
Forestry Innovation Investment 
 

Quantification of Disturbance Processes along a Temperature and Moisture Gradient in 
Sub-boreal Forests 

 
Project R04-091: Technical Report, 2004 

Kathy J. Lewis and R. Douglas Thompson 
 
ABSTRACT 
British Columbia forest practices are based on sustainable forest management. The goal is to 
integrate ecosystem processes with management practices. The dominant proposal to promote 
healthy ecosystems is to use forest practices that emulate the natural disturbance regimes. Yet 
there is a lack of knowledge regarding the natural disturbance processes and resultant stand 
structure in many of these forest ecosystems. The result is a situation where managers have few 
or inadequate tools to accomplish sustainable forest management. The proposed research adapts 
and applies recent methods in disturbance ecology to compare the frequency and impact of biotic 
versus abiotic disturbance agents along an ecological gradient sub-boreal, dry warm to wet cold 
ecosystems. We used 5 plots (0.25 ha each) in each of three variants (SBSdw3, SBSwk1, 
ESSFwk2) to examine the impact of small scale disturbance agents on stand dynamics. Plots 
were fully stem-mapped, and trees over 15cm dbh were recorded by species, diameter and 
condition. Increment cores were taken from all live and dead trees where possible. During the 
next, and final, field season, we will establish and measure understory sub-plots, and determine 
agents of mortality of dead canopy trees where possible.   
 
Tree ring analysis, and spatial data techniques are being used to quantify stand dynamic variables 
such as mortality and recruitment rates, gap size, canopy turn-over rates, transition probabilities, 
and rates and pattern of disturbance by specific forest health agents. These will be compared 
across the three different ecosystem variants, and will be used to quantify natural disturbance 
processes, develop indicators and ranges that can be used to design alternative silvicultural 
systems, and to monitor impact of forest health agents.   
 
 
INTRODUCTION/BACKGROUND 
 
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 all 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: “Any 
relatively discrete event in time that disrupts ecosystem, community, or population structure and 
changes resources, substrate availability, or the physical environment.”  Although disturbances 
are formally characterized here as distinct events in time, it is their persistence that maintain the 
ecological structure and function that directly supports the range of life and processes called 
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biodiversity (Keane et al. 2002, Morgan et al. 1994).  Therefore, stand- or landscape-level 
disturbances are not only characterized by spatial patterns, but include the temporal patterns of 
mortality for the dominant individuals over extended periods of time.  This is referred to as a 
plant community’s “disturbance regime” (Runkle 1985a).  White and Pickett (1985) outlined the 
common descriptors used in quantifying disturbance regimes, these are: (1) distribution in time 
and space, (2) frequency or return interval, (3) predictability, (4) area or size, (5) intensity or 
severity, and (5) synergism between multiple agents of disturbance. 
 
The list of forested communities that are directly influenced by disturbance is extensive, as many 
reviews have demonstrated (White 1979, Rogers 1996, Lewis and Lindgren 2000, Castello et al. 
1995).  Historically, the disturbance regime was defined in terms of major catastrophic events 
that originate from the physical environment, and was regarded as exogenous agents 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 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 wildfire has been adopted for sub-boreal ecosystems in 
central British Columbia.  Though this focus has been informative, our understanding of what 
occurs in the natural absence of fire is limited.  White (1979) highlighted two major problems 
with such a simplistic view: (1) there is a gradient from major to minor disturbance events rather 
than a uniquely definable set of major catastrophes, and (2) some disturbances are initiated or 
promoted by the biotic component of the ecosystem.  This gradient between major and minor 
disturbance regimes is the driving force that promotes incredibly complex and dynamic 
ecosystems, leading to an extensive range in natural variability. 
 
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).  However, in many ecosystems, we either do not fully understand the 
agents of disturbance, or have made assumptions about the agents that are frequently wrong.   
 
In response to these limitations, the “range of natural variability” concept is gradually being 
accepted for its value in understanding and illustrating the complex nature of forested 
ecosystems as a result of disturbance (Morgan et al. 1994, Landres et al. 1999, Millar and 
Woolfenden 1999, Swetnam et al. 1999).  The major aim of characterizing natural variability is 
to understand how disturbance processes can vary over time and from one site to another, how 
these processes influenced ecological systems in the past, and how these processes might 
influence ecological systems today and in the future (Landres et al. 1999).  The essential reason 
for characterizing the range in natural variability is to define the bounds of ecosystem behaviour 
over time.  Natural resource managers increasingly rely on an understanding of this range to 
develop plans that guide management within the bounds of ecological and evolutionary 
conditions appropriate for a defined area.  The use of historical information to identify these 
boundaries, however, does not imply managing for static conditions.  The importance of 
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temporal change is reflected within the phrase “range of natural variability”.  The focus is not on 
a single condition, but on a range of conditions and the variability under which ecosystems were 
sustained in the past (Swetnam et al. 1999).  The use of natural variability in management relies 
on two interrelated concepts: (1) that past conditions and processes provide context and guidance 
for managing ecological systems today, and (2) that disturbance-driven spatial and temporal 
variability is a vital attribute of nearly all ecological systems (Landres et al. 1999). 
 
If natural disturbance is a fundamental forest ecosystem process then management of these areas 
should be based on an understanding of the disturbance regime and the inherent variability 
(Lewis and Lindgren 2000, Bergeron et al. 1999, Angelstam 1998, Bergeron and Harvey 1997, 
Attiwill 1994, White and Pickett 1985, White 1979).  In British Columbia forest practices are by 
law based on sustainable forest management with an assumption that managing forests with 
silviculture systems similar to natural disturbance processes will maintain a diversity of 
ecosystems and habitat types (Ministry of Forests 1995a).  In the recent past, forest managers 
within British Columbia have attempted to use a natural disturbance type model (Ministry of 
Forests 1995b).  As mentioned previously, however, forest practitioners do not have the 
knowledge and indicators required to successfully apply and monitor silviculture systems that 
approach natural disturbance processes.  This major shortcoming is linked to an insufficient 
understanding of natural disturbance processes. 
 
The purpose of the following research is to assist in refining the Natural Disturbance Type 
(NDT) model (Biodiversity Guidebook 1995) to reflect the greater range of natural variability 
within the disturbance regimes of the central interior of British Columbia.  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 (4 forested), for the Prince George 
region alone there are 9 NDU.  These disturbance units include ecosystems that are dominated by 
wildfire disturbances and large tracts of old-growth forests that have long fire return intervals 
(DeLong 2000, DeLong 1998, DeLong and Tanner 1996, Hawkes et al. 1997).  The recent 
division of the region into these distinct disturbance-driven units highlights the need for further 
research that characterizes the variability of natural disturbance regimes, particularly within 
wetter and less studied ecosystems.  
 
In the broadest sense, the objective of this research will be to characterize the range in natural 
variability of small-scale disturbance processes in old, spruce dominated forest patches, across 
three climatically distinct biogeoclimatic variants of central British Columbia. 
 
 Specific research goals are to: 
 

1. Develop and modify existing dendrochronology techniques to date small-scale 
disturbance events in sub-boreal and subalpine forest types; 

2. Quantify the present forest composition and structure as it results from small-scale 
disturbance; 

3. Determine the spatial and temporal occurrence of small-scale disturbance within and 
between climatically distinct, spruce dominated ecosystems; 

4. Link the incidence of biotic and abiotic disturbance agents to past and present stand 
structure. 
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METHODS 
 
Research Approach: The research is in three parts or studies, intended to build upon one 
another, to characterize small-scale disturbance regimes in old, spruce dominated forest patches 
across three distinct biogeoclimatic variants of central British Columbia.  Study 1 (Section 4.0) 
develops the dendroecological techniques required to identify and date past small-scale 
disturbance.  Study 2 (Section 5.0) uses the techniques developed in study 1 to compare and 
contrast stand structure, composition and forest dynamics within and between each 
biogeoclimatic variant (see table 1; research questions 1–4).  Study 3 (Section 6.0) links the 
canopy gap etiology to the forest dynamics outlined in study 2 (see table 1; research questions 5–
7). 
 
Methods: 
Site selection: Three biogeoclimatic variants have been selected to represent the ecological 
gradient that exists within the central interior of British Columbia.  The variants are as follows: 
SBSdw3, SBSwk1 and ESSFwk2.  Within each variant five forest patches were selected and 
within each patch one 0.25ha (50 x 50m) plot was randomly placed.  Fifteen plots in total were 
common to all following studies. Forest patches were selected using the following criteria.   
 
First, all forest patches were at least 200 years of age or contributing to a range of stand ages 
beyond stem exclusion as defined by Oliver and Larson (1996). This criterion was used to select 
forest patches that have attained understorey stem reinitiation and, in the absence of stand 
replacing (external) disturbance factors, are advancing towards true old growth (Oliver and 
Larson 1996).  As the overstorey grows older, new herbs, shrubs, and/or trees appear in the 
forest-floor that are capable of living under low light conditions (Oliver and Larson 1996). As 
mentioned previously, older stands are often destroyed by periodic catastrophic disturbances.  
Where such disturbances do not occur, the overstorey trees will eventually succumb to various 
small scale disturbance agents. As these overstorey trees die, members of the forest floor stratum 
ascend into the canopy.  Once all members of the stand origin cohort have been replaced, true 
old growth is attained (Oliver and Larson 1996).     
 
Second, forest patches were characterized by having spruce as the dominant component of the 
canopy (i.e. >50% basal area for all trees over 15cm diameter at breast height, dbh). When 
catastrophic disturbances are absent a number of autogenic processes can occur in tandem with 
the small scale disturbance process, and these will influence stand dynamics (Oliver and Larson 
1996). For example, tree release patterns identified within a tree-ring sequence may not be the 
product of small scale disturbance but a response to crown thinning during the stem exclusion 
stage.  Autogenic processes vary due to species composition. Furthermore, species composition 
will directly influence the relative incidence and impact of small-scale disturbance agents. The 
above criterion has been developed to minimize the influence of tree species composition on 
autogenic and small-scale disturbance processes.  
 
Third, as much as possible, forest patches 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). Similar to the above criterion, autogenic and 



Ro4-091 Annual Technical Report. Lewis, K. and Thompson, R.D. 5 

small scale disturbance processes vary due to variation in soil properties. The above criterion has 
been developed to control for the edaphic influence of soil moisture and nutrients. 
Fourth, forest patches had no evidence of industrial forest activities. This final criterion will 
ensure that past forest dynamics have resulted from natural disturbances, which may include past 
traditional uses and practices of local First Nations communities. 
 
Plot Establishment: Within each selected forest patch one 0.25 ha (50x50m) plot has been 
located by randomly placing the north-western plot corner.  From this random starting point, plot 
boundaries have been defined by traversing 50m along each cardinal bearing. At each plot corner 
and boundary midpoint (i.e. 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 southwest corner (i.e. 0, 0m). All coordinates 
were retrieved by means of triangulation with two azimuths taken from any two adjacent stakes 
with a 25m base and related back to the origin using simple trigonometry. Stems were numbered, 
and species and dbh were 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.  
Increment cores were taken at breast height from each live and dead stem.  Cores were taken at 
breast height for two reasons. First, 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). Second, in 
comparison to cores taken lower on the bole, cores from breast height tend to have less stem 
decay and enable maximization of ring-width chronologies. Cores from dead stems were taken if 
there had been minimal outer ring loss due to saprot fungi..  
 
Dendrochronology 
Tree-Ring Analysis: Cores were prepared following the standard dendrochronology techniques 
of Stokes and Smiley (1968). Annual ring-widths were measured to the nearest 0.01mm using 
WinDENDRO (Regent Instruments Inc. 2000). For samples that had periods of extremely small 
ring-widths (≤0.1mm) annual ring-widths were measured to the nearest 0.001mm using the 
Velmex “TA” System in conjunction with MeasureJ2X (1999-2004).    
 
For each plot, cores were crossdated by matching the ring-width patterns among live and dead 
materials. The application of crossdating will provide an experimental control to assure the 
proper placement of calendar years to each growth ring (Fritts 1976). Crossdating is also the 
necessary first step in dendrochronology to identify missing, partial, locally absent and false 
rings. The computer program COFECHA (Holmes 1983) was used to assist in the detection of 
measurement and crossdating errors.  
 
In any study that emphasizes specific environmental signals as a source of variability within 
individual ring-width sequences to date disturbance events, it is helpful to estimate the 
systematic change in ring-widths associated with all other environmental influences (e.g. climate, 
age) that have affected growth and remove them from the measurement. This correction is 
known as standardization and the transformed ring-width chronology is known as the 
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standardized ring-width chronology. The individual values in a standardized ring-width 
chronology, calculated as the actual ring-width divided by the expected, are known as ring-width 
indices. Within each plot, cores will be standardized by fitting a horizontal line through the mean 
ring-width.  The purpose of using this standardization method is to emphasize biological growth 
trends within each plot. The horizontal line fit facilitates the detection of deviations from the 
average growth rate and is particularly useful in identifying long periods of release such as those 
following a major canopy disturbance. The program ARSTAN (Cook and Holmes 1984) will be 
used to assist in the development of the standardized tree-ring chronologies. 
 
The crossdated and standardized ring-width chronologies will then be averaged to obtain a 
master chronology. The program ARSTAN (Cook and Holmes 1984) will be used to produce a 
master chronology for each constituent species within each plot.  The overall process of 
standardization and the development of a master chronology are intended to equalize the ring-
width curves to a uniform mean and variance. As a result of the uniform mean and variance, 
larger than average ring-widths will not dominate over smaller than average ring-widths when 
more than two chronologies are combined to produce the master chronology (Fritts 1976). 
 
These initial master chronologies will be used to: (1) detect partial canopy removal that would 
have been severe enough to register within a majority of the current canopy trees, and (2) 
crossdate individual dead stem ring-width chronologies to estimate a time since death.   
 
Individual tree chronologies will be developed to determine age structure and aid in the 
determination of small-scale disturbance timing. 
 
Gap origin probability and early-growth rate criteria: Early growth rate criteria will be 
developed to estimate the probability that a tree originated in a gap. These criteria are based on 
the integration of evidence from both early growth rate and overall growth pattern. The methods 
of Lorimer et al. (1988) and Lorimer and Frelich (1989) will be followed. 
 
Each 0.25ha plot will be subdivided into 16 evenly spaced grid points on 10x10m grid spacing 
excluding all boundary points. From the 16 grid points 4 will be randomly selected.  At each 
selected grid point a 3.99m (1/200th ha) radius subplot will be established for a total of 20 plots 
within each variant.  For each subplot, saplings will be classed as either shaded or receiving 
direct sunlight in a gap using an ocular estimate. Saplings will be defined as >1.3m tall and 
<15cm dbh. Gaps will be recognized as openings in the canopy that have resulted from the death 
of one or more trees, where evidence of the dead tree still exists, and in which regeneration is 
less than half the average height of the living canopy trees at the canopy margin (Worrall and 
Harrington 1988). Cores will be taken at 30cm from the point germination for larger saplings, 
and for small saplings discs will be taken.  Early growth rate for each tree will be calculated as 
the average width of five consecutive annual rings beginning at the first annual ring 2cm from 
the pith.  Measurement at a smaller size would generally not be feasible because the first few 
rings are usually missed from the cores of larger trees unless the pith is reached by the increment 
borer (Lorimer et al. 1988).  Growth rates of current saplings in the 4cm dbh class will be 
measured as the average width of the last 5 rings (Lorimer et al. 1988). 
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To test for differences in the early growth rates between sapling class, species and variant a 
multi-factorial ANOVA with unequal replication will be employed. If the ANOVA reveals 
differences in the early growth rates between sapling classes, species and/or variant then the 
number of criteria will increase based on the ANOVA.    
 
The probability of gap-origin for a canopy tree, given an observed early growth rate, is 
influenced by the degree of overlap in the growth-rate frequency distributions of suppressed vs. 
gap-origin saplings. The probability of early suppression is determined partly by the percentage 
of gap saplings exceeding a stated growth threshold, as well as by the relative abundance of the 
two sapling types and the deferential probability of both surviving to maturity.  The conditional 
probability of suppression for a sapling with growth rate x is equal to a ratio of the number of 
suppressed saplings with growth rate > x to the total number of suppressed plus gap saplings 
with growth rate > x. 
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where:  
Pxi =  probability of suppression for a sapling of size class i with growth rate x   
Sxi  =  proportion of suppressed (understory) saplings of size class i exceeding  
  growth rate x 
Gxi  = proportion of gap saplings in size class i exceeding growth rate x 
Qsi = proportion of all saplings of size class i that are suppressed 
Qgi = proportion of all saplings of size class i that are growing in gaps, such that   
 Qs + Qg =1.0 
 
This formula is used in an iterative process until Pxi = 95%.  This process assures that 95% of the 
time, the growth rate threshold (x) selected, correctly distinguishes true gap-origin trees from fast 
growing suppressed trees. 
 
Release criteria: An abrupt and sustained increase in incremental radial growth may indicate 
that a tree has been released from suppression by canopy mortality. The following technique is 
an adaptation of methods developed by Lorimer and Frelich (1989) and Newbery (2001). 
 
In order to determine the growth response of understorey trees to overhead tree mortality, and to 
incorporate these responses in release criteria, mortality dates of trees need to be estimated from 
recent gap-makers. Ring-width chronologies taken from recent gap-makers can grade between 
signs of slow death resulting from root disease to more sudden decline resulting from windthrow, 
bole breakage or bark beetle.  In the latter case, a more sudden release within the understory 
would be expected.   
 
From each subplot defined above one increment core will be taken from the closest, most recent, 
gap-maker indicating sudden death and crossdated against the master climatic chronologies to 
estimate a time since death. The date of mortality will then be compared to possible dates of 
release held within ring-width sequences of the two closest potential gap-filling trees taken from 
the intermediate and suppressed crown classes (see Oliver and Larson 1996). If the date of 
release coincides within 10 years of the estimated date of mortality then the tree will be classified 
as a gap-filler and a percent release value is calculated from the radial increment as (15-year 
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growth rate after release / x-year growth rate before release x 100). The value of x for the growth 
rate before release will be evaluated based on the longest drought period recorded in the local 
dendroclimatic reconstruction. This will be used to avoid classifying an increase in growth due to 
a period of slow growth caused by drought. The 15-year sustained release criterion is selected to 
avoid classifying responses to adjacent tree crown-thinning.  Lorimer and Frelich (1989) found 
that existing canopy trees will fill in gaps through lateral expansion given relatively high initial 
stem densities.   
 
To test for a difference in percent release between each species and variant a two factor 
ANCOVA will be employed utilizing the gapmaker dbh at the time of mortality as the covariate.  
The purpose for utilizing this covariate is to account for variance linked to the competitive 
effects of the gapmaker on the gapfiller previous to death. Given a significant difference between 
species and/or variant the release criteria will then be calculated based on the results of the 
ANCOVA as the average of individual percent release values for each significant factor or 
combination. 
 
Study 2 – Structure and dynamics in old spruce dominated forest patches within three 
distinct biogeoclimatic variants of central British Columbia 
 
Analyses of diameter, age and species distributions (these have been completed for several 
plots): For the analyses of dbh (cm) within each plot, trees will be grouped by species (spruce, 
subalpine fir, and other). Analyses will be separate for live and dead trees. Box-plots will be used 
to show the range (mean, standard deviation, minimum, maximum, and quartiles) for each plot. 
Histograms, using 10cm diameter classes, will be developed for each plot to further assess the 
diameter distributions. Differences between the diameter distributions of live and dead, spruce 
and subalpine fir within each plot will be tested for by using a Kolmogorov-Smirnov two-sample 
test (Sokal and Rohlf 1995). To test for differences in spruce and balsam diameter distributions 
between plots the Kruskal-Wallis single-factor ANOVA by ranks will be employed.   
 
For the analyses of age within each plot trees will be grouped by the species (spruce, balsam and 
other). Analyses will only concern living trees. Box-plots will be used to show the range (mean, 
standard deviation, minimum, maximum, and quartiles) in age for each species in each plot.  
Histograms, using 10year age classes will be developed for each plot. To test for significant 
differences in the age class distributions of spruce and balsam within each plot the Kruskal-
Wallis single-factor ANOVA by ranks will be employed. 
 
The analyses of species distribution will concern spruce and balsam alone. Frequency bar-charts 
will be developed for each plot.  A comparison of more than two proportions will be used to test 
for differences in the relative proportions of spruce between each plot. 
 
Analyses of spatial pattern:To assess the spatial pattern of trees within plots, point pattern 
analysis will be used to assess whether the tree species, ages and diameter classes have random, 
clumped or over dispersed spatial distributions. L(d), a transformation of Ripley’s K(d) function, 
is a second order statistic (Moeur 1993) that counts the number of “events” (e.g. spruce) that lie 
within the distance (d) from a randomly chosen event. To assess the significance of deviations 
from a random distribution, Monte Carlo simulation will be used to generate 99 random spatial 
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patterns that provide a 99% confidence envelope. The analysis for spatial pattern will be 
conducted on all living and dead trees for each plot. 
 
Spatio-temporal analysis of disturbance: The decade of canopy accession will be estimated for 
each canopy tree based on three types of tree-ring evidence developed in study 1: (1) release 
from suppression, (2) rapid early growth indicative of gap-origin, and (3) anomalous growth 
pattern. Disturbance chronologies will represent the percentage of cored trees that were recruited 
into the canopy during each decade. The percentage of recruited trees in each decade will be 
used to estimate the small-scale disturbance frequency and the area occupied by each age-class. 
 
Spatial autocorrelation for categorical data will be used to test whether each cohort has uniform, 
random, or clumped distribution across each plot (Sokal and Oden 1978; Frelich et al. 1993). 
 
Study 3 – Gap-phase structure, etiology and succession in old spruce dominated forest 
patches within three distinct biogeoclimatic variants of central British Columbia 
 
Sampling procedure: Within each 0.25 ha plot all canopy gaps will be identified in the field and 
recorded on the stem maps developed in study 1. For this study gaps are openings in the canopy 
that have resulted from the death of one or more trees, where evidence of the dead tree still 
exists, and where regeneration is less than half the average height of the living canopy trees at 
the canopy margin (Worrall and Harrington 1988). 
 
An actual gap is the projection of the canopy edge onto the forest floor.  An expanded gap is the 
area circumscribed by the boles of the live trees whose foliage borders the actual gap (Runkle 
1985). Canopy gap data will be presented in terms of expanded gaps rather than actual gaps for 
four reasons: (1) the expanded gap is a realistic measure of area affected by the opening (Worrall 
and Harrington 1988); (2) field measurement at the base of the stem is much more accurate than 
measurement of the projection of the canopy edge at the ground surface; (3) in an industrial 
setting the application expanded gap versus actual gap measures would be more efficient; and (4) 
Worrall and Harrington (1988) found a positive linear relationship between the actual and 
expanded gap areas. Expanded gaps that intersect the plot boundary will be included if 50% of 
the measured gap area falls within the plot.  This is done to limit bias by shifting larger gaps into 
smaller size classes. 
 
Gap-makers are defined as the dead or downed canopy sized trees within the gap (>15cm dbh).  
Cores attained from the these trees will be crossdated against the master chronologies developed 
for each plot in study one and will be used to determine the years of gap formation. This step will 
determine if canopy gaps are the result of discrete events or have resulted from gap contagion. 
 
Gap analysis: The proportion of land area in gaps will be determined using the methods 
developed by Worrall and Harrington (1988). Box-plots will be used to show the range (mean, 
standard deviation, minimum, maximum, and quartiles) in gap-area (m2) for each plot.  
Histograms, using 10m2 gap-size classes, will be developed for each plot. To test for differences 
in gap-size distributions between plots the Kruskal-Wallis single-factor ANOVA by ranks will 
be employed. 
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Etiology of canopy gap-makers: Gap-makers will be examined for evidence of disease, insects, 
stress agents, etc.  Diagnosis will require consideration of numerous biotic and abiotic mortality 
agents. In many cases the identification of a mortality agent will not be possible due to 
decomposition and only the mode of mortality will be recorded. For the most recent gap-makers, 
where the agent of mortality can be linked to the mode of mortality, inference will be made about 
the relationship between mortality agents and the mode of mortality they impose on each gap-
maker. 
 
To assess the relative importance of each mortality agent in the creation of gap structure a 
number of qualitative analyses will be used. A tabular summary of all mortality agents will be 
used to assess the relative frequency of each agent within each variant.  A tabular summary of all 
mortality agents will be used to assess the total gap area associated with each agent within each 
variant.   
 
The relationships between mortality agent and mode of mortality will be assessed using the χ2 
test for independence between the mortality agent and the modes of mortality.  If relationships 
exist then the mode of mortality will be used to infer past relative frequency of each disturbance 
agent from past disturbance events.    
 
Transition probabilities and successional processes: To understand the influence of small-
scale mortality events on tree-by-tree replacement, a number of transition probabilities will be 
constructed to evaluate the potential of various gap-fillers. Each gapfiller will be classified into 
two categories: (1) within the overall population of possible gapfillers, or (2) as definitive 
gapfillers (Lertzman 1992). All definitive gapfillers are part of the overall population but, not all 
of the overall population are definitive.  
 
The overall population of gapfillers will be defined as the subplot seedlings and saplings classed 
as growing in a recent gap. Using the established subplots from study 1 saplings (>1.3m tall) and 
seedlings (living stems <1.3m tall) will be tallied by species. 
 
Definitive gapfillers will be defined as the two chosen trees subtending each dead canopy tree 
that showed the best potential of replacing the dead tree in the canopy relative to the overall 
population of gapfillers (Lertzman 1992). Criteria for selection include: (1) a marked release in 
annual radial growth; (2) vigorous  with a good live crown; (3) subordinate to the dead tree in the 
canopy at the time of death; and (4) within close proximity to the dead tree (<5m) (Newbery 
2001).  For each pair of gapfillers selected, the one most likely to ascend to the canopy will be 
selected for analysis base on its estimated ability to assert dominance over the other as a function 
vigour, growth response and proximity to the dead tree. In cases where no single tree shows clear 
dominance over the other both will be taken (Newbery 2001).   
 
For each gapfiller selected, the gapmaker, agent of mortality and mode of mortality will be 
recorded.  The sum of gapmaker/gapfiller, mortality agent/gapfiller and mode of 
mortality/gapfiller transitions will be used to develop transition probabilities for each spruce and 
subalpine fir within each biogeoclimatic variant.  Dead trees without gapfillers will not be 
included within the transition matrix. Gapfillers associated with multiple gapmakers, mortality 
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agents or modes of mortality will be assigned a fractional probability of transition based on the 
number of gapmakers it was replacing (Lertzman 1992). 
 
Synopsis: research findings and forest management implications within central British 
Columbia 

 
We will review all findings of the three studies and discuss the relevance of small-scale 
disturbance regimes in the broader context of disturbance ecology. This discussion will be used 
to outline the implications of the research to forest management in central British Columbia.  
Specifically, an attempt will be made to answer two questions: (1) how can the findings be 
applied as indicators of sustainable forest management; and (2) how can the findings be used to 
development successful silviculture systems that emulate a range of natural variability found 
within the central interior of British Columbia. 
 
RESULTS TO DATE 
 
Most of the results will available at the end of this next year as the past year has been focussed 
on plot establishment, stem mapping, tree data collection, and increment core collection and 
processing. A sample of current data is provided below. 
 
Figure 1 shows the location of the three variants used in this study. These are the SBSdw3, 
SBSwk1, and ESSFwk2. Five plots were established within each variant. 
 

 
 

Figure 1. Red crosses denote location of study sites. From left to right, these are the SBSdw3, 
SBSwk1, and the ESSFwk2. 
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Stem maps have been completed for all 15 plots, and have been stored in GIS format. Figure 2 is 
an example of one stem map. 
 

SBSdw3-1 Stem Map
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Figure 2. Example of a stem map. Plot one of the SBSdw3 variant. Triangles are live trees, 
diamonds represent dead trees.  
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Table 1. Current status of increment core preparation and analysis.  
 
 

 

Core Sample Progress Table       

Completed as 
of April 9th, 

2004  
        

Ecosystem Plot Mounted  Sanded Crossdated Measured 
SBSwk1 1 x x x x 
SBSwk1 2 x x x x 
SBSwk1 3 x x x x 
SBSwk1 4 x x x x 
SBSwk1 5 x x x x 

        
SBSdw3 1 x x x x 
SBSdw3 2 x x x x 
SBSdw3 3 x x x x 
SBSdw3 4 x x x x 
SBSdw3 5 x x     

        
ESSFwk2 1 x x x x 
ESSFwk2 2 x x x x 
ESSFwk2 3 x x x x 
ESSFwk2 4 x x x x 
ESSFwk2 5 x x     
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Basic statistics and descriptive charts have been done for the plots. Figures 3 and 4 below are 
examples of diameter class histograms by tree species.  
 
 bsub-alpine fir sspruce
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Figure 3. Diameter class distributions of live trees by 
species for the SBSwk1, plot number 1.  

b ssub-alpine fir spruce
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Figure 3. Diameter class distributions of dead trees by 
species for the SBSwk1, plot number 1.  
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