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Abstract 
 
Small-scale disturbance and stand dynamics within mature, spruce-subalpine fir 
forests were compared and contrasted across three ecological variants within the 
central interior of British Columbia.  The central interior is ideal for the study of 
small-scale disturbance because sub-boreal and subalpine ecosystems span the 
dry interior plateau and grade eastward into the progressively wetter, cooler, 
high-elevation ecosystems of the Rocky Mountain Foothills.  This climatic 
gradient offers a unique opportunity to study how disturbance regimes vary 
across distinct ecosystems.  Specific research goals were to: (1) develop and 
modify existing dendroecological techniques to date small-scale disturbance; (2) 
quantify present forest composition and structure as it relates to unique 
disturbance events; (3) determine the spatial and temporal occurrence of small-
scale disturbance within and between three climatically distinct, mature spruce-
subalpine fir forest ecosystems; and (4) identify the primary disturbance agents 
responsible for the present forest composition and structure. 
 
The results of this study provide further evidence indicating that small-scale 
disturbances are important ecological processes in sub-boreal and subalpine 
forest ecosystems.  However, within these ecosystems there is considerable 
overlap between disturbance types of varying spatial and temporal scales.  For 
example, intermediate-scale disturbance events have played a large mediating 
role over distinct successional changes in stand structure; more so than that of 
small-scale disturbance events.  Consideration of disturbance events at multiple 
scales, however, shows that small-scale disturbance does exhibit continuous 
stand level maintenance and renewal; furthermore, that shifts in species 
dominance tend to be abrupt and due to intermediate-scale disturbances such as 
those caused by spruce beetle and western balsam bark beetle. 

 ii
 



Acknowledgments 
 
Many people have provided their time and financial support to this project.  For 
their financial contributions I would like to thank the John Prince Research 
Forest, Joe Kavanagh at Canadian Forest Products, the British Columbia Forest 
Science Program, the Canadian National Science and Engineering Research 
Council and the University of Northern British Columbia.  We would like to thank 
our research assistant, Orrin Quinn, for two years of solid work in the field and in 
the lab.  Finally, to all of those who provided useful comments and insights 
throughout, thank you.

 iii
 



Preface 
 
Natural disturbance ecology encapsulates the interrelationships between the 
biotic and abiotic components of an ecosystem, attempting to characterize the 
patterns and processes influencing mortality and regeneration.  In most forested 
ecosystems, disturbance is a key driver of ecosystem function, affecting 
landscape pattern (DeLong 1998, Hawkes et al. 1997, DeLong and Tanner 
1996), stand structure (Lewis and Lindgren 1999, Kneeshaw and Burton 1997, 
Oliver and Larson 1996) and biodiversity (Bunnell 1995). 
 
White and Pickett (1985) proposed the most widely used definition of disturbance 
as any relatively discrete event in time that disrupts ecosystem, community, or 
population structure and changes resources, substrate availability, or the 
physical environment.  Therefore, disturbances are regarded as discrete events 
in time.  However, it is their persistence on the landscape that sustains the 
patterns and processes so important in maintaining biodiversity.  Therefore, 
stand or landscape-level disturbances are not only characterized by their spatial 
structure, but include the temporal patterns of mortality for the dominant 
individuals over extended periods of time.  Collectively, the various spatial and 
temporal components are referred to as a plant community’s “disturbance 
regime” (Runkle 1985). 
 
Historically, the disturbance regime has been defined in terms of the major 
catastrophic events that originate from the physical environment, and was 
regarded as an exogenous agent of vegetation change (White 1979).  This 
paradigm has lead to a strong research and management focus on catastrophic 
wildfire as the dominant agent of disturbance within boreal ecosystems of 
Canada.  These ecosystems generally have short fire return intervals that 
maintain the landscape with low diversity in age-class structure, simply because 
fire return intervals are shorter than tree life spans (Veblen 1986; Frelich and 
Reich 1995).  As sub-boreal ecosystems are similar to boreal ecosystems a 
focus on stand-replacing fire has been adopted for the sub-boreal and, in many 
cases, the subalpine ecosystems of central British Columbia.  Although this focus 
has been informative, our understanding of what occurs in the natural absence of 
fire is limited. 
 
In order to contribute to the knowledge and understanding of forest dynamics 
during the intervals between stand replacing events, this research project has 
attempted to quantify and characterize small-scale disturbance as it varies within 
and between three distinct sub-boreal and subalpine ecosystems of central 
British Columbia.  Specific research questions were: 
 
1. What are the spatial and temporal patterns of small-scale disturbance 

across three climatically distinct, mature spruce-subalpine fir forest types 
and do they differ? 
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2. What role has the combined effects of small-scale disturbance played in 
forging the present forest composition and structure? 

 
3. What are the agents of disturbance that contribute to the present forest 

composition and structure? 
  
4. Does small-scale disturbance lead to considerable changes in future 

forest composition? 
 
This report summarizes the research findings, discusses potential forest 
management applications and discusses future research needs. 
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Introduction 
 
The vital role of intense, large-scale stand replacing fire in boreal, sub-boreal and 
sub-alpine forests of western Canada has long been acknowledged (Hawkes 
1980, Heinselman 1981, Johnson and Rowe 1977, Pyne 1984, Romme 1980).  
Recently, sub-boreal and subalpine forest ecosystems within the central interior 
of British Columbia have been receiving greater attention with regard to similar 
catastrophic events (Andison 1996, DeLong 2000, DeLong and Tanner 1996, 
Hawkes et al. 1997).  As a result, historical fire regimes in central British 
Columbia are seen as largely responsible for the patterns we see today on the 
landscape.  In regions where fire plays a critical role in mediating forest 
dynamics, stand replacing fires generally come at intervals approximately equal 
to tree longevity (Johnson 1992).  If so, small-scale disturbance processes 
caused by the fall of single or multiple trees should have little influence on long-
term forest dynamics because several tree generations do not pass between 
intense disturbance events.  Small-scale disturbances are defined here as 
individual tree or small group mortality events caused by endogenous factors.   
 
Sub-boreal and subalpine forest stands, in most cases, do originate by fire.  
However, recent studies suggest that the times between there intense, large-
scale stand initiating events are enormously varied within central British 
Columbia (Hawkes et al. 1997, Sanborn et al. 2001).  We assume that much of 
this variation is linked to the climatic gradient that spans from the dry-warm 
interior plateau to the wet-cold foothills of the Canadian Rockies.  In 
progressively wetter ecosystems fire may become so infrequent that the 
development of true old-growth forests may be the norm (see Oliver and Larson 
1996).  Hawkes et al. (1997) report that fire return intervals in very wet and cool 
sub-boreal and subalpine forests near the Rocky Mountains likely range from 
1200 to 6250 years.  DeLong and Tanner (1996) reported return intervals ranging 
from 227 to 345 years in slightly drier sub-boreal forests in the foothills of the 
Rocky Mountains.  With increasingly greater time periods between stand 
replacing events, small-scale disturbance events can assume an important role 
in long-term forest dynamics.  These disturbances, caused by a collection of 
biotic and abiotic agents, may maintain and renew the forest structure in stands 
with long fire return intervals (Lewis and Lindgren 1999, Newbery 2001). 
 
An extensive body of literature exists describing small-scale disturbance patterns 
and processes in numerous forest types, including tropical (Denslow 1987, 
Lawton and Putz 1988), temperate North-American (Abrams et al. 1995, Frelich 
and Graumlich 1994, Lorimer et al. 1988, Lorimer and Frelich 1989, Payette et al. 
1990, Runkle 1984), eastern boreal and sub-boreal (Bergeron and Charron 1994, 
Kneeshaw and Bergeron 1998, Frelich and Reich 1995), western coastal (Brett 
and Klinka 1998, Canham 1988, Daniels  2003, Lertzman et al. 1996) and 
western subalpine (Lertzman and Krebs 1990, Lertzman 1992, Lundquist and 
Beatty 2002).  Less is known about small-scale patterns and processes within 
the sub-boreal and subalpine ecosystems of central British Columbia. 
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An emerging body of literature does suggest, however, that small-scale 
disturbances within central British Columbia can play an important role in stand-
level forest dynamics (Antos and Parish 2002a, Antos and Parish 2002b, 
Kneeshaw and Burton 1997, Lewis and Lindgren 1999, Newbery 2001).  Much of 
the work, though, has been dedicated to describing gap size or shape, and its 
influence on tree regeneration dynamics (Coates 2000, Eastham and Jull 1999, 
Kneeshaw and Bergeron 1997, Wright et al. 1998a, Wright et al. 1998b).  Little is 
known about the aggregated influence of individual tree and small group mortality 
events at the stand level. 
 
Across the climatic gradient from the dry-warm interior plateau to the wet-cold 
foothills of the Canadian Rockies, it is expected that small-scale disturbance 
events vary greatly in spatial scale and frequency.  One common feature across 
the gradient, however, is the existence of spruce-subalpine fir forest types.  As 
part of the ecosystem classification system used in British Columbia, Meidinger 
and Pojar (1991) suggest that similar climax vegetation can occur over a range of 
ecological subzones and variants, and in extreme cases across biogeoclimatic 
zones.  Similar climax forest communities can represent ecosystems from 
completely different regional climates and disturbance regimes, or similar 
regional climates and disturbance regimes can lead to differences in climax 
communities.  Although forested ecosystems may be similar in their constituent 
species, considerable differences in the small-scale disturbance types are 
expected.  The objectives of this study were to describe and compare the spatial 
and temporal patterns of small-scale disturbance in mature, spruce-subalpine fir 
forests found across the central interior of British Columbia.  These objectives 
were addressed by developing canopy tree stem-maps, analyzing species 
structure and composition, and the assessing the spatial-temporal patterns of 
disturbance using a suite of dendroecological and statistical techniques. 

 4
 



Materials and Methods 
 
Study area and general layout 
 
Much of the variation in the disturbance regimes of central British Columbia can 
be linked to the climatic gradient that spans the dry-warm interior plateau to the 
wet-cold foothills of the Canadian Rockies (Figure 1).  Three biogeoclimatic 
variants have been selected as a proxy for this gradient.  These variants are as 
follows: Stuart Dry Warm Sub-Boreal Spruce (SBSdw3), Willow Wet Cool Sub-
Boreal Spruce (SBSwk1) and Misinchinka Wet Cool Engelmann Spruce-
Subalpine Fir (ESSFwk2).  These three variants are taken from the two most 
common biogeoclimatic zones located in central British Columbia.  Both the SBS 
and the ESSF are recognized as part of the Canadian Boreal Forest Region.  
However, in contrast to true boreal ecosystems, the sub-boreal and subalpine 
climates are slightly less continental, thus slightly warmer in January and cooler 
in July (Meidinger and Pojar 1991).  For a description of the biogeoclimatic 
classification used in British Columbia see Pojar et al. (1987), Meidinger and 
Pojar (1991). 
 
Within each variant five forest stands were selected and within each stand one 
0.25ha (50 x 50m) plot was randomly placed, for a total of fifteen plots.  Stands 
were selected using the following criteria: 
 
1. Forest stands were beyond stem exclusion as defined by Oliver and 

Larson (1996).  This criterion was used to select stands that had attained 
understory stem reinitiation and, in the absence of stand replacing 
(external) disturbance factors, were advancing towards true old growth 
(Oliver and Larson 1996). 

 
2. Forest stands had a mixture of Picea and Abies as the dominant 

component of the canopy (i.e. >80% basal area for all trees over 15cm 
diameter at breast height, dbh).  This criterion was intended to minimize 
variation in tree species growth characteristics and disturbance processes 
as a result of highly divergent tree species composition. 

 
3. Forest stands were of intermediate soil moisture (mesic) and nutrient 

(mesotrophic) regimes relative to each variant as defined within the 
biogeoclimatic ecosystem classification system (Meidinger and Pojar 
1991).  This criterion was intended to minimize variation in tree species 
growth characteristics and disturbance processes as a result of highly 
divergent edaphic influences of soil moisture and nutrients. 

 
4. Forest stands had no evidence of industrial forest activities.  This final 

criterion ensured that stand dynamics resulted from natural disturbances, 
which may include past traditional uses and practices of local First Nations 
communities. 
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Figure 1. Locations of the Sub-Boreal Spruce and the Engelmann Spruce-Subalpine Fir 
biogeoclimatic zones and study areas. 
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Individual plots were located by randomly placing the south-western plot corner.  
From this point, plot boundaries were defined by a 50 x 50m closed traverse 
along each cardinal bearing.  At each plot corner and traverse midpoint (25m) 
stakes were placed and number 1 through 8.   From here on the south-western 
plot corner is defined as the plot origin (0, 0m). 
 
For all living and dead stems equal to or greater than 15cm diameter at breast 
height (dbh, 1.3m) x and y coordinates were mapped relative to the plot origin.  
All coordinates were calculated using two azimuths taken from any two adjacent 
stakes with a 25m base and related back to the origin using trigonometry 
(coordinates were used for revisiting each plot and spatial analyses).  Stems 
were numbered, species tallied and dbh measured.  For all downed material 
greater than 15cm dbh at the time of death, dbh was recorded based on an 
estimate of breast height measured from the root collar and species was tallied if 
possible based bark characteristics.  The diameter distribution was plotted for 
living spruce and subalpine fir, and for dead spruce, subalpine fir and 
unidentifiable stems separately for each plot.   
 
Difference in the percentages of live and dead spruce between the three 
ecological variants was test for using the Kruskal-Wallis single-factor analysis of 
variance by ranks.  The non-parametric test was used based on preliminary 
analyses which suggested that transformations of percent live or dead spruce 
would not work equally across all three ecological variants.  The Critical values of 
Kruskal-Wallis H for small sample sizes were used (Zar 1996). 
 
Dendroecological materials and procedures 
 
Increment cores were taken at breast height from each live and dead stem.  
Cores were taken at breast height because they tend to have less stem decay 
enabling maximum ring-width series.  Further, advanced regeneration often 
retain immature morphological characteristics when suppressed and, when 
released, “act their size, not their age.”  Accordingly, the age of trees which 
began as advanced regeneration is considered from time of release rather than 
from time of germination for stand dynamics studies (Oliver and Larson 1996).  
Cores from dead stems were only taken if the outer most tree ring corresponded 
to the last ring laid down at the time of death.  Following the methods of 
Storaunet and Rolstad (2002) additional samples were collected from fallen trees 
as discs if intact sapwood on at least one portion of the stem could be found and 
used to determine the date of death by cross-dating.  Tree-ring series from these 
samples were only used for estimating date of death and chronology 
development. 
 
Cores were prepared following the standard dendrochronology techniques of 
Stokes and Smiley (1968).  Disc samples were kept frozen after field sampling, 
and during laboratory preparation and measurement based on the methods of 
Herman et al. (1972).  Individual ring-width series were measured to the nearest 
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0.01mm using WinDENDRO (Regent Instruments Inc. 2000).  For all disc 
samples and core samples that had periods of extremely small ring-widths 
(≤0.5mm) the ring-width series were measured to the nearest 0.001mm using the 
Velmex “TA” System in conjunction with MeasureJ2X (VoorTech Consulting 
1999-2004). 
 
Ring-width series were crossdated by matching the ring-width patterns among 
live and dead materials.  Cross-dating provides an experimental control to assure 
the proper placement of calendar years to each growth ring (Fritts 1976).  Cross-
dating is also the necessary first step in dendrochronology to identify missing, 
partial, locally absent and false rings.  The computer program COFECHA 
(Holmes 1983) and visual inspection was used to assist in the detection of 
measurement and crossdating errors.  Once the ring-width series were 
established, the distribution of breast height age was plotted for living spruce and 
subalpine fir separately for each plot.  Differences in mean stand age between 
the three ecological variants were tested for using the Kruskal-Wallis H. 
 
Two standardization techniques were used to identify unique disturbance and 
climatic events at scales greater than or equal to the individual plot.  
Standardization is a common technique used to estimate and remove systematic 
variation in individual ring-width series that is not associated with an 
environmental signal of interest.  Standardization involves fitting the observed 
ring-width series with a predictive function and computing an index by dividing 
the observed value by the predicted value.  This reduces variance between 
series and transforms individual ring-widths into dimensionless index values.  
Standardization permits computation of average ring-width chronologies without 
the average being dominated solely by faster growing trees with large ring-widths 
(Veblen et al. 1991b). 
 
Long-term growth trends  
 
In the first standardization method all crossdated series were transformed by 
dividing the observed ring-width by the mean series ring-width.  Veblen et al. 
(1991b) found that standardizing series by their mean preserved long-term 
growth trends that could be used to identify canopy disturbance.  Following 
standardization using the program ARSTAN (Cook and Holmes 1984), individual 
series were averaged by species by plot (n=30).  These chronologies were used 
to: (1) date partial canopy removal severe enough to register within a majority of 
the existing canopy trees, and (2) reveal tree growth patterns that are indicative 
of stand-initiation.  Dating events associated with stand-initiation and 
intermediate-scale disturbance processes assist in the differentiation between 
these and small-scale processes.  Without doing so, mean small-scale 
disturbance rates would be inflated due to periodic spikes in disturbance caused 
by intermediate and large-scale disturbance events. 
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Short-term growth trends 
 
The goal of the second standardization was to develop a set of chronologies 
highlighting short-term growth trends.  Included in this category would be year-to-
year ring-width variation, defoliator cycles, and short-term variations in climate.  
Forested ecosystems in central British Columbia have been shown to be 
sensitive to climatic variation and attempts have been made to reconstruct past 
climate to understand the specific growth-climate relationships.  For example, 
Zhang et al. (1999) found that subalpine fir growth was negatively correlated with 
temperature in June and precipitation in July.  Spruce growth was negatively 
correlated with temperature in July and the previous August (Zhang et al. 1999).  
Both species showed negative correlations between radial growth and high 
summer temperatures (Zhang et al. 1999).  Although these findings are 
exploratory, the climate-growth relationships emphasize the influence of year-to-
year climate variations on radial growth and can be used to infer the timing and 
extent of climate fluctuations. 
 
Exogenous and endogenous disturbances are common in the spruce-subalpine 
fir forest types of central British Columbia, and plots were selected to sample 
disturbance effects rather than to highlight the year-to-year climate variation.  
Therefore, an evaluation of numerous methods of standardization revealed the 
strongest estimates of the short-term population signal using stochastic opposed 
to deterministic methods (see the introduction in Cook, 1987).  Ring-width series 
were standardized by fitting a cubic smoothing spline of 50% frequency response 
of 50 years using the program ARTSAN (Cook 1985).  Following standardization, 
the series were averaged by species and by plot (n=30). 
 
Marker rings analysis, correlations within and between species, and principal 
component analysis (PCA) were used to assess for similarities between the 
individual chronologies within each ecological variant.  Wide and narrow marker 
rings that are temporarily synchronous between chronologies suggest a common 
influence on tree growth (Daniels and Watson 2003).  Based on previous work 
using spruce and subalpine fir within the central interior of British Columbia these 
common marker rings are most likely related to temperature and precipitation 
(Zhang et al. 1999).  Marker rings were defined as rings in years when the 
normalized ring-width indices of the standard chronologies were more than one 
standard deviation from the chronology mean.  The degree of commonality of 
these positive and negative marker rings was assessed by examining the 
percentage of chronologies showing marker rings in each year.  Years when 
greater than 60% of the chronologies had a marker ring of the same sign were 
considered common (Daniels and Watson 2003). 
 
Within species correlation matrices were calculated for spruce and subalpine fir 
in each ecological variant (2 species × 3 ecological variants = 6 matrices).  Each 
matrix correlates the five species-specific chronologies against one another 
resulting in 10 unique r-values per matrix.  A nested ANOVA was used to test for 
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differences in the degree of correlation between each ecological variant and 
between each species nested within ecological variant.   
 
Between species correlation matrices were calculated for each ecological variant.  
Each matrix correlates each spruce chronology against each subalpine fir 
chronology resulting in 25 unique r-values per matrix.  ANOVA was used to test 
for differences in the degree of between species correlations between each 
ecological variant. 
 
Separate PCA were run for each ecological variant.  PCA analyses were 
conducted over the common pairwise intervals for the 10 chronologies within 
each ecological variant.  If species respond differently to climatic variation then 
the PCA should group the chronologies accordingly. 
 
Interpretation of radial growth patterns within individual trees 
 
Three radial growth rate criteria were used to identify canopy ascension resulting 
from overhead canopy mortality (Thompson1 - unpublished thesis).  First, high 
rates of early growth (≥ 1.1, 0.9 and 0.8 mm/year within the SBSdw3, SBSwk1 
and ESSFwk2, respectively) were used to indicate that a tree was growing in an 
opening created by disturbance at the time it reached the sampling height (1.3 
m).  Second, release from suppression was used to identify canopy ascension of 
subtending canopy trees.  Originally, a ≥ 60 % increase in mean radial growth, 
when adjacent 15-year groups are compared, was to be used alone.  However, 
previous work indicated that this release threshold was too liberal, as revealed by 
the substantial number of false release events attributed to climate2.  In 
response, a third radial growth rate threshold was developed to separate 
responses to overhead mortality from regionally synchronous events (e.g. 
drought)3.  The new method was developed based on the assumption that 
individual standardized ring-width series that diverge from a regional 
standardized chronology, using the same detrending method, should identify 
stand dynamics at spatial scales much smaller than the individual plot (0.25 ha).  
A cubic-smoothing-spline (50 % frequency response of 50 years) was used to 
develop species/regionally specific chronologies and to standardize individual 
canopy trees.  Individual, standardized tree-ring indices were then subtracted 
from their respective chronology, and scaled to a mean of one.  Similar to 
percent release, the percent divergence was then calculated each year using the 
formula: 
 

[1] 100%
1

12 ∗⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

MD
MDMDDivergence  

 

                                                           
1 Doug Thompson, MSc. candidate, University of Northern British Columbia, Prince George, B.C. 
2 Ibid. 
3 Ibid. 
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where MD1  and MD2  equal the preceding and subsequent 15-year mean 
differences between the individual series and the regional chronology, 
respectively. 
 
To verify that a series was truly responding to an overhead mortality event 
caused by small-scale disturbance, opposed to some regionally synchronous 
event, a series had to diverge by at least 15% from the regional chronology 
within +/- 5 years of the previously identified release event4. 
 
The canopy ascensions were tallied by species and ecological variant, and 
correlated with the number of cores sampled of that species and ecological 
variant.  The canopy ascensions were then grouped by type (i.e. gap-origin and 
release form suppression), species and ecological variant.  To assess the 
relationships between ascension type, species and ecological variant tests for 
mutual and partial independence were used. 
 
Disturbance chronologies and frequency 
 
Disturbance chronologies, defined in this study, correspond to the percentage of 
cored trees (each of which can be viewed as a sample of forest age) that 
ascended into the canopy during each decade (Frelich and Graumlich 1994).  
Chronologies were constructed for spruce and subalpine-fir separately and then 
combined to summarize plot level disturbance chronologies.  Each chronology 
varied in length based on the inherent limitations placed on the observable 
divergence events by the length of the species/regionally specific chronologies5. 
 
Differences in the decadal canopy ascension rates for each species and 
ecological variant were tested for using a nested ANOVA with unequal 
replication, with species nested within variant.  Past host-specific disturbance 
events can substantially decrease the relative abundance of one species over 
others, making it difficult to compare canopy ascension by species.  Therefore, 
decadal ascension frequencies for each species were standardized by dividing 
the number of ascensions by the present number of that species sample within 
the plot.  To assess for temporal variation in the canopy ascension rates between 
spruce and subalpine fir, two separate ANOVA tests were conducted, including: 
(1) long term analysis including the full disturbance chronologies and (2) a short 
term analysis including only the last 50 years of each chronology.  
 
Point pattern analysis 
 
All living and dead stems greater than 15 cm dbh were stem-mapped to assess 
the univariate spatial pattern within each plot.  The function L(d), a transformation 
of Ripley’s K(d), was used to assess the degree to which point patterns deviated 
from randomness.  Ripley’s K(d) is a second-order statistic, based on the 
                                                           
4 Ibid. 
5 Ibid. 
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distances between all pairs of points, counting the number of “neighbours” within 
a certain distance, d, of each point, with d taking on a range of values.  This 
analysis can be considered an examination of the cumulative frequency 
distribution of the plant-to-all-plant techniques (Dale 1999). 
 
First, the distance matrix, dij, between all pairs of points within each plot is 
tabulated.  K(d) is then defined as: 
 

[2] ∑∑
= =

=
n

i

n

j

ij

n
d

AdK
1 1

2

)(
)(

δ
, with δij(d) =  

ddif
ddif

ij

ij

>
≤

0
1

 

 
Where A is the area of the plot, d is the distance interval considered and n is the 
number of individuals.  Second, to linearize the plot of K(d) against d, as well as 
to stabilize the variances, L(d) is used to transform K(d) (Diggle 1983): 
 
[3] ddKdL −= π/)()(  
 
Ripley analysis leads to a graph of L(d) versus the distance d.  The expected 
value of L(d) under a Poisson process is 0.  Therefore, positive values indicate 
spatial clustering and negative values indicate over dispersion. 
       
Separate analyses within each plot were completed for live spruce and subalpine 
fir, and dead spruce and subalpine fir at 1 m distance classes up to 25 m using 
the Ripley module within the program ADS in ADE-4 (Goreaud and Pelissier 
2000).  Departures from randomness were formerly tested for by comparing the 
computed L(d) with a corresponding confidence envelope generated via 1000 
Monte Carlo simulations of random patterns at each distance class and then 
ranked.  The 10th and 990th values corresponded to a 0.01 significance level.  
 
Spatio-temporal analysis of canopy ascension     
 
The spatial patterns of canopy ascension were used to characterize individual 
cohort patch size and the spatial-temporal distribution of small-scale 
disturbances within each 0.25 ha plot.  This approach does not require previous 
knowledge of canopy tree locations when they died.  Rather, it assumes that 
canopy ascension dates coincide with overhead mortality events in the 
immediate vicinity (Newbury 2001).  All spatial-temporal analysis was done using 
the program RookCase v0.9.6 (Sawada 1999).   
 
Measures of spatial autocorrelation test whether an observed value at one 
location is independent of values at neighbouring localities (Sokal and Oden 
1978a).  In this study, Moran’s I was used to test for spatial independence in a 
canopy ascension date at one location relative to adjacent locations.  Adjacency 
depends on inter-tree distance and the lag distance set for the analysis (Sokal 
and Oden 1978a, Sokal and Oden 1978b, Legendre and Fortin 1989, Frelich et 
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al. 1993, Frelich and Reich 1995).  Preliminary analysis suggested that there 
were no significant differences in mean nearest-neighbour distance between 
each ecological variant (F = 2.64, p = 0.112).  The grand mean of nearest-
neighbour distance was approximately 2.5 m, allowing for spatial analysis at 
scales ≤ 2.5 m.  Therefore, cumulative 2.5 m distance lags (i.e. 0-2.5, 0-5 …, 0-
50 m) were employed.  For each distance lag, d, a pair of trees, i and j, were 
considered neighbours if the distance between them was ≤ d.  Those not within 
the distance lag were ignored.  The Moran’s I coefficients for each distance lag 
were then calculated as: 
 

[4] 
∑

∑∑
−

−−
=

i
i

i i
jiij

xxW

xxxxw
dI

2)(

))((
)(  

 
Where I(d) is the Moran’s coefficient for distance lag d, N is the total number of 
mapped tree locations, xi (i  = 1, …, N) are the ascension dates at each of the N 
locations, wij = 1 if points i and j are neighbours within radius d (0 if otherwise), 
and W = ∑ wii. 
 
The assumption of randomization was used as the null hypothesis (Upton and 
Fingleton 1985), whereby the observed dates of canopy ascension are 
distributed randomly among all locations.  Under this hypothesis the Moran’s I 
coefficient is asymptotically normal with a usual range of -1 to 1 and expected 
value of E[I(d)] = - (N - 1) -1 ≈ 0 (Cliff and Ord 1981).  The interpretation of the 
Moran’s I coefficient is similar to interpretations for the standard correlation 
coefficient (Sokal and Oden 1978a); therefore, the statistic represents the 
strength of spatial association for canopy ascension dates for each defined 
distance lag.  Values of I(d) > E[I(d)] are considered positively spatially 
autocorrelated and indicate that canopy ascension dates are similar at distances 
≤ d.  Values of I(d) < E[I(d)] are considered negatively spatially autocorrelated 
and indicate that canopy ascension dates are dissimilar at distances ≤ d. 
 
Significant deviations from the expected value in each distance lag were tested 
for by calculating the variance of I(d) under the null hypothesis.  Standard normal 
deviates, z(d), were then computed for each distance class as: 
 

[5] 
)](var[

)]([)()(
dI

dIEdIdz −
=  

 
Correlograms for each 0.25 ha plot were constructed for both I(d) and z(d) versus 
d.  Significance tests for spatial autocorrelation coefficients for each distance lag, 
however, do not provide a test of significance for the data set as a whole 
because the k tests are not independent (Duncan and Stewart 1991).  Therefore, 
significance testing was done first at the global level by determining if at least 
one p-value for the standard normal deviates was significant at the global level. 
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This was done by using a Bonferroni correction method for multiple tests (e.g. 
0.05/k of distance lags (20) = 0.0025) (Sokal and Oden 1978a).  If the global test 
has at least one globally significant standard normal deviate then the point at 
which the correlogram becomes non-significant locally (α = 0.05) can be 
interpreted as the average patch size diameter created by disturbance (Frelich et 
al. 1993, Frelich and Reich 1995).  When correlograms are globally insignificant 
the average patch diameter can be interpreted as less than the distance lag. 
 
Etiology of disturbance 

 
For all dead spruce and subalpine fir stems equal to or greater than 15cm 
diameter at breast height the primary disturbance agents most likely responsible 
for mortality were identified.  Diagnoses required consideration of a number of 
biotic and abiotic mortality agents.  For a review of field based diagnosis see 
Hansen and Lewis (1997), Allen et al. (1996), Finck et al. (1989) and Henigman 
et al. (1999).  In some cases, multiple agents of disturbance where identified on a 
single tree.  In others, no disturbance agent was identifiable, and the agent was 
recorded as unknown.  For a discussion of the disturbance agents influencing 
stand structure and dynamics within the central interior of British Columbia see 
Thompson (unpublished thesis6).         

                                                           
6 Ibid. 
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Results 
 
Long-term growth trends in radial growth 
 
Mean correlations, chronology starting dates, and maximum sampling depths for 
spruce and subalpine fir within each plot are presented in Table 1.  Mean 
chronologies are presented in Figure 2. 
 
Table 1. Maximum sampling depths, chronology starting dates and mean correlations for 
chronologies grouped by species, plot, variant. 
 
Variant Species Plot Maximum 

sampling 
depth 

Chronology 
starting date 

Mean 
correlation 

SBSdw3 Spruce 1 39 1724 .49 
  2 27 1710 .40 
  3 88 1862 .79 
  4 86 1805 .80 
  5 58 1869 .81 
 Subalpine fir 1 67 1777 .48 
  2 86 1771 .55 
  3 26 1799 .72 
  4 31 1811 .77 
  5 59 1795 .68 
SBSwk1 Spruce 1 38 1748 .53 
  2 41 1769 .49 
  3 48 1706 .58 
  4 44 1766 .53 
  5 28 1761 .55 
 Subalpine fir 1 52 1769 .47 
  2 77 1763 .67 
  3 85 1791 .51 
  4 67 1741 .62 
  5 87 1784 .55 
ESSFwk2 Spruce 1 67 1623 .66 
  2 68 1633 .62 
  3 76 1614 .60 
  4 62 1658 .61 
  5 69 1649 .54 
 Subalpine fir 1 59 1732 .33 
  2 51 1690 .39 
  3 40 1741 .68 
  4 47 1712 .50 
  5 58 1649 .42 
 
The majority of the SBSdw3 chronologies indicate a period of rapid initial growth, 
possibly revealing stand-initiation (Figure 2).  However, based on the limited 
sampling depths during these periods it is difficult to place accurate dates on 
stand-initiation.  Similarly, many of the SBSwk1 chronologies indicate a period of 
rapid initial growth (Figure 2).  In contrast to the SBS, the majority of the 
ESSFwk2 chronologies do not indicate any period of rapid initial growth (Figure 
2). 
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Figure 2. Stand initiation and partial canopy removal histories.  Black and grey lines represent spruce and subalpine fir, respectively.  Ring width 
indices indicate species by plot chronologies standardized by fitting a horizontal line through the mean of each series.  The graph of N shows the 
number of cores in each chronology in each year 
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Within the SBSdw3, the chronologies of plots 1 and 2 have a minor sustained 
increase in index values after the 1870s, and visual analysis of the associated 
sampling depths indicates abrupt shifts from spruce to subalpine fir dominance 
that would be related to the intermediate-scale disturbance caused by spruce 
beetle (Figure 2).  The SBSwk1 chronologies also show a similar pattern during 
the 1830s and 1870s (Figure 2).  Because this trend tends to show up within all 
SBSwk1 chronologies it likely represents some regionally synchronous spruce 
beetle outbreak.  Within the ESSFwk2 there are possibly three periods of 
dramatic and sustained increases, and shifts in species dominance that indicate 
synchronous disturbance events post stand-initiation (Figure 2).  Although not 
consistent across all plots, the first period of increase began in the 1710s.  The 
second increase began in the 1830s and the third began in the early 1930s.  The 
last two events show up within all ESSFwk2 chronologies and likely represent 
regionally synchronous spruce beetle and western balsam bark beetle outbreaks, 
respectively. 
 
Short-term growth trends 
 
Table 2 presents the mean summary statistics and characteristics for the 5 
spruce and 5 subalpine fir chronologies within each ecological variant (n=30).  In 
all variants the mean chronology length was consistently longer for spruce 
compared with subalpine fir.  The mean sensitivity and standard deviation values 
provide a measure of the year-to-year variability in the chronologies (Fritts 1976).  
The average mean sensitivities for the spruce chronologies within the SBSdw3, 
SBSwk1 and ESSFwk2 (0.14, 0.15 and 0.17 respectively) are similar to the 
shorter subalpine fir chronologies (0.13, 0.18 and 0.15 respectively).   Similarly, 
the average standard deviations for the spruce chronologies within the SBSdw3, 
SBSwk1 and ESSFwk2 (0.18, 0.21 and 0.20 respectively) are similar to the 
subalpine fir chronologies (0.19, 0.21, and 0.23 respectively).  There were no 
major differences between the first-order autocorrelation coefficients of spruce 
and subalpine fir (Table 2).  The expressed population signal (EPS) is a measure 
of how well a chronology based on a finite number of samples approximates the 
theoretical population (Cook and Kariukstis 1990).  This is related to the strength 
of the common signal and sample replication.  Mean correlation between trees 
values (rbt) values also serve as a preliminary and conservative estimate of the 
common signal in the chronologies.  The number of trees required to attain an 
EPS of 0.85 has been “tentatively suggested as desirable” for approximating a 
common signal within the theoretical population (Briffa 1995, Briffa and Jones 
1990).  The mean correlations for spruce chronologies within the SBSdw3, 
SBSwk1 and ESSFwk2 (0.44, 0.47 and 0.45, respectively) indicate that, on 
average, 7-8 samples are required to yield the suggested EPS.  Correlations for 
subalpine fir within SBSdw3, SBSwk1 and ESSFwk2 (0.42, 0.44 and 0.37, 
respectively) indicate that, on average, 8-13 samples are required to yield the 
suggested EPS.  The greater number of samples required for subalpine fir within 
the ESSFwk2, implied by the lower rbt, may suggest that the subalpine fir 
populations respond differently and more variably to climate and past disturbance
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Table 2. Mean summary characteristics for the spruce and subalpine fir chronologies.  Mean length is the mean length of all cores in a chronology.  
Mean sens., Std. dev., and AC (1) are mean sensitivity, standard deviation and first order autocorrelation respectively.  Mean rbt is the mean 
correlation between trees.  # of Trees EPS 0.85 is the number of trees required to attain an expressed population signal (EPS) value of 0.85. 
 

Variant Species No. 
Cores 

Start Range in 
Length 

(yrs) 

Mean 
Length 

(yrs) 

Mean 
Sens. 

Std. dev. AC (1) Mean rbt # of Trees 
EPS 0.85 

Sx 54 1818 134 - 230 185 0.14 0.18 0.53 0.44 8 SBSdw3 

Ba 29 1843 115 - 209 160 0.13 0.19 0.59 0.42 8 

Sx 21 1770 206 - 251 233 0.15 0.21 0.59 0.47 7 SBSwk1 

Ba 50 1821 136 - 229 182 0.18 0.26 0.59 0.44 8 

Sx 53 1775 157 - 388 228 0.15 0.20 0.49 0.45 8 ESSFwk2 

Ba 20 1844 95 - 225 159 0.15 0.23 0.55 0.34 13 



(Table 2).  An evaluation of Figure 3 suggests that the chronologies do have a 
common climate related signal within each ecological variant. 
 
Within species correlations, grouped by ecological variant, did not differ 
significantly due to ecological variant (F = 2.18, p = 0.12) or due to species 
nested within variant (F = 1.32, p = 0.28).  Eighty-five percent of the correlations 
over the maximum pairwise intervals exceeded 0.4 and ninety-eight percent of 
the correlations were significant (p < 0.05).  Except for a few pairings, all 
correlations were quite high with a mean of 0.62 (n = 60) providing further 
evidence for a common climate signals between the chronologies when grouped 
by species and variant. 
 
Between species correlations did not differ significantly due to ecological variant 
(F = 1.29, p = 0.28).  Seventy-nine percent of the correlations over the maximum 
pairwise intervals exceeded 0.4 and eighty-eight percent of the correlations were 
significant (p < 0.05).  Again, except for a few pairings, all correlations were quite 
high with a mean of 0.49 (n = 75).   
 
Within the SBSdw3, two components where identified by the PCA and accounted 
for 82% of the variance within the 10 chronologies.  These components were 
retained and subjected to an orthogonal varimax rotation (Table 3).  The loadings 
on the 2 PCs identified 2 distinct groupings: the spruce and subalpine fir of plots 
3, 4 and 5 load onto PC1 and those of plots 1 and 2 load onto PC2.  This 
provides further evidence for the important difference in stand development 
between these plots.  Within the SBSwk1, two components accounted for 81% of 
the variance within the 10 chronologies (Table 3).  The loadings on these 2 PCs 
identified two distinct groupings with the subalpine fir of plot 3 being the only 
chronology to load onto PC2.  Within the ESSFwk2, two components accounted 
for 84% of the variance within the 10 chronologies (Table 3).  The loadings on 
these 2 PCs identified two distinct groupings with all chronologies loading onto 
PC1 except for the subalpine fir chronologies of plots 1, 2 and 4. 
 
The above analyses, along with an examination of the co-located chronologies 
(Figure 4), suggest that ring-width variability between the two species is 
controlled by a common climate factor within each ecological variant; however, 
disturbance histories have resulted in important differences between species and 
between plots (especially within the SBSdw3).  This suggests that subsequent 
analysis of short-term variation in the chronology dataset can include mean 
regional chronologies for each species.  Furthermore, based on these analyses, 
the SBSdw3 needs to be split into two further groups related to their differences 
in stand development.  Plots 1 and 2 and plots 3, 4 and 5 will be split into groups 
representing late and early successional stages, respectively.  Figure 5 and 
Table 4 present the final mean regional chronologies and summary statistics 
(n=8).  
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Figure 3. Percentage of the standardized chronologies which show a marker ring (Z>1 or <-1) in 
each year.  Years when greater than 60% of the chronologies have a marker ring of the same 
sign are considered common. 
 
The first order autocorrelations within the final chronologies were strong 
suggesting that ring-width values are highly autocorrelated with their preceding 
ring-width (Table 4).  Therefore, the duration of growth suppression was defined 
as index values less than 1 for ≥ 3 consecutive years.  Differences in the duration 
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Table 3.  Principle component analyses (PCA) on the 10 chronology datasets, within each 
variant, over common pairwise intervals.  The retained components were subjected to a varimax 
rotation.  Bold values identify the highest loading for each chronology. 
 

Variant Species Plot PC1 PC2 
SBSdw3 spruce 1 0.22 0.91 

  2 0.34 0.87 
  3 0.85 0.31 
  4 0.85 0.37 
  5 0.72 0.48 
 subalpine fir 1 0.26 0.87 
  2 0.26 0.88 
  3 0.86 0.05 
  4 0.86 0.23 
  5 0.81 0.40 
  % of variance 65.4 16.5 

SBSwk1 spruce 1 0.83 -0.04 
  2 0.92 0.14 
  3 0.83 0.12 
  4 0.91 0.11 
  5 0.91 0.08 
 subalpine fir 1 0.65 0.61 
  2 0.69 0.58 
  3 -0.17 0.88 
  4 0.80 0.48 
  5 0.75 0.54 
  % of variance 67.0 13.5 

ESSFwk2 spruce 1 0.87 0.37 
  2 0.87 0.41 
  3 0.92 0.27 
  4 0.89 0.38 
  5 0.89 0.35 
 subalpine fir 1 0.20 0.85 
  2 0.63 0.65 
  3 0.70 0.58 
  4 0.37 0.68 
  5 0.69 0.59 
  % of variance 76.6 7.5 

 
of suppression across the ecological variants approached statistical significance 
(p=0.06).  However, growth suppression in the ESSFwk1 only lasted for 1 year 
less than other ecological variants.  There were no significant differences 
between spruce and subalpine fir nested within ecological variant (p=0.8).  Mean 
duration of growth suppression was 4 years and ranged from 3-16 years.  These 
growth suppression periods are visible as V-shaped notches in the standardized 
ring-width chronologies (Figure 5).  The duration of growth increase, defined as 
index values greater than or equal to 1 for ≥ 3 consecutive years, were not 
significantly different by ecological variant (p=0.9) or by species nested within 
ecological variant (p=0.2).  Mean duration of growth increase was 5 years and 
ranged from 3-13 years. 
 
 



 22
 

ESSFwk2-1

0.0

0.5

1.0

1.5

2.0

ESSFwk2-2

0.0

0.5

1.0

1.5

2.0

2.5

ESSFwk2-5

1600 1700 1800 1900 2000
0.0

0.5

1.0

1.5

2.0

ESSFwk2-3

0.0

0.5

1.0

1.5

2.0

ESSFwk2-4

0.0

0.5

1.0

1.5

2.0

SBSwk1-1

0.0

0.5

1.0

1.5

2.0

SBSwk1-2

0.0

0.5

1.0

1.5

2.0

SBSwk1-5

Year
1750 1800 1850 1900 1950 2000

0.0

0.5

1.0

1.5

2.0

SBSwk1-3

0.0

0.5

1.0

1.5

2.0

2.5

SBSwk1-4

0.0

0.5

1.0

1.5

2.0

SBSdw3-1

0.0

0.5

1.0

1.5

2.0

SBSdw3-2

0.0

0.5

1.0

1.5

2.0

SBSdw3-5

1750 1800 1850 1900 1950 2000
0.0

0.5

1.0

1.5

2.0

SBSdw3-3

R
in

g-
w

id
th

 in
de

x

0.0

0.5

1.0

1.5

2.0

SBSdw3-4

0.0

0.5

1.0

1.5

2.0

2.5

spruce
subalpine-fir

spruce
subalpine-fir

spruce
subalpine-fir

 
 
Figure 4. Plot level chronologies for spruce and subalpine fir.  Ring width series were standardized by fitting a cubic smoothing spline of 50% 
frequency response of 50 years.
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Figure 5. Regional level chronologies for spruce and subalpine fir. Black and grey lines represent 
spruce and subalpine fir, respectively.  Ring width series were standardized by fitting a cubic 
smoothing spline of 50% frequency response of 50 years.  The graph of N shows the number of 
cores in each chronology in each year. 
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Table 4. Summary characteristics for spruce and subalpine fir chronologies grouped by variant. 
 
Variant Species N Start Mean 

Sens. 
Std. 
dev. 

AC (1) Mean rbt

SBSdw3(early)a spruce 72 1876 .12 .15 .50 .50 
 subalpine fir 65 1873 .12 .15 .58 .37 
SBSdw3(late)a spruce 50 1788 .14 .19 .54 .41 
 subalpine fir 47 1804 .14 .19 .59 .49 
SBSwk1 spruce 44 1772 .13 .17 .55 .41 
 subalpine fir 93 1774 .19 .25 .59 .44 
ESSFwk2 spruce 95 1790 .15 .20 .50 .53 
 subalpine fir 80 1828 .12 .15 .47 .36 
a The SBSdw3 chronologies are split into early and late based on PCA analyses. 

Diameter and age structure 
 
Figure 6 illustrates the differences between the living spruce and subalpine fir 
diameter distributions within each plot, and within and between each ecological 
variant.  Within the SBSdw3, stand composition and spruce and subalpine fir 
diameter for plots 1 and 2 are noticeably different from plots 3, 4 and 5, 
suggesting important variation in their stages of stand development (Figure 6).  
Within the SBSwk1, spruce tends to have a flatter distribution and greater 
abundance in the larger diameters compared with subalpine fir (Figure 6).  In 
contrast, subalpine fir consistently is more abundant in smaller diameters 
compared with spruce (Figure 6).  Within the ESSFwk2, very few differences 
were present between the diameters of spruce and subalpine fir.  However, 
spruce did consistently have larger maximum diameters (Figure 6). 
 
In addition, there were noteworthy differences between the live spruce and 
subalpine fir age distributions within each plot, and within and between each 
ecological variant (Figure 7).  Within the SBSdw3, the age distributions in plots 1 
and 2 compared to plots 3, 4 and 5 verify the difference in stand development 
(Figures 7).  Within the SBSwk1, all plots are becoming increasingly multi-aged 
for both species, and bimodal age distributions are developing (Figure 7).  Within 
the ESSFwk2, a similar pattern is evident (Figure 7). 
 
Figure 8 illustrates the differences between the dead spruce, subalpine fir and 
the unidentifiable stem diameter distributions within each plot, and within and 
between each ecological variant.  The dead stem diameters within the SBSdw3 
again provide further evidence that plots 1 and 2 and different from plots 3, 4 and 
5 (Figure 8).  Within the SBSwk1 and the ESSFwk2, the diameter distributions of 
dead spruce and subalpine fir were similar to the distributions of co-located live 
spruce and subalpine fir (Figure 8).  A large percentage of the dead stem 
compositions were composed of an unidentifiable component (Figure 8). 
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Figure 6.  Stems/hectare of living trees (≥15cm diameter at breast height, dbh) grouped by 
species into 10 cm diameter classes.  Each graph represents a plot.  Black and grey bars 
represent spruce and subalpine fir, respectively.  Diameter class midpoints are indicated on the x-
axis.
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Figure 7. Stems/hectare of living trees (≥15cm dbh) grouped by species into 20 year age classes.  
Black and grey bars represent spruce and subalpine fir, respectively.  Diameter class midpoints 
are indicated on the x-axis.
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Figure 8.  Stems/hectare of dead stems (≥15cm dbh) grouped by species into 10 cm diameter 
classes.  Each graph represents a plot.  Black, light grey and dark grey bars represent spruce, 
subalpine fir and others, respectively.  Diameter class midpoints are indicated on the x-axis. 
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All plots had a mixture of spruce and subalpine fir as the dominant component of 
the canopy, and in accordance with the criteria for stand selection all were 
beyond stem exclusion, having attained understorey reinitiation as defined by 
Oliver and Larson (1996).  The selected plots, however, exhibit considerable 
variability within and between each ecological variant.  For example, across all 
three ecological variants the percentage of spruce within the canopy ranged from 
10 to 80 % (Table 5) and a slight difference was found in the percentages of 
spruce between the three ecological variants (Kruskal-Wallis χ2 = 6.540 > 
χ2.05,5,5,5 = 5.780, p = 0.038).  Within ecological variant means of percent 
spruce were 48.0, 34.2 and 67.6 %, with standard deviations of 25.1, 3.67 and 
7.77 %, for the SBSdw3, SBSwk1 and ESSFwk2, respectively.  Subalpine fir, for 
the most part, made up the remainder of stand composition (Table 5). 
 
Across all three ecological variants the densities ranged from 308 to 572 
stems/ha (Table 5), while the within variant mean densities were 428, 405, and 
398 stems/ha, with standard deviations of 120, 39 and 43 stems/ha for the 
SBSdw3, SBSwk1 and ESSFwk2, respectively.  The diameter means across all 
three ecological variants ranged from 26.3 to 35.0 cm (Table 5), while the within 
variant diameter means were 28.7, 33.0 and 27.0 cm, with standard deviations of 
0.84, 1.7 and 0.86 cm for the SBSdw3, SBSwk1 and ESSFwk2, respectively.   
 
Mean tree age across all plots ranged from 100 to 150 years (Table 5), and there 
was a significant difference in mean ages between the three ecological variants 
(Kruskal-Wallis χ2 = 8.060 > χ2.05,5,5,5 = 5.780, p = 0.018).  The within variant 
mean ages were 131, 149 and 116 years, with standard deviations of 18, 5 and 
18 years for the SBSdw3, SBSwk1 and ESSFwk2, respectively. 
 
Non-spatial structure attributes of dead stems 
 
Table 6 summarizes the density, composition and diameter distributions of dead 
stems found within in each plot.  Across the three ecological variants the 
percentage of dead spruce ranged widely from 2.5 to 67.7 % (Table 6) and there 
was a significant difference in the percentage of dead spruce between the three 
ecological variants (Kruskal-Wallis χ2 = 9.420 > χ2.05,5,5,5 = 5.780, p = 0.009).  
Within variant means for dead spruce percentages were 39.0, 43.6 and 5.4 %, 
with standard deviations of 17.9, 26.0 and 3.8 % for the SBSdw3, SBSwk1 and 
ESSFwk2, respectively.  A large percentage of the dead stem compositions, up 
to 47.7 %, were composed of an unidentifiable component (Table 6).  The within 
variant means of percent unidentifiable stems were 19.7, 16.1 and 40.1 %, with 
standard deviations of 17.6, 10.8 and 5.5 %, for the SBSdw3, SBSwk1 and 
ESSFwk2, respectively. 
 
Dead stem densities ranged from 204 to 572 stems/ha across all ecological 
variants (Table 6), while within variant density means were 419, 276 and 500 



Table 5. Structural attributes of the canopy layer (live stems ≥ 15cm breast height diameter, DBH). 
 
Variant SBSdw3 SBSwk1 ESSFwk2 

Plot 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Approx. stand 

initiation 1760 1760 1840 1840 1800 1740 1760 1700 1750 1760 <1650 <1650 <1650 <1650 <1650

Stand Density 

(stems/ha) 344 308 540 572 376 364 400 448 372 444 432 412 356 352 440 

Stand Composition 

(%)                 

Spruce 35 10 70 66 59 35 30 38 38 31 60 65 80 70 63 

Subalpine fir 64 90 21 15 37 60 70 63 61 69 40 33 19 30 37 

Other 1 0 9 19a 4 4 0 0 1 0 0 2 1 0 0 

Stand structure                

DBH (cm, mean) 30.8 29.2 29.4 28.7 30.2 35.0 31.6 34.3 31.0 33.0 26.4 26.8 27.3 26.3 28.4 

DBH (cm, s.d.) 13.2 10.4 11.3 9.6 10.7 13.4 13.2 14.9 13.1 14.2 11.1 11.9 12.3 12.2 13.9 

Age (mean) 151.0 150.7 114.1 122.6 117.4 152.7 139.8 151.6 151.0 151.4 103.0 105.3 147.2 109.2 119.3 

Age (s.d.) 50.3 43.0 33.1 29.1 18.6 54.4 56.6 59.0 67.3 58.9 59.1 49.1 72.4 46.1 56.4 
a Plot 4 within the SBSdw3, due to the random nature of all plot locations, had a small patch of Pinus contorta located on the plot boundary.
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Table 6. Structural attributes of dead stems ≥ 15 cm DBH at the time of death. 
 
Variant SBSdw3 SBSwk1 ESSFwk2 

Plot 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Density (stems/ha) 428 572 356 304 436 336 260 204 312 272 452 568 516 480 488 

Composition (%)                

Spruce 15 29 58 54 39 12 68 47 37 54 4 3 12 3 7 

Subalpine fir 51 27 28 24 47 61 29 43 35 29 49 63 44 60 57 

Other 1 0 9 14 5 1 2 0 1 0 0 0 0 0 0 

Unidentifiable 33 44 4 8 9 26 2 10 27 16 48 35 44 38 37 

Structural attributes                

DBH (cm, mean) 35.4 35.7 22.8 23.5 26.2 32.9 39.6 33.4 39.6 40.5 32.2 28.1 26.5 28.5 30.0 

DBH (cm, s.d.) 12.6 13.6 7.1 9.7 10.9 11.5 12.0 11.9 15.1 15.5 9.7 7.8 9.7 8.9 10.1 



stems/ha, with standard deviations of 101, 50 and 44 stems/ha for the SBSdw3, 
SBSwk1 and ESSFwk2, respectively.  Dead stem diameter means within each 
plot were quite variable and ranged from 22.8 to 40.5 cm (Table 6), while the 
within variant dead stem density means were 28.7, 37.2 and 29.1 cm, with 
standard deviations of 6.4, 3.7 and 2.2 cm for the SBSdw3, SBSwk1 and 
ESSFwk2, respectively. 
 
Spatial patterns of live and dead spruce and subalpine fir 
 
A number of the L(d) plots are represented by too few samples (n < 20), 
however, these plots  were retained to illustrate the limitations with regard to 
point pattern analyses in these forest types at extremely small scales (Figures 9, 
10, 11 and 12).  Predominantly, both live spruce and subalpine fir (≥ 15cm dbh) 
show a random spatial pattern at scales less than 25 m (Figures 9 and 10).  
When aggregation did occur, in either spruce or subalpine fir, it was neither 
consistent in magnitude nor in scale (Figures 9 and 10).  For example, Ripley’s 
analyses in plots 3 through 5, for spruce within the SBSdw3, show aggregated 
patterns ranging from extremely small scales (< 5 m) to scales at least greater 
than 25 m (Figure 9).  Dead spruce and subalpine fir stems (≥ 15 dbh) also show 
random spatial pattern at scales less than 25 m (Figures 11 and 12).  When 
comparing the spatial patterns of live and dead stems for either species from 
each plot (i.e. Figures 9 with 11 or Figures 10 with 12) the evidence suggests 
that random spatial patterns are maintained from generation to generation; 
however, little can be said about dependence between the two classes. 
 
Canopy ascension type by ecological variant and species 
 
Table 7 summarizes the proportion of canopy ascension types grouped by 
ecological variant and by species.  From the 491 canopy trees sample in the 
SBSdw3, there were 590 canopy ascensions identified.  Within the SBSwk1, 721 
canopy ascensions were identified in 501 canopy trees sampled and in the 
ESSFwk2, 495 canopy ascensions were identified within 426 canopy trees 
sampled.  For both species combined, there is a strong relationship between the 
number of cores sampled and the number of canopy ascensions identified (r = 
0.886, p = 0.003, n = 6).  Species, ecological variant and ascension type were 
not mutually independent (Table 8).  Furthermore, analyses of partial 
independencies revealed that species, variant and ascension type were not 
independent of one another.  Therefore, the rejection of the mutual 
independence indicates a strong interaction between all three variables (Table 
8). 
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Figure 9. Graph of L(d) versus distance for live spruce ≥ 15 cm DBH.  The solid line shows L(t), 
and the broken lines show the 99% confidence envelope for random distribution.  Positive values 
of L(d) indicate clustering. 
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Figure 10. Graph of L(d) versus distance for live subalpine fir ≥ 15 cm DBH. 
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Figure 11. Graph of L(d) versus distance for dead spruce ≥ 15 cm DBH. 
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Figure 12. Graph of L(d) versus distance for dead subalpine fir ≥ 15 cm DBH. 
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Table 7. Proportion of canopy ascension types grouped by ecological variant and by species. 
 

Type of ascension 

(proportion of total) Variant Species 

Number 

of core 

samples 

Total 

number of 

ascensions Release Gap origin 

Spruce 282 337 0.36 0.64 

Subalpine fir 209 253 0.52 0.48 SBSdw3 

Pooled 491 590 0.43 0.57 

Spruce 173 297 0.59 0.41 

Subalpine fir 328 424 0.63 0.37 SBSwk1 

Pooled 501 721 0.62 0.38 

Spruce 334 294 0.28 0.72 

Subalpine fir 161 132 0.30 0.70 ESSFwk2 

Pooled 495 426 0.29 0.71 

 
Table 8. Summary statistics of mutual and partial independence tests between species, 
ecological variant and ascension type using contingency analyses.  Column 1 represents the 
variable(s) being tested for independence.  Column 2 represents the variables against which 
column 1 is tested against in the case of partial independence. 
 

Independence test Test grouping χ2 df χ2
0.05,df p 

 Column 1 Column 2     

Mutual 

Species 

Variant 

Ascension 

 245.2 7 14.1 <0.001 

Partial 
Species 

 

Variant 

Ascension 
105.5 6 12.6 <0.001 

Partial 
Variant 

 

Species 

Ascension 
188.4 6 12.6 <0.001 

Partial 
Ascension Species 

Variant 
140.7 5 11.1 <0.001 
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Disturbance chronologies and canopy ascension by decade 
 
The distributions of percent decadal canopy ascension were not normally 
distributed as revealed by a number of the standard deviations being greater 
than the mean (Table 9).  A number of transformations of the data were 
considered and the arcsine transformation reduced skewness and kurtosis 
values closest to zero (Tabachnick and Fidell 2001).  For the long term analysis 
(i.e. full disturbance chronologies) a nested ANOVA found no significant 
differences in decadal canopy ascension percentages for species nested within 
ecological variant (Table 10).  Although the distributions of percent decadal 
canopy ascension overlapped considerably between the three ecological variants 
the ANOVA results did detect a significant difference between the three 
ecological variants (Table 10).  Tukey multiple comparisons detected a significant 
difference between the SBSwk1 and ESSFwk2 (p = 0.01).  Results also suggest 
a slight difference between the SBSdw3 and the ESSFwk2, however, relatively 
larger variation within the SBSdw3 resulted in an insignificant test (p = 0.09) 
(Table 9).  For the short term analysis of the last 50 years, the nested ANOVA 
found no significant difference in decadal canopy ascension percentages for 
species nested within ecological variant or between the three ecological variants 
(Table 10).         
 
Table 9. Summary statistics for the untransformed decadal percentages of canopy ascension 
grouped by ecological variant and species. 
 

Variant Species Mean (%) 
Standard 

deviation 

Maximum (%) 

Spruce 7.8 10.6 47.3 

Subalpine fir 7.2 9.6 46.4 SBSdw3 

Pooled 7.4 8.7 43.9 

Spruce 7.5 7.2 31.3 

Subalpine fir 5.9 6.2 28.6 SBSwk1 

Pooled 6.4 5.4 27.5 

Spruce 5.1 5.7 24.6 

Subalpine fir 4.8 6.7 32.4  ESSFwk2 

Pooled 5.0 5.4 24.7 
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Table 10. Nested ANOVA results of percent decadal canopy ascension over the long-term and 
the last 50 years. 
 
Test Source SS df MS F p 

Variant 805.67 2 402.83 4.509 .011 

Species 

(Variant) 
253.84 3 84.61 0.947 .418 Long-term 

Error 47527.12 532    

Variant 501.22 2 250.61 2.624 0.076 

Species 

(Variant) 
385.21 3 128.40 1.344 0.262 Last 50 

Error 13753.12 144 96.51   

 
Figure 12 presents the plot level disturbance chronologies.  Mean recruitment 
into the canopy was 7.4, 6.4 and 5.0 % per decade within the SBSdw3, SBSwk2 
and ESSFwk2, respectively (Table 9).  Many of the plots had decades with no 
canopy recruitment (Figure 12) and maximum decadal canopy recruitment 
among the three ecological variants were 43.9, 27.5 and 24.7 % per decade for 
the SBSdw3, SBSwk1 and ESSFwk2, respectively (Table 9). 
 
Spatial-temporal patterns of canopy disturbance 
 
The previous point pattern analysis suggests that the spatial pattern of canopy 
trees at scales less than 25m is random, justifying the null hypothesis that the 
observed dates of canopy ascension are distributed randomly among all 
locations.  Figure 6 suggests that spatial aggregation of ascension cohorts can 
occur at extremely small distances classes, although it is subtle and rare.  For 
correlograms with 20 distance lags, the global significance test, using Bonferroni 
correction, must have at least one Moran’s I coefficient with a p-value ≤ 0.0025.  
Therefore, the global and local significant levels of z are 1.96 and 2.94, 
respectively.  Few plots in any of the three ecological variants had significant 
Moran’s I coefficients at the global level (Figure 13).  Plot 3 within the SBSdw3 
was globally significant, however, the significant Moran’s I coefficients ranged 
from r-values of 0.029 to 0.060 which suggests weak similarities in ascension 
dates.  A similar pattern occurred for plot 5 within the ESSFwk2 where the 
correlogram was globally significant with r-values only ranging from 0.003 to 
0.107 (Figure 13). The above results indicate that the average opening diameter 
caused by small-scale disturbance events is approximately equal to the mean 
nearest-neighbour distance (≈ 2.5 m). 
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Figure 12. Disturbance chronologies for each plot showing the percentage of cored trees 
ascending to the canopy in each decade.  Black and grey bars are spruce and subalpine fir, 
respectively.  Vertical dashed line indicates chronology length. 
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Figure 13. Correlograms of the Moran’s I coefficients (left) and standard normal deviates (right) 
for canopy ascension dates by distance lag.  Horizontal long and short-dashed lines represent the 
global and local significance levels, respectively. 
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Etiology 
 
Figure 14 represents the percentage of dead spruce and subalpine fir sampled 
for the diagnoses of disturbance agents.  Within the SBSdw3 and SBSwk1 the 
percentages of spruce to subalpine fir are similar.  Within the ESSFwk2 the 
percentage of dead spruce within the landscape is considerably less than that of 
subalpine fir. 
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Figure 14. Percentage of spruce and fir used in diagnoses of disturbance agents 
 
Table 11 summarizes the percentage of each species associated with each 
disturbance agent within the three ecological variants.  A few noteworthy 
comparisons and contrasts can be made between species and ecological 
variants.  First, the presence of Inonotus tomentosus is dramatically less 
abundant in the ESSFwk2 in contrast to the abundance within the SBSdw3 and 
SBSwk1.   Second, stem decays were always associated with wind snap 
somewhere above ground.  Third, within the SBSdw3 and SBSwk1, subalpine fir 
tends to be more prone to windthrow.  Within the ESSFwk2, however, the 
reverse is true.  Finally, the inability to diagnose the disturbance agent (i.e. 
percentage unknown) tended to increase from the dry/warm sub-boreal to the 
wet/cold subalpine.   
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Table 11. Percentage of each species sampled associated with each disturbance agent within the 
three ecological variants. 
     
 SBSdw3 SBSwk1 ESSFwk2 
 Sx Ba Sx Ba Sx Ba 
Root and butt rots       
  Heterobasidion annosum 0.5 0.0 0.0 0.0 0.0 0.0 
  Heterobasidion annosum → wind snap 0.0 0.0 0.0 0.0 3.3 0.0 
  Inonotus tomentosus 21.6 - 22.8 - 3.3 - 
  Inonotus tomentosus → wind snap 1.0 - 2.7 - 3.3 - 
  Inonotus tomentosus ↔ Dendroctonus rufipennis 5.7 - 4.0 - 0.0 - 
  Unidentified root decay → wind snap 0.5 0.0 0.0 0.0 3.3 0.6 
       
Stem decays       
  Fomitopsis pinicola → wind snap 11.3 10.1 6.0 5.3 6.7 1.5 
  Phellinus pini → wind snap 2.6 0.6 2.0 0.8 6.7 0.6 
  Unidentifiable brown rot stem decay → wind snap 6.7 7.3 0.0 4.5 0.0 0.3 
  Unidentifiable white rot stem decay → wind snap 0.5 0.0 0.0 0.0 3.3 0.6 
       
Bark beetles       
  Dendroctonus rufipennis 14.4 - 14.8 - 10.0 - 
  Dryocoetes confuses - 18.4 - 32.3 - 42.5 
       
Wind thrown 18.0 31.3 9.4 18.8 13.3 5.8 
       
Unknown 17.0 32.4 38.3 38.3 46.7 48.0 
Note: dashed cells identify the species as a non-host.
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Discussion 
 
Dendroecological reconstruction of large and intermediate-scale disturbance 
 
The results of this study clearly demonstrate that dendroecological techniques 
can be used to date and examine the effects of past intermediate and large-scale 
disturbance events and regional climate fluctuations.  Furthermore, the 
standardization procedures used to reveal the legacy left by intermediate and 
large-scale disturbances and variation in climate clearly suggest that these 
events have a significant influence on tree-growth and stand development, and 
should be taken into consideration before estimating small-scale disturbance 
frequencies.  Without doing so, the effects of climate and intermediate to large-
scale disturbance events, that undoubtedly have the potential to trigger growth 
patterns similar to small-scale disturbance, may go undetected. 
 
Standardization with a horizontal straight line passing through the mean ring-
width value is meant to preserve long-term growth trends that characterize stand 
dynamics as a whole.  These chronologies were used to date and differentiate 
between two major disturbance types, including (1) stand-initiation caused by 
non-discriminating disturbances such as catastrophic wildfire or windthrow and 
(2) partial canopy removal caused by discriminating disturbance agents such as 
episodic spruce beetle or western balsam bark beetle.  Above average growth at 
the beginning of each chronology, indicative of open conditions, provides 
evidence for stand-initiation.  Below average growth followed by a dramatic and 
sustained increase in growth would provide evidence for partial canopy removal.  
With few exceptions, all plots within the two SBS ecosystems indicate open 
conditions during the earliest periods of their chronologies (Figure 2).  Within the 
ESSFwk2, with the exception of plots 1 and 3, none of the subalpine 
chronologies clearly indicate open conditions that would signify stand-initiation.  
Small sampling depths represent a weakness in the interpretation of these early 
periods.  Veblen et al. (1991a) found that the pattern of release caused by spruce 
beetle outbreaks was usually evident with as few as 5 samples, but it is desirable 
to have at least 15-20 samples to assure adequate replication.  If this guideline 
for sample size is transferable to the detection of growth patterns during stand-
initiation, it becomes difficult to state with any veracity whether the periods of 
rapid early growth indicate stand-initiation or a discriminating disturbance agent 
that is represented by gap-origin samples alone.  For example, plots 4 and 5 
within the SBSdw3 and plots 2 and 5 within the ESSFwk2 show below average 
growth in the earliest periods of their chronologies, followed by release and a 
prolonged period of sustained above average growth.  However, these periods 
are represented by fewer than 5 samples (Figure 2).  Therefore, little can be said 
about these earliest periods.  Without detailed historical records, stand-initiation 
and partial canopy removal can be difficult to distinguish. 
 
To make the distinction between these two types of disturbance a number of 
non-dendrochronological methods and historical records were also used.  In 
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addition to time series analysis of the plot chronologies, shifts in the age and 
diameter distributions for each species are both useful tools used to detect past 
beetle outbreaks and to distinguish their effects from catastrophic wildfire (Veblen 
et al. 1991a).  For example, the analyses of age structure within the ESSFwk2, 
SBSwk1 and plots 1 and 2 within the SBSdw3 reveal the development of bimodal 
age structure, which clearly indicate pulses Picea spp. and Abies spp. seedling 
establishment (Figure 7).  Major spruce beetle outbreaks, with up to 90% 
mortality of the standing mature spruce, have been recorded from Alaska to 
Colorado (Schmid and Frye 1977, Holsten 1990).  The evidence provided by the 
age and diameter distributions of living and dead canopy trees, the long-term 
growth patterns and shifts in species dominance all suggest that spruce beetle 
outbreaks occurred in the ESSFwk1 during the 1710s and 1830s, within the 
SBSwk1 during the 1830s and 1870s, and within the SBSdw3 1870s.  The 
outbreaks in the ESSFwk1and the SBSwk1 are supported by observations made 
by McLean (1849), and the dendroecological evidence provided by Zhang et al. 
(1999) and Lindgren and Lewis (1997).  No written historical records for the 
1870s spruce beetle outbreak within the SBS ecological variants could be found.  
Newbery (2001), studying the influence of Inonotus tomentosus (the causal agent 
of tomentosus root disease) on stand structure and dynamics within the SBSwk1, 
found a minor increase in the frequency of canopy ascensions (i.e. fast early 
growth rates and releases from suppression) recorded during the 1870s through 
to the 1890s.  In contrast to the spruce beetle outbreaks that occurred across the 
central interior of British Columbia, a western balsam bark beetle outbreak 
substantially reduced the proportion of subalpine fir within all ESSFwk2 plots 
during the 1920s and 1930s and diagnostic signs are still abundant within the 
plots (Table 11).  This beetle outbreak caused a shift in species dominance from 
subalpine fir back to spruce (Figures 6, 7 and 8). 
 
The second standardization procedure, used to identify short-term variations in 
growth, primarily attributed to climate, suggests that spruce and subalpine fir 
exhibit moderate dendroclimatic utility.  Compared with other species in the 
interior of British Columbia, mean sensitivity and standard deviation values for 
spruce and subalpine fir tend to be lower (Daniels and Watson 2003, Watson and 
Luckman 2002, Watson and Luckman 2001, Wilson and Luckman, 2003, Zhang 
et al. 1999).  In addition, the number of samples required for spruce and 
subalpine fir to attain the recommended EPS is slightly greater, reflected by the 
lower values of rbt (Daniels and Watson 2003, Watson and Luckman 2002, 
Watson and Luckman 2001, Wilson and Luckman, 2003, Zhang et al. 1999).  
PCA analysis within each variant suggests that slight differences between 
chronologies are related to disturbance histories and not necessarily a result of 
differences in each species’ response to climate.  This also suggests that 
generalization of the regional climate signal is possible; however, regional series 
for each species would be necessary.  A major objective of this study, however, 
was not to reconstruct climate, but to develop chronologies that identify periods 
where growth increases due to climate appear similar to patterns of release 
caused by disturbance. 
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The duration of climate-related growth suppression and increase are key factors 
used to distinguish low frequency climate variations from disturbance events.  
Within the central interior of British Columbia the mean duration of growth 
suppression and increase were 4 and 5 years, respectively.  Growth suppression 
and increase ranged from 3-16 and 3-13 years.  In rare cases, suppression 
followed by increases in growth due to climate factors could trigger pseudo-
release patterns in a majority of canopy trees in one time period across all plots.  
Within the early and late SBSdw3 chronologies, one such climate event occurred 
during the 1960s and is of concern regarding future estimation of small-scale 
disturbance frequencies (Figure 5).  A comparison of the SBSdw3 chronologies 
in Figures 2 and 5, for example, suggests that the pattern is linked to climate 
because no sustained release patterns occurred in any of the SBSdw3 plots 
during the same decade.  With an accurate identification of intermediate and 
large-scale disturbance events and climate-related growth patterns, and their 
overall effects on stand development, higher confidence in gap-origin and 
release criteria (Thompson7  - unpublished thesis) is attainable because 
individual growth responses can be directly linked to unique events. 
 
In conclusion, it is clear that dendroecological techniques contribute to 
characterizing natural disturbance.  However, despite the benefits of using these 
techniques, the results stress that dendroecology alone is insufficient to quantify 
small-scale disturbance dynamics.  These techniques need to be matched by 
non-dendroecological methods such as the analysis of diameter distributions for 
living and dead samples, shifts in species composition thru time, spatial analyses 
of disturbance, and the quantification of unique disturbance agents that brought 
about the diverse histories within each stand. 
 
Small-scale disturbance in central British Columbia 
 
A central principle of plant ecology, the steady-state plant community as the end 
product of succession, has been extensively used to describe the development of 
spruce-subalpine fir forests types throughout the central and northern Rocky 
Mountains of North America.  Previous interpretations of age and size class 
distributions have lead some authors to characterize spruce-subalpine fir forest 
as a temporally and structurally stable community representing the endpoint of 
succession (Oosting and Reed 1952, Veblen 1986).  Others authors have 
suggested that increasing periods of time between stand initiating events will 
inhibit coexistence between these two species, and eventually lead to the 
replacement of spruce by subalpine fir, especially if the two coniferous species 
are disproportionately abundant within the understory and have similar mortality 
rates (Day 1972, Peet 1981, Newbery 2001).  Within the central interior of British 
Columbia both species are relatively long lived, often approaching and exceeding 
200 years of age.  Therefore, it is not surprising that these two species exist to 
some extent within late successional stages of forest development.  
                                                           
7 Ibid 
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Observations made within this study, together with previous work in British 
Columbia, have identified a range of variation in the age, size, spatial structure 
and recruitment rates of trees in mature spruce-subalpine fir forests (Antos and 
Parrish 2002a, Antos and Parrish 2002b, Kneeshaw and Burton 1997, Lewis and 
Lindgren 1999, Parish et al. 1999a, Parish et al. 1999b).  Furthermore, the 
results of this study suggest that stand-dynamics in old spruce-subalpine fir 
forest of central British Columbia are not necessarily described properly by the 
steady-state community alone, but are more a product of punctuated disturbance 
events acting at multiple spatial and temporal scales.  This is consistent with the 
findings of Parish et al. (1999b) where the stand composition of a mature spruce-
subalpine fir forest in southeastern British Columbia was the result of different 
types of disturbances of differing intensities, together with recruitment during 
interdisturbance periods.  Small-scale disturbance events may bring about 
continuous stand level maintenance and renewal over extended periods of time 
in the absence of intermediate to large-scale disturbance events; however, shifts 
in species dominance can be bidirectional, and tend to be abrupt and due to 
intermediate-scale disturbances such as those caused by periodic bark beetle 
outbreaks. 
 
The accuracy of historical reconstruction is greatly affected by the overlap 
between disturbance types of varying spatial and temporal scales.  Lorimer and 
Frelich (1989) and Frelich and Graumlich (1994) point out that recent 
disturbances can remove members of an older cohort, replacing them with 
younger cohorts.  As a result, the relative abundance of canopy ascension 
evidence (i.e. gap-origins or release events) available within the core samples for 
each species is clearly linked to past disturbance (Table 7).  Therefore, the 
potential for one species to ascend into the canopy over another in not always 
discernable, particularly if the disturbance is species specific.  For example, 
within the SBSdw3 the proportion of spruce ascending into the canopy is 
connected to the most recent intermediate and large-scale disturbance events.  
In the first two SBSdw3 plots, spruce beetle had removed a considerable 
component of mature spruce from the canopy during the 1870s, shifting the 
stand dominance to subalpine fir.  In the remaining three SBSdw3 plots, fire in 
the latter part of the 1800s removed up to 47% of the canopy, setting back stand 
development and allowing spruce to establish and dominate over subalpine fir 
(Table 5, Figure 2).  In regions where fire acts largely as a stand-destroying 
event that allows few, if any, trees to survive, stand development following fire is 
dominated by new spruce and/or pine seedling establishment (Veblen et al. 
1991).  For plots 3 through 5 within the SBSdw3, spruce has dominated the initial 
decades of post-fire establishment (Figure 12).  The total number of spruce 
entering the canopy, and the proportion of gap-origin events in comparison to the 
proportion of release events, largely supports this (Table 7).  Within the SBSwk1, 
subalpine fir was consistently the most frequent species ascending into the 
canopy.  A regionally synchronous spruce beetle outbreak had been noted during 
the 1870s within the SBSwk1, and is the primary cause for the substantial 
reduction in spruce and shift in dominance to subalpine fir.  In contrast to the 
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SBSwk1, the complete opposite has occurred within the ESSFwk2.  During the 
1920s and 30s western balsam bark beetle substantially reduced the proportion 
of subalpine fir within all ESSFwk2 plots.   In response, spruce was the most 
frequent species ascending into the canopy because of the shift in dominance 
from subalpine fir to spruce.  This regional synchronous outbreak of western 
balsam bark beetle, within the ESSFwk2, has provided antithetical evidence to 
the idea that increasing periods of time between stand initiating events will 
eventually lead to the replacement of spruce by subalpine fir.  The ESSFwk2 
plots are consistently the oldest plots in the entire study (Table15.  Furthermore, 
it provides evidence that spruce-subalpine fir forests do not necessarily exist as 
steady-state communities with the central interior of British Columbia.   
 
If the abundance of canopy ascensions is related to new disturbances that 
remove members of an older cohort then ascensions alone are insufficient to 
provide any insight for the potential of one species to ascend into the canopy 
over another.  Although it has been suggested that increasing periods of time 
between stand initiating events will lead to the eventual replacement of spruce by 
subalpine fir, there is little evidence in any of the chosen ecological variants that 
suggests this is actually occurring as a result of small-scale disturbance.  Neither 
the long-term nor the short term analyses support the idea of replacement, given 
that the decadal canopy disturbance rates for species nested within ecological 
variant did not differ (Table 10). 
 
The decadal canopy disturbance rates of 7.4, 6.4 and 5.0 % (within the SBSdw3, 
SBSwk1 and ESSFwk2, respectively) suggest, however, that small-scale 
disturbance events do gradually maintain and renew the current forest structure 
in the absence of intermediate or large-scale disturbance events.  Furthermore, 
these results are in line with previous estimates of canopy disturbance rates.  
Newbery (2001), within SBSwk1 spruce-subalpine fir forests (less than 100 km 
south of the SBSwk1 plots in this study), estimated canopy disturbance rates 
ranging from 5 to 8 % per decade.  Within the northern hardwood forests of 
Upper Michigan, Lorimer and Frelich (1989) estimated canopy disturbance rates 
ranging from 5.7 to 6.9 % per decade.  Within the hemlock-hardwood forests of 
Upper Michigan, Frelich and Graumlich (1994) estimated canopy disturbance 
rates ranging from 2 to 12 % per decade.  Runkle (1985) points out that the 
average rates forest disturbance (≈ 10 %/decade and ranging from ≈ 5 to 20 
%/decade) show fairly little variation, despite wide differences in vegetation and 
disturbance.  The methods within this present study where specifically designed 
to partition intermediate and large-scale disturbance events from small-scale 
events.  The end goal was to describe the small-scale disturbance regimes.  
Therefore, it is not surprising that the canopy disturbance rates in this study are 
consistently smaller than the disturbance rates outlined by Runkle (1985), 
because those values are based on all disturbance types combined.  Disturbance 
rates for specific agents of disturbance or for particular components of a 
disturbance regime are expected to be smaller (Runkle 1985).  
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The frequency of small-scale canopy disturbance, from the dry-warm interior 
plateau to the wet-cold foothills of the Canadian Rockies, tends to decrease in 
frequency.  Although the differences between the ecological where not all 
statistically significant, not detecting a statistical significance can be explained by 
the relatively high variation in the estimates of canopy disturbance frequencies 
within the SBSdw3 (Table 9).  A decreasing rate of small-scale disturbance from 
the driest to wettest ecosystems, at first, seems counterintuitive.  However, 
disturbance rates for specific agents of disturbance are expected to be smaller 
than the estimates of an entire regional disturbance regime (Runkle 1985).  The 
etiological analysis conducted for the three ecosystems within this study 
suggests that, from the driest to the wettest ecosystems, the number of different 
agents of disturbance tends to decrease, and some disturbance agents become 
completely absent (Table 11).  For example, the incidence of Inonotus 
tomentosus (Fr.) Teng., the causal agent of tomentosus root disease, is greatest 
within the sub-boreal ecosystems.  Within the ESSFwk2 it is almost absent from 
the landscape.  Lewis et al. (2004) found that disease incidence of tomentosus 
root disease was negatively related to direct measurements of soil moisture.  
Whitney (1976) also found that disease incidence varied inversely with soil 
moisture regimes as determined indirectly using a classification system.  The 
relative soil moisture content of zonal sites selected within the cold/wet climate of 
the ESSFwk2 are greater than the soil moisture content of zonal sites within the 
dry/warm SBSdw3 (Meidinger and Pojar, 1991), and partially explains the 
declining incidence of this disturbance agent.  From dry-warm to wet-cold 
ecosystems, the climate may become inhospitable to some agents of 
disturbance, explaining the decreasing rates of small-scale disturbance.                  
 
Parrish et al. (1999b) found that mortality was random within canopies of 
subalpine, spruce-subalpine fir forest types, which in turn leads to random 
patterns of release.  Within this study, both live and dead spruce and subalpine 
fir stems (≥ 15 dbh) showed a random spatial pattern at scales less than 25 m 
across all ecological variants.  Therefore, a random spatial pattern of canopy 
ascension is expected.  Based on the Moran’s analysis of canopy ascension 
dates, average canopy openings are approximately 2.5 m in diameter across all 
ecological variants; however, canopy opening diameters varied enormously from 
small (< 2.5 m diameter) to fairly large (27.5m within the SBSdw3 and > 50m 
within the ESSFwk2) openings created within the canopy (Figure 13).  These 
results are similar to those of Newbery (2001), who found that gap sizes 
averaged < 7m in diameter, but varied from small (< 7m ) to large (≈ 28m 
diameter) canopy openings within the SBSwk1.  The difference in average 
canopy opening diameter between the present research and the results of 
Newbery (2001) can be explained by the lag distance specified in the spatial 
autocorrelation analyses (2.5m versus 7m, respectively) and how Moran’s I is 
interpreted.  For example, Frelich and Graumlich (1994) found that a lack of 
spatial autocorrelation of tree ascension dates for the smallest lag distance 
defined (0- to 9.9m).  This meant that the average canopy opening diameter was 
< 9.9m within the hemlock-hardwood forests of Upper Michigan.  The results of 
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Newbury (2001) and Frelich and Graumlich (1994) were based on the spatial 
analysis of ascension dates sampled from evenly spaced grid points (7 and 10m, 
respectively).  The estimates of canopy opening size, within the present study, 
were based on an irregular lattice of stem-mapped points.  This allowed spatial 
analysis at nearest neighbour distances (2.5m) which is much smaller than 
previous work.  The results suggest that canopy openings on average tend to be 
small, spatially independent, and caused by the death of single trees. 
 
However, due to the variability in the distribution of canopy opening size, a 
number of disturbance processes are working together through time.  First, the 
relatively random spatio-temporal pattern of small openings is indicative of 
structures resulting from a suite of small-scale disturbance agents.  Second, the 
larger, more infrequent patch structures are more likely indicative of the wide 
spread bark beetle outbreaks that have occurred within the majority of the 
studied plots.  Together, this provides further evidence for the overlap between 
different types of disturbances of differing intensities, together with small-scale 
recruitment between intermediate-scale disturbance events. 
 
Previous interpretations of age and diameter structure suggested that 
intermediate-scale disturbance events have played a larger mediating role over 
distinct successional changes in stand structure than that of small-scale 
disturbance events.  Excluding plots 3 through 5 within the SBSdw3 that are 
indicative of post-fire establishment, most age class distributions across all 
variants for either species show bimodal age-class structure suggesting 
disturbance pulses (Figure 7).  The diameter distributions for living and dead 
stems further suggest that these disturbance pulses were caused by host specific 
disturbance agents such as bark beetles (Figures 6 and 8).  For example, 
recruitment of spruce into smaller diameter classes (20 and 30 cm) has been 
limited, whereas dead spruce and unidentifiable stems are most abundant within 
large diameter classes > 40cm. 
 
In conclusion, the results of this study support the proposal of Wilson and Agnew 
(1992) that the punctuated equilibrium concept be extended to the spatial and 
temporal processes in plant ecology.  Frelich and Graumlich (1994) suggest that 
for this concept to work within a forest ecology framework, a landscape of given 
size must exist in a state of “punctuated quasi equilibrium” whereby disturbances 
with small spatial extent relative to the landscape maintain a quasi equilibrium 
during the intervals between larger disturbances with a longer rotation period that 
punctuate the more stable periods.  As we move across the central interior of 
British Columbia, regardless of the climatic gradient, examples of nested 
disturbance types are undoubtedly responsible for the patterns we see today on 
the landscape.  Therefore, it is feasible to extend this concept to even smaller 
spatial scales such as the individual stand composed of spruce and subalpine fir.  
To have a disturbance regime of hierarchically nested disturbance types on a 
given forest landscape, catastrophic disturbances such as stand initiating fire 
must occur rarely so that several tree generations may pass between 
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disturbances.  The consideration of disturbance events at multiple scales shows 
that small-scale disturbance exhibits continuous stand level maintenance and 
renewal; furthermore, that shifts in species dominance are bidirectional and tend 
to be abrupt, due to intermediate scale disturbances such as those caused by 
spruce beetle or western balsam bark beetle.
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Management Implications 
 
It has been suggested that successful conservation and maintenance of overall 
forest health will require an understanding of disturbance patterns and processes 
(Pickett and Thompson 1978, White 1979, White and Pickett 1985, Bergeron et 
al. 1999, Lewis and Lindgren 2000).   It has also been suggested that ecological 
values inherent in forest ecosystems can best be maintained by using forest 
practices that mimic natural disturbance regimes (Bergeron et al. 1999, Hawkes 
et al. 1997, Bunnell 1995).  
 
The disturbance chronologies presented in this research indicated that decadal 
canopy disturbance was 7.4, 6.0 and 5.0 % within the SBSdw3, SBSwk1 and 
ESSFwk2, respectively.  In that order, this would correspond to approximately 22 
– 42, 22 – 33 and 18 – 22 mortalities/hectare/decade based on the current tree 
densities in each ecological variant.  Furthermore, again in that order, the 
average plot diameters of dead canopy trees ranged from 22 – 38, 33 – 41 and 
27 – 32 cm dbh.  Species composition of dead trees (≥ 15 cm dbh) within the 
SBSdw3, SBSwk1 and ESSFwk2 ranged anywhere from 15 – 58, 12 – 68 and 4 
– 12 % spruce, respectively. 
 
To achieve the above ranges, partial-cut systems conducted every 10 years, 
would remove an extremely wide range of possible densities, diameters and 
portions of each constituent species (e.g. % spruce).  Furthermore, harvests 
would take on a variety of canopy opening sizes, with the average diameter 
approximately 2.5 m.  This suggests that a collection of single tree and small 
group selection systems would be the most appropriate to maintain natural forest 
structure.  However, unlike “beetle proofing” a stand to minimize the future 
chance of economic loss due to bark beetle infestations, these partial cuts would 
create uncertainty around future intermediate-scale disturbance events.  
Furthermore, this silvicultural system does not minimize additional mortality due 
to the continuous low intensity nature of small-scale disturbance.  As a result, 
there is an additive effect, where the expected small-scale disturbance events 
continue through time in addition to the removal of stems during each partial cut.  
Therefore, it is unclear whether or not the spatial and/or temporal patterns of 
small-scale disturbance, as described in this thesis, can be mimicked reasonably 
by the application of partial cut silvicultural systems.   
 
An alternative approach is to focus on the imitation of intermediate-scale 
disturbance events such as the bark beetle outbreaks also recorded within the 
study.  For example, within the watershed where the ESSFwk2 plots were 
sampled, two recorded bark beetle outbreaks consistently show up in the 
majority of the mature tree ring records suggesting that the events are at least 
synchronous to the watershed.  Although the historical record is short, making it 
difficult to predict the return interval of these alternating bark beetle outbreaks, 
the best approximation of return would be 200 years with a 100 year lag between 
both bark beetle species. 
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The application of this disturbance regime in the appropriate ecosystem would 
involve harvest of one species (e.g. spruce), from a moderately narrow group of 
diameter classes based on host susceptibility, over a 10 year period.  The 
proportion removed from the susceptible diameter classes would be aligned with 
the proportions historically removed by the disturbance agent (e.g. ≈ 35% of 
spruce stems > 45cm and ≤ 65cm dbh).  Regeneration would focus on the 
alternative species (e.g. subalpine fir).  The area would then be left unharvested 
until the end of the 100 year period, when the process would begin again, 
although the focus would shift to the removal of subalpine fir and the 
regeneration of spruce.  Essentially, this silvicultural practice would be thinning 
from above and would place spatially random openings into the forest matrix over 
large spatial scales. 
 
In contrast to the application of partial cutting silvicultural systems – which 
involves an entry every 10 years in any given area, and requires continual activity 
over an entire management area such as an entire watershed – imitating the 
temporal interchange between spruce beetle and western balsam bark beetle 
over a 200 year rotation period would only require one 10 year entry every 100 
years. 
 
Much like bark beetle proofing stands to minimize the future chance of economic 
loss due to bark beetle infestations, this alternative silvicultural system would 
minimize the chance for future intermediate-scale disturbance events.  
Conversely, such a silvicultural system would not minimize further mortality due 
to the continuous low intensity nature of small-scale disturbance within any given 
stand of trees.  Therefore, the continuous long-term inputs of wildlife trees and 
coarse woody debris would also be maintained as a result. 
 
DeLong (2002) has developed a Natural Disturbance Unit (NDU) model for the 
entire Prince George Region.  In comparison to British Columbia’s 5 natural 
disturbance types (Ministry of Forests British Columbia 1995), for the Prince 
George region alone there are 9 NDU.  The SBSdw3 plots fall within Moist 
Interior-Plateau NDU with fire and mountain pine beetle (Dendroctonus 
ponderosae) as the key stand-replacement disturbance agents (DeLong 2002).  
The disturbance cycle assigned to this NDU is 100 years, based on work by 
Andison (1996) and DeLong (1998).  The SBSwk1 plots fall within the McGregor 
Plateau NDU with fire as the key stand-replacement disturbance agent (DeLong 
2002).  The stand replacement disturbance cycle assigned to this unit is 220 
years.  The ESSFwk2 plots fall within Wet Mountain NDU with stand-replacement 
disturbance events occurring at irregular intervals with as much as 1000 years 
between such events on any site (DeLong 2002).   
 
Confronting natural disturbance based management are other approaches such 
as integrated resources management, conservation, zoning, etcetera. Within the 
wet mountain NDU, typical old forest characteristics historically dominated the 
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landscape.  Therefore, it seems reasonable to apply the alternative silvicultural 
approach that attempts to mimic bark beetle outbreaks over large spatial areas.  
In contrast, the disturbance cycle within the SBSdw3 is 100 years.  Therefore, 
very little connectively exist between the rarely occurring mature spruce-
subalpine fir forest types.  Few ecological benefits would therefore be realized by 
micro-managing old remnant patches that would be left behind naturally by 
wildfire.  Delong (2002) suggests that maintaining mature forest patches could be 
accomplished by rotating old forest reserves.  Within the McGregor Plateau NDU, 
old forest characteristics were historically dispersed unevenly across the 
landscape (i.e. rare in some areas and abundant in others).  It seems reasonable 
to apply some combination of the two extremes discussed above.  Therefore, in 
some watersheds, silvicultural systems that attempt to mimic the complex 
interchange between small and intermediate-scale disturbance events could be 
used.  In other watersheds, larger patches with reserves could be used to mimic 
catastrophic wildfire.  Over extended periods of time (i.e. a disturbance cycle ≈ 
220 years) the silvicultural systems used in each watershed could be rotated. 
 
Finally, related to future research questions outlined in the following section, the 
results of this study also provide tools to monitor the application of new 
silvicultural systems in the spruce-subalpine forest types within the SBSdw3, 
SBSwk1 and ESSFwk2. 
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Future research  
 
A number of new ecological and application questions stem directly from this 
thesis: 
 
1. It is unclear whether or not the spatial and temporal patterns of small-

scale disturbance can be mimicked reasonably by silvicultural 
applications.  Long term silviculture trials are required in these forests 
types to compare and contrast standard, benchmark indicators of mature, 
spruce-subalpine forests.  Will the application of silvicultural systems 
intended to mimic natural disturbance at small spatial scales maintain 
healthy forest ecosystems at the stand and landscape levels? 

 
2. An alternative to partial cut silviculture systems was to mimic regionally 

synchronous disturbance, such as bark beetle infestations, across larger 
spatial and longer temporal scales.  It would be unrealistic to set up a 200 
year long silvicultural trial for monitoring purposes.  However, long-term 
forest modelling could provide evidence for the feasibility and ecological 
appropriateness of such an alternative silvicultural system by comparing 
predicted states to the current states quantified in this thesis. 

 
3. Although the interplay between small-scale disturbance and intermediate-

scale, patch modifying events were important factors of forest dynamics at 
the stand level, stand replacing fire undoubtedly plays an increasingly 
important role moving west from the high elevation, wet/cold environments 
of the subalpine forest to the dry/warm plateau of central British Columbia.  
At the landscape level, it is expected that the proportion of the land 
occupied by mature, spruce-subalpine fir forest patches would decrease 
and change in spatial distribution on the landscape.  What are the 
historical spatial and temporal distributions of spruce-fir patches on across 
the central interior of British Columbia? 

 
4. It will be important to compare and contrast the silvicultural systems that 

mimic small or intermediate scale events.  Snag density and snag class 
distribution, coarse woody debris (CWD) abundance and CWD class 
distribution, road density and stream crossings, etcetera are all important 
variables that should be compared and contrasted at various spatial and 
temporal scales.  Does either system provide a better solution to 
disturbance based forest management?  Is there some other system more 
appropriate (e.g. clearcut with permanent reserves)?  Is some other form 
of forest management (e.g. integrated resources management, 
conservation or zoning) more appropriate? 

 
5. Finally, many conceptual models explaining the natural succession of 

spruce-subalpine fir forest types in western North America have been 
proposed.  Some explain succession in the absence of disturbance and 
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others maintain disturbance is paramount in predicting future stand 
structure and dynamics.  This study has presented further evidence that 
disturbance is a key driver of change and that steady states communities 
are actually the minority in many sub-boreal and subalpine ecosystems.  
Can all spruce-subalpine forest types through western North America 
really be explained by one succinct successional model?  Or, does the 
stochastic nature of multiple disturbance types working at numerous 
spatial and temporal scales lead to individualistic succession making it 
virtually impossible to predict future states? 
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Conclusions 
 

This research has provided further evidence indicating that small-scale 
disturbances are important ecological processes in sub-boreal and subalpine 
forest ecosystems.  However, within these ecosystems there is considerable 
overlap between disturbance types of varying spatial and temporal scales.  For 
example, intermediate-scale disturbance events have played a large mediating 
role over distinct successional changes in stand structure; more so than that of 
small-scale disturbance events.  Consideration of disturbance events at multiple 
scales, however, shows that small-scale disturbance does exhibit continuous 
stand level maintenance and renewal; furthermore, that shifts in species 
dominance tend to be abrupt and due to intermediate scale disturbances such as 
those caused by bark beetle.
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