.13 0.127 27
Overstorey cover1 10-33 m 88 2.38 0.304 27
Live tree density2 1 m 89 1.59 0.451 27
Live tree density2 4 m 89 2.82 0.244 27
Live tree density2 8 m 89 1.66 0.436 27
Live tree density2 32 m 89 3.49 0.175 27
Saplings (DBH 1-5 cm)2 1 m 89 11.52 0.003 52
Saplings (DBH 1-5 cm)2 4 m 89 2.52 0.245 52
Saplings (DBH 1-5 cm)2 8 m 89 0.148 0.929 52
Saplings (DBH 1-5 cm)2 32 m 89 2.31 0.315 52
Saplings (height 1-5 m)2 1 m 88 11.94 0.003 52
Saplings (height 1-5 m)2 4 m 88 3.92 0.141 52
Saplings (height 1-5 m)2 8 m 88 0.751 0.687 52
Saplings (height 1-5 m)2 32 m 88 1.73 0.421 52
Snag density2 1 m 89 1.70 0.427 27
Snag density2 4 m 89 0.389 0.823 27
Snag density2 8 m 89 2.45 0.294 27
Snag density2 32 m 89 0.047 0.977 27

1 Analysed using 3TLQV.
2 Analysed using spatial autocorrelation analysis.
* Significant at α = 0.05 with the sequential Bonferroni test where the number of tests considered is k.
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App. 2. Spatial structure of different types of structural components following fire in Picea mariana boreal forest.

We also examined trends in the autocorrelation coefficient for different types of live trees and snags in Picea mariana boreal
forest with time since fire and on different site types with an additional objective of  comparing the spatial pattern of trees and snags
among different sizes and decay stages. All trees and snags were measured for height (classes: 1-5, 5-10, 10-15, 15-20, 20-25, 25-
30, 30-35 m) and diameter at breast height (classes: 1-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35, 35-40 cm). The decay stage of all
snags was determined (classes 1-4, similar to stages 3-6 in Thomas et al. 1979). Analyses described in the methods section of the main
text were also applied to autocorrelation coefficient results for distances of 1, 4, 8 and 32 m for trees and snags in DBH classes 5-15,
15-25 and > 25 cm, trees in height classes 5-15 and > 15 m, snags in height classes 1-5 and 5-25 m, and snags in decay classes 1 and
2-4. See the main text for a discussion of multiple testing using the sequential Bonferroni test (Rice 1989). In addition, to test
differences in spatial pattern (autocorrelation coefficients at the four different distances) in trees and snags among different height,
DBH and decay classes, we used Kuskal Wallis tests for three or more groups with class as a random factor, or Mann Whitney tests
for two groups (SPSS Inc., Anon. 2004).

The only significant trend with time since fire was a decrease in variability for tall trees (height >15 m) during stand development
at 1 m (Table B1). There were only a couple of differences in trends with time since fire among site types that were marginally
significant at α = 0.1 (Table B1). On organic sites, there was a negative trend in autocorrelation coefficients with time at 1 m for
medium-sized trees (DBH 5-15 cm). Taller snags had decreasing autocorrelation coefficients at 4 m on sand sites only. There were
no significant differences in autocorrelation coefficients of trees or snags of different sizes or decay stages among site types (Table
B2). Differences in the autocorrelation results of trees among DBH and height classes were significant at 1 and 4 m (Table B3).
Larger and taller trees tended to more homogeneous at 1 m, but less so at greater distances, compared to other sizes of trees.
Differences for different types of snags were significant only at 1 m (Table B3). Greater autocorrelation coefficients were found for
larger, taller snags that were not as well decayed.

Taller trees became more uniform with time, likely due to competitive thinning of more crowded stems which leads to more
regular patterns in stable habitat (Moeur 1993; Malkinson et al. 2003; McDonald et al. 2003). More uniform patterns of larger, taller
trees compared to smaller trees at 1 m, but more variable at 4 and 8 m, can be attributed to the same causes as for less variable
overstorey cover compared to understorey tree cover (see discussion in the main text). Other studies found that larger trees have a
more regular distribution and are less clumped due to density-dependent mortality (Christensen 1977; Ward & Parker 1989; Moeur
1993; Kuuluvainen et al. 1996; Ward et al 1996; Parish et al. 1999; Antos & Parish 2002a; Rouvinen et al. 2002; Druckenbrod et al.
2005). The reverse trend that we found at intermediate distances is likely due to patchiness from fine-scale disturbance. A few other
studies also found this decrease in homogeneity with growth (Svensson & Jeglum 2000; Antos & Parish 2002a).

Small snags generated by self-thinning during the earlier stem exclusion phase could be more clumped at fine scales due to
crowding, compared to the density-independent more uniform fine-scale disturbance later in stand development. This conclusion is
supported by greater autocorrelation coefficients for larger and taller snags that would have been formed from secondary disturbance
as opposed to small snags formed from self-thinning. Parish et al. (1999) and Rouvinen and Kuuluvainen (2001) also found that taller
snags were less clustered than smaller snags, and Edman and Jonsson (2001) found comparable results for logs. The more variable
pattern of well-decayed snags compared to recent snags suggests that aggregated damage to snags from wind creates a more clumped
distribution of remaining snags.

Additional references

Edman, M. & Jonsson, B.G. 2001. Spatial pattern of downed logs and wood-decaying fungi in an old-growth Picea abies forest. J.
Veg. Sci. 12: 609-620.

Rouvinen, S. & Kuuluvainen, T. 2001. Amount and spatial distribution of standing and downed dead trees in two areas of different
fire history in a boreal Scots pine forest. Ecol. Bull. 49: 115-127.

Thomas, J.W., Anderson, R.G., Maser, C. & Bull, E.L. 1979. Snags. In: Thomas, J.W. (ed.) Wildlife habitats in managed forests: the
Blue Mountains of Oregon and Washington, pp. 60-77. U.S. Department of Agriculture Forest Service, Washington, DC, US.
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Table B1. Detailed results for the Spearman correlation analyses of structural components at different distances with time since fire
as the independent variable. Results are reported for each of the three site types separately only where results are significant at some
site types but not others.

n rs p-value k

All sites combined
Trees
DBH 5-15 cm, 1 m 88 –0.060 0.578 52
DBH 5-15 cm, 4 m 88 0.072 0.503 52
DBH 5-15 cm, 8 m 88 0.088 0.416 52
DBH 5-15 cm, 32 m 88 0.014 0.896 52
DBH 15-25 cm, 1 m 68 0.210 0.086 52
DBH 15-25 cm, 4 m 68 0.010 0.933 52
DBH 15-25 cm, 8 m 68 –0.007 0.954 52
DBH 15-25 cm, 32 m 68 0.192 0.117 52
Height 5-15 m, 1 m 84 0.088 0.427 52
Height 5-15 m, 4 m 84 –0.004 0.968 52
Height 5-15 m, 8 m 84 0.174 0.112 52
Height 5-15 m, 32 m 84 0.159 0.148 52
Height >15 m, 1 m 60 0.484 0.000* 52
Height >15 m, 4 m 60 –0.287 0.026 52
Height >15 m, 8 m 60 –0.0758 0.567 52
Height >15 m, 32 m 60 0.006 0.962 52

Snags
DBH 1-5 cm, 1 m 30 0.410 0.024 52
DBH 1-5 cm, 4 m 30 –0.414 0.023 52
DBH 1-5 cm, 8 m 30 –0.095 0.619 52
DBH 1-5 cm, 32 m 30 –0.201 0.286 52
DBH 5-15 cm, 1 m 81 0.176 0.117 52
DBH 5-15 cm, 4 m 81 –0.229 0.040 52
DBH 5-15 cm, 8 m 81 –0.201 0.072 52
DBH 5-15 cm, 32 m 81 –0.117 0.299 52
DBH 15-25 cm, 1 m 61 0.026 0.845 52
DBH 15-25 cm, 4 m 61 –0.121 0.352 52
DBH 15-25 cm, 8 m 61 –0.060 0.644 52
DBH 15-25 cm, 32 m 61 –0.082 0.529 52
Height 1-5 m, 1 m 89 0.112 0.295 52
Height 1-5 m, 4 m 89 –0.260 0.014 52
Height 1-5 m, 8 m 89 –0.067 0.532 52
Height 1-5 m, 32 m 89 –0.052 0.627 52
Height >5 m, 1 m 70 0.337 0.004 52
Height >5 m, 4 m 70 –0.213 0.076 52
Height >5 m, 8 m 70 0.042 0.732 52
Height >5 m, 32 m 70 –0.076 0.530 52
Decay class 1, 1 m 70 0.332 0.005 52
Decay class 1, 4 m 70 –0.225 0.061 52
Decay class 1, 8 m 70 0.082 0.500 52
Decay class 1, 32 m 70 –0.073 0.548 52
Decay classes 2-4, 1 m 89 0.127 0.237 52
Decay classes 2-4, 4 m 89 –0.271 0.010 52
Decay classes 2-4, 8 m 89 –0.109 0.308 52
Decay classes 2-4, 32 m 89 –0.077 0.474 52

Organic sites only
Trees DBH 5-15 cm, 1 m 25 –0.594 0.002** 52
Snags height > 5 m, 4 m 16 –0.570 0.021 52

Clay sites only
Trees DBH 5-15 cm, 1 m 44 0.191 0.215 52
Snags height > 5 m, 4 m 38 0.068 0.685 52

Sand sites only
Trees DBH 5-15 cm, 1 m 19 0.350 0.141 48
Snags height > 5 m, 4 m 16 –0.701 0.002** 48

* Significant at α = 0.05 with the sequential Bonferroni test where the number of tests considered is k.
** Significant at α = 0.1 with the sequential Bonferroni test where the number of tests considered is k.
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n χ2 p-value

Trees
DBH 5-15 cm, 1 m 88 1.68 0.433
DBH 5-15 cm, 4 m 88 0.180 0.914
DBH 5-15 cm, 8 m 88 2.62 0.270
DBH 5-15 cm, 32 m 88 0.367 0.833
DBH 15-25 cm, 1 m 68 5.23 0.073
DBH 15-25 cm, 4 m 68 1.82 0.403
DBH 15-25 cm, 8 m 68 0.193 0.908
DBH 15-25 cm, 32 m 68 0.734 0.693
Height 5-15 m, 1 m 84 1.57 0.457
Height 5-15 m, 4 m 84 0.459 0.795
Height 5-15 m, 8 m 84 1.98 0.372
Height 5-15 m, 32 m 84 0.428 0.807
Height >15 m, 1 m 60 3.12 0.210
Height >15 m, 4 m 60 0.182 0.913
Height >15 m, 8 m 60 0.143 0.931
Height >15 m, 32 m 60 3.74 0.154

Snags
DBH 1-5 cm, 1 m 30 3.88 0.144
DBH 1-5 cm, 4 m 30 4.90 0.086
DBH 1-5 cm, 8 m 30 3.70 0.157
DBH 1-5 cm, 32 m 30 1.84 0.400
DBH 5-15 cm, 1 m 81 4.20 0.123

Table B2. Detailed results for different structural components for the Kruskal Wallis tests among site types. Differences in trees and
snags with > 25 cm DBH were not analysed due to low sample sizes. No variables were significantly different among site types at
α = 0.05 or α = 0.1 with the sequential Bonferroni test where the number of tests considered is k = 52.

DBH 5-15 cm, 4 m 81 1.18 0.572
DBH 5-15 cm, 8 m 81 0.157 0.924
DBH 5-15 cm, 32 m 81 0.191 0.909
DBH 15-25 cm, 1 m 61 7.25 0.027
DBH 15-25 cm, 4 m 61 0.046 0.977
DBH 15-25 cm, 8 m 61 0.215 0.898
DBH 15-25 cm, 32 m 61 6.74 0.034
Height 1-5 m, 1 m 89 4.05 0.132
Height 1-5 m, 4 m 89 0.267 0.875
Height 1-5 m, 8 m 89 0.690 0.708
Height 1-5 m, 32 m 89 0.851 0.653
Height > 5 m, 1 m 70 5.40 0.067
Height > 5 m, 4 m 70 0.153 0.926
Height > 5 m, 8 m 70 0.424 0.809
Height > 5 m, 32 m 70 2.94 0.230
Decay class 1, 1 m 70 1.30 0.522
Decay class 1, 4 m 70 1.77 0.413
Decay class 1, 8 m 70 1.58 0.459
Decay class 1, 32 m 70 0.197 0.906
Decay classes 2-4, 1 m 89 3.37 0.185
Decay classes 2-4, 4 m 89 0.089 0.956
Decay classes 2-4, 8 m 89 0.169 0.919
Decay classes 2-4, 32 m 89 0.005 0.998

n χ2 p-value

Table B3. Detailed results for differences in trees and snags among different classes of DBH, height and decay stage for Kruskal
Wallis tests among different structural classes or Mann Whitney tests where there are only two groups. Groups are as follows: DBH
1-5 cm, 5-15 cm, 15-25 cm and >25 cm for tree and snag DBH groups 1-4; height 1-5 m, 5-15 m, >15 m for tree height groups 1-3;
height 1-5 m, >5 m for snag groups 1-2; and decay class 1, classes 2-4 for snag decay groups 1 and 2.

                     Average values
Group 1 Group 2 Group 3 Group 4 n χ2 or U p-value

Trees
DBH, 1 m 0.917 0.945 0.984 0.996 251 113.2 0.000*
DBH, 4 m 0.254 0.137 0.104 0.067 251 23.13 0.000*
DBH, 8 m 0.166 0.107 0.073 0.099 251 8.38 0.015
DBH, 32 m 0.015 0.039 –0.003 –0.123 251 1.94 0.378
Height, 1 m 0.911 0.952 0.981 232 102.7 0.000*
Height, 4 m 0.266 0.137 0.140 232 18.59 0.000*
Height, 8 m 0.176 0.138 0.084 232 7.16 0.028
Height, 32 m 0.017 0.021 –0.003 232 1.22 0.543

Snags
DBH, 1 m 0.987 0.982 0.993 0.994 179 52.64 0.000*
DBH, 4 m 0.056 0.089 0.020 0.042 179 5.34 0.069
DBH, 8 m 0.058 0.097 0.081 0.077 179 0.660 0.719
DBH, 32 m –0.053 0.031 0.049 0.035 179 5.54 0.063
Height, 1 m 0.981 0.990 159 1178 0.000*
Height, 4 m 0.053 0.057 159 3066 0.864
Height, 8 m 0.078 0.044 159 2738 0.190
Height, 32 m 0.005 –0.009 159 2888 0.432
Decay, 1 m 0.990 0.981 159 1402 0.000*
Decay, 4 m 0.061 0.073 159 2904 0.463
Decay, 8 m 0.024 0.074 159 2640 0.100
Decay, 32 m 0.020 0.016 159 3098 0.953

*Significant at α = 0.05 with the sequential Bonferroni test where the number of tests considered is k = 20.


