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Abstract

In this thesis, I studied the growth, competition and spatial pattern of mature, fire-
origin, natural jack pine (Pinus banksiana Lamb.) forests along an ecoclimatic gradient in
the boreal plains and boreal shield ecozones of Saskatchewaﬁ and Manitoba, Canada.
The magnitude and causes of inter-annual variation in these processes requires further
study. I used a dendroecological approach to obtain annual data on these processes,
which provides more information than periodic data obtained from permanent sample
plots. Understanding the magnitude and causes of inter-annual variability in these
processes will be needed to adapt forest management practices to climate change effects.
At each of 10 study plots, I measured and cross-dated ring widths on samples obtained
from a complete census of all living and dead trees detectable at the time of sampling. I
found that ring-width data at breast height could be scaled to tree level volume increment
with a mean error of less than 10%, and that stand reconstructions were reliable for up to
50 years into the past in this region. I examined inter-annual variation in competition in
relation to stand characteristics, disturbances, and inter-annual variation in both growth
rate and growing conditions. Size and growth rate were considered independently using
the Gini and Lorenz asymmetry coefficients, and concurrently with an index of
competition asymmetry. Inter-annual variations in competition and growth rate were
significantly related, suggesting that variation in growing conditions influences
competition, a possibility that is not presently accounted for in forest growth and stand
development models. I also examined temporal changes in the spatial distribution of live
and dead trees, and these results did not support the hypothesis that competition always

leads to spatial regularity.
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1.0 Introduction

Dendroecology is the application of tree-ring analysis to scientific questions in
ecology (Fritts and Swetnam 1989, Swetnam et al 1999). In this thesis, [ used a
dendroecological approach to examine growth, competition, and spatial pattern in jack
pine (Pinus banksiana Lamb.) forests in the boreal plains and boreal shield ecozones in
Saskatchewan and Manitoba, Canada. The magnitude and causes of inter-annual
variation in these processes requires further study. Understanding the magnitude and
causes of inter-annual variation in these processes is important because climate change is
expected to impact the ecological structure and function of boreal forests in Canada (e.g.
Hogg and Bernier 2005). Understanding this variability will be required in order to adapt
management practices to climate change effects (e.g. Spittlehouse 2005). Adapting
strategic planning (Harvey et al 2003) will require a further understanding of the
magnitude and causes of inter-annual variation in growth, while adapting tactical
planning (Andison 2003) will require further understanding of the magnitude and causes
of inter-annual variation in competition processes.

In the past, data monitoring forest growth and stand development annually has
been lacking. For this thesis, I obtained annual data on these processes using
dendroecological stand reconstruction methods. The basic data used in most studies of
boreal forests are presently obtained by periodic re-measurement of the diameter, height,
and condition of trees at permanent sample plots (PSPs). Sampling designs vary by
jurisdiction, but re-measurements are typically made only at 5 to 10 year intervals. This
makes it difficult to use PSP data to determine the magnitude and causes of inter-annual
variability. Even if undertaken, yearly re-measurement of PSPs cannot obtain annual
data because instruments like tapes, calipers, and clinometers that are used to make field
measurements of diameter and height have difficulty resolving the small annual growth
increments typical of boreal forests. Dendroecological techniques can overcome many of
these weaknesses. Ring widths measured on increment cores can be resolved annually
and can provide detailed time series of growth decades into the past without waiting for
PSPs to be re-measured. These measurements, combined with cross-dated patterns of
past mortality and maps of the locations of living and dead trees, can reconstruct growth
and stand development annually (e.g. Henry and Swan 1974, Oliver and Stephens 1976,
Johnson and Fryer 1989, Stoll et al 1994, Carrer and Urbinati 2001). These data are
intensive to collect, but have two desirable properties: they follow the growth of
individuals over time (Weiner 1995) and they are at an annual resolution.

In plant populations, competition for depletable resources (e.g. nutrients, water) is
considered symmetric. Plants obtain these resources in proportion to their size.
Competition for pre-emptable resources (e.g. light) is considered asymmetric. Larger
(taller) plants obtain these resources disproportionately to their size (Weiner and Thomas
1986, Weiner 1990, Schwinning and Weiner 1998). Asymmetric competition is usually
considered one-sided, where large plants influence the growth of small plants, but small
plants do not have any effect on large plants. Symmetric competition is usually two-
sided, where small plants also have some degree of effect on large plants. In reality, the
mode of competition falls somewhere on a continuum between these two extremes
(Schwinning and Weiner 1998), and it is known that in even-aged tree populations, both




one-sided and two-sided competition occur (Brand and Magnussen 1988). As a result,
most studies evaluate the relative size symmetry of growth (Weiner 1990, Schwinning
and Weiner 1998). In any case, inter-annual variation in the importance of these different
modes of competition may occur in response to transient factors like disturbance and
variation in growing conditions (Weiner and Thomas 1986, Schwinning and Weiner
1998, Wichmann 2001). Two transient factors that are particularly important in this
study area are insect defoliation (e.g. Volney 1988, Volney 1998) and drought (e.g. Hogg
et al 2005, Hogg and Wein 2005). The magnitude of these annual variations in the mode
of competition and their effects on stand development requires further study (Schwinning
and Weiner 1998).

Previous studies have noted that variation in precipitation has different effects on
trees of different size classes (Liu and Muller 1993, Vose and Swank 1994, Abrams and
Mostoller 1995, Biondi 1996, van der Brakel and Visser 1996, Orwig and Abrams 1997,
Piutti and Cescatti 1997, Wichmann 2001, Makinen et al 2002), suggesting that water
availability may have an influence on stand development by its effect on inter annual
variation in the mode of competition. Periodic defoliation may also influence stand
development. The impacts of defoliation are a complex function of the size, number, and
palatability of neighbours (Augner et al 1997), and are also dependent on whether it
affects some size classes disproportionately. These impacts have not been extensively
studied. Several metrics are used by plant ecologists to make inferences about changes in
competition processes. Examples of these are the coefficient of skewness, the coefficient
of variation, the Gini coefficient, the Lorenz asymmetry coefficient, and the distribution
modifying function (Westoby 1982, Weiner and Solbrig 1984, Bendel et al 1989,
Schwinning and Weiner 1998, Damgaard and Weiner 2000, Nord-Larsen et al 2006).
Few studies have assessed the magnitude and causes of inter-annual variability in these
metrics. The combined impact of competition and other density dependent factors, in
combination with factors like drought, insect defoliation, or root rot may also impact how
spatial patterns change over time. Several studies have investigated the spatial patterns of
jack pine in both pure (e.g. Kenkel 1988, Kenkel et al 1997) and mixed (e.g. Little 2002,
Béland et al 2003) stands, based either upon snapshots measurements of a single point in
time, or periodically obtained PSP data. At this time, no other studies have used annual
stand reconstruction data to assess temporal changes in spatial patterns.

1.1 Thesis overview

This thesis is subdivided into two sections. In the first (chapters 2 to 4), I focused
on validating and describing the stand reconstruction methods that I used to obtain annual
data on growth and stand development at my study sites. I did this by:

1) determining the accuracy of the methods that I used to scale tree-ring widths at breast
height to tree level volume increment (chapter 2),

2) assessing the dynamics of snags and downed logs in order to determine how far back
in time tree-ring reconstruction can reliably reconstruct these forests (chapter 3), and



3) demonstrating how tree-ring reconstruction techniques are potentially an
improvement upon the permanent sample plot (PSP) data that are presently used to
monitor forest growth and stand development in Canada (chapter 4).

In the second (chapters 5 to 7), I examined three aspects of the competition
dynamics of these forests. These included:

1) how annual changes in the inequality of size and size increment relate to changes in
stand characteristics and annual growth rate and therefore, how these factors
influence the development of size hierarchies (chapter 5),

2) how annual variation in growth rate, drought, and insect defoliation affect annual
changes in competitive symmetry over time(chapter 6), and

3) an examination of the spatial pattern of live and dead trees in order to determine the
relative importance of competition and other factors on annual changes in these
patterns during different periods of stand development (chapter 7).

1.2 Study area description

I established study plots in fire-origin jack pine stands located in the boreal plains
and boreal shield ecozones (Ecological Stratification Working Group 1996) in
Saskatchewan and Manitoba, Canada (Figure 1.1). The study sites were in five regions,
located near (i) Prince Albert, Saskatchewan, (ii) Candle Lake, SK, (iii) Flin Flon,
Manitoba, (iv) Jenpeg, MB, and (v) Thompson, MB (Figure 1.1). The Prince Albert and
Candle Lake sites were in the Boreal Plains ecozone. The Flin Flon, Thompson, and
Jenpeg sites were in the Boreal shield ecozone. The boreal shield landscape consists of
uplands and lowlands with many bedrock outcrops. This contrasts with the boreal plains
landscape, which is topographically level to gently rolling, consisting of lacustrine,
aeolian or organic parent materials. Other major tree species include black spruce (Picea
mariana), white spruce (Picea glauca), tamarack (Larix laricina), trembling aspen
(Populus tremuloides), and white birch (Betula papyrifera).

Jack pine growth has been shown to be sensitive to site specific variation in
weather (Larsen and MacDonald 1995, Brooks et al 1998, Hofgaard et al 1999) and to
regional variation in climate and soils (McKenney and Pedlar 2003). Jack pine forests
are also subject to defoliation by jack pine budworm (Choristoneura pinus pinus
Freeman) on about a ten year cycle (Volney 1988), which influences both mortality and
growth rate (Gross 1992, Volney 1998). From north to south, the study regions follow a
gradient of decreasing precipitation and increasing temperature (Figure 1.2). Historical
records of the Canadian Forest Insect and Disease Survey indicate that there is also a
gradient of disturbance frequency in this region, with generally more recorded outbreaks
of budworm in the south than in the north. As a result of these gradients, a variety of
factors potentially influence the pattern of inter-annual variation in growth and dynamics
of jack pine across the study area.



1.3 Field data collection

I sampled a total of 10 plots, two in each of the five regions. At each region, one
plot was established at a mesic (relatively nutrient rich) site, and one plot at a xeric
(relatively nutrient poor) site. I determined relative richness on the basis of ecological
classification and indicator species (Beckingham et al 1996, Zoladeski et al 1995). At
Candle Lake and Thompson, I established 900m? (30m x 30m) stem mapped plots in
2005. For these plots, the last year of growth observed was 2004. At Prince Albert, Flin
Flon, and Jenpeg, I established 100 m* (10m x 10m) plots in 2006. For these plots, the
last year of growth observed was 2005. The 100 m” plots were not mapped, otherwise
the sampling method was the same. A full census was made of live trees, snags, and
downed logs. Height was measured for living trees, breast height diameter for all living
and dead trees. Two randomly oriented breast height cores were extracted from living
trees and a cross-sectional disc cut from dead trees (both snags and downed logs). In
addition to the breast height core sample, some trees at each site (n=25 at 900 m” plots,
n=10 at 100 m2 plots) were cored at ground level in order to determine an estimate of the
age of the stand. At all plots, the samples collected represent a complete census of all
live or dead trees present in the stand at the time of sampling. The characteristics of each
of the study plots are summarized in Table 1.1.

1.4 Laboratory data processing

I air dried the samples, mounted the cores on grooved boards and cut the cross-
sectional discs into 1-2 cm thick slices. I then polished them with up to 600 grit
sandpaper and scanned them as 1600 dpi grey scale images. Ring widths were measured
on these images with the WinDendro (Regent Instruments, Quebec, Canada) analysis
system. Under growth suppression, jack pine tends to form very light rings (Volney and
Mallett 1992) that were not always visible on the scanned images. I further examined
these samples using a microscope so that rings not visible on the scanned image could be
identified and added to the WinDendro file. In cases of extreme suppression (< 5% of
samples), the year of death was potentially underestimated if the tree continued to live for
several years after radial growth ceased at breast height. As in Mast and Veblen (1994),
trees were considered functionally dead when radial growth ceased at breast height. Only
a single tree out of n=1070 living and dead trees measured in this study showed evidence
of recovery (defined as resumption of measurable radial growth) from such extreme
suppression.

I developed a master chronology from 25 (in the case of 900 m? plots) or 10 (in
the case of 100 m” plots) of the largest trees for each site. Jack pine forests in this region
are regularly defoliated by the jack pine budworm (Choristoneura pinus pinus Freeman)
(Volney 1988). I cross-dated the samples visually against the master chronology by
reference to narrow marker years (Yamaguchi 1991) induced by this defoliation. Dating
was quantitatively checked using a procedure that assessed the correlation between the
raw ring widths on a sample and the raw ring widths on the site master chronology, as
well as shifting the dates of the sample 1 to 5 years forward or backwards. This was done
iteratively until most living (82%) and dead (76%) samples had the highest correlation at
the final assigned date (91% for the final assigned data +1 year for living trees, 90% for



dead trees). Samples had high visual correspondence between marker years on the
sample and the site master chronology at the final assigned date, though the correlation
may have been slightly higher at slightly shifted dates. The average correlation between
a dead sample and the master chronology at the final assigned date was R*=0.88
(SD=0.09, range=0.76 to 0.99, n=429). For living trees, it was R?=0.81 (SD=0.19,
range=0.58 to 0.99, n=536). No dead trees showed evidence of having persisted from the
stand prior to the last stand replacing disturbance. The study sites were even-aged, so the
breast height age only ranged over a small interval (around 5 years), so visual cross-
dating was sufficient to confidently date each dead sample. The quantitative tests were
used only to identify gross errors in the initial dating.
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Figure 1.1. The location of the study plots. The Prince Albert and Candle Lake sites are
located in the Boreal Plains ecozone. The Flin Flon, Thompson, and Jenpeg sites are
located in the Boreal shield ecozone.
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Figure 1.2, Climate normals at each study region based on data from 1970 to 2000. The

bars represent mean precipitation by month. The upper dark line is the mean maximum

monthly temperature, and the lower dark line is the mean minimum monthly temperature.
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2.0 Accuracy of annual volume increment obtained by
partial stem analysis, relative to full stem analysis

In this thesis, I use wood volume and volume increment to describe the size and
growth rate of the study trees and stands. Presently, the best way of determining past
annual volume increment of a tree is full stem analysis (e.g. Duff and Nolan 1953).
However, full stem analysis is costly and destructive. Sample trees need to be felled and
sectioned. Ring-widths need to be measured and cross-dated on each of these sections.
Alternatively, annual diameter growth reconstructed from ring-widths measured only on
a breast-height increment core could be used in combination with a height-diameter
equation and a volume or taper equation to determine past volume increment. Using
these reconstructed diameters with equations to estimate height and volume (hereinafter
referred to as partial stem analysis) could be a less labour intensive and non-destructive
way of determining past annual volume increment. Many studies have evaluated
methods for measuring the standing volume of trees (e.g. Martin 1984, Biging 1988,
Figueiredo-Filho and Schaaf 1999). Fewer have evaluated methods for measuring annual
volume growth. This chapter assesses the accuracy of annual volume increment obtained
using partial stem analysis by comparing increments obtained using this technique to
those obtained from full stem analysis when both methods were applied to the same tree.
This was done for three common boreal species: jack pine (Pinus banksiana), black
spruce (Picea mariana), and trembling aspen (Poplus tremuloides). The impact of
different methods of determining volume was also assessed. Volume was estimated with
either a region-specific parameterization of Kozak’s (1988) taper equation or Honer et
al’s (1983) standard volume equation. Finally, the error in partial stem analysis
techniques was discussed relative error presented in other mensurational studies.

2.1 Methods
2.1.1 Volume increment from full stem analysis

I obtained full stem analysis data for trees from two regions in the western
Canadian boreal forest, one located near Prince Albert, Saskatchewan, and the other near
Thompson, Manitoba. More details on the data can be found in Varem Sanders and
Campbell (1998). Briefly, cross sections were taken at 1 m intervals, with additional
samples at the stump, breast height, and base of the live crown. Two randomly oriented
radii were measured on most samples using the DendroScan measurement system
(Varem Sanders and Campbell 1996). At the time of sampling the jack pine (N=25) had
an average diameter of 10.5 cm (range 4.1 to 18.8 cm) and an average height of 10.1 m
(range 4.5 to 15.8 m). The trembling aspen (N=10) had an average diameter of 12.9 cm
(range 5.7 to 17.2 cm) and an average height of 15.1 m (range 6.9 to 19.1 m). The black
spruce (N=27) had an average diameter of 11.2 cm (range 4.0 to 17.6 cm) and an average
height of 10.3 m (range 4.7 to 15.3 m). The TREEGLIA program (Bascietto and
Scarascia-Mugnozza 2004) was used to calculate stem analysis volume increments from
these data. More details on the algorithms used by TREEGLIA can be found in Bascietto
and Scarascia-Mugnozza (2004). I used a series of custom data processing and
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formatting programs written with Visual Basic for Applications for Microsoft Excel to
convert data from DendroScan format to TREEGLIA input files. These were then input
into TREEGLIA to calculate annual volume increment, expressed in dm’ year'l. For all
subsequent comparisons, I took the full stem-analysis volume increments obtained with
TREEGLIA to be the true (expected) value for this quantity.

2.1.2 Volume increment from partial stem analysis

I used the breast height sample taken from each tree was to obtain estimates of
annual volume increment using partial stem analysis. Operationally, these samples
would be obtained by extracting increment cores at breast height. The arithmetic average
of the cumulative ring width in a given year from the two measured radii was taken as the
measurement of diameter. To estimate volume increment from these diameters, three
estimation equations were required. First, a bark thickness equation was used to estimate
outside bark diameter, since diameters obtained from ring width measures are inside-bark
diameters. Second, a height-diameter equation was used to estimate height increment
from reconstructed outside-bark diameters. Third, a taper or volume equation was used
to estimate volume from the diameter and height measurements.

Diameter inside bark (D;;) was converted to diameter outside-bark (D,;) and
according to the following (Husch et al 2003)

D, =k D, (2.1

where D is the inside bark diameter (cm), D, is the outside bark diameter (cm), and

k is a parameter to be estimated. Using bark-thickness data in Halliwell and Apps (1997),
the estimates of this parameter were 0.964 (95% C.I 0.961 to 0.966, n=221, r*=0.99) for
jack pine, 0.948 (95% C.I. 0.945 t0 0.951, n=374, 1>=0.99) for black spruce and 0.945
(95% C.1. 0.941 to 0.949, n=186, 1*=0.99) for trembling aspen.

Heights were estimated from diameters using the Chapman-Richards function

H=13+a(l-e"") 2.2)

where H is tree height (m), D,; is outside bark diameter, and g, b, and ¢ are parameters to
be estimated. Data for fitting these equations were obtained from Halliwell and Apps
(1997), supplemented with additional data collected as part of the present study.
Equations were developed for each combination of species (jack pine, black spruce, and
trembling aspen) and province (Saskatchewan, Manitoba). Non-linear regression with
SYSTAT (Systat Software Inc, Point Richmond, CA) was used to estimate the
parameters a, b, and ¢, using the Marquardt method. Several initial values were used for
the fits to ensure that a global rather than local solution was achieved. The resulting
parameter estimates and fit statistics are presented in Table 2.1.
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Volumes were estimated from these height and diameter measurements using two
possible equations. The first was the variable exponent taper equation of Kozak (1988)

al _AD, v blz2+b2In(z,+0.001)+b3/Z, +bde™ +bS( D,y /H
D, = a,D,," a2l x M= 1000003z o/ 2.3)

[2]

where D is inside bark diameter at height i along the stem (cm), D,; is the diameter at
breast height (cm), H is the total height (m) of the tree outside bark, and other
components of the equation are as defined in Kozak (1988). Parameters a0, al, a2, bl,
b2, b3, b4, and b5 for sites in Saskatchewan were obtained from Gal and Bella (1994),
and for sites in Manitoba from Klos (2004), and are presented in Table 2.2. Total
volumes were determined using numerical integration algorithms presented in Klos
(2004). The second was Honer et al’s (1983) standard volume equation:

V =a,D,, (1-a,b,) /(c, +(asc,/ H)) (2.4

where V is the total volume, a;, a,, and a3 are metric conversion factors, D, is diameter at
breast height, H is total height, and b,, c¢;, and c; are species-specific parameters.
Conversion factors and parameters for each species were obtained from Honer et al,
(1983), and are presented in Table 2.3. For both equations, volume increment for each
tree was obtained by subtracting the volume in year y-1 from the volume in year y, and

was expressed in dm’year™.

2.1.3 Accuracy assessment

Two methods of determining volume increment were compared: [1] heights
predicted using a height-diameter equation (Eq. 2) and Kozak’s (1988) taper equation
(Eq. 3), and [2] heights predicted using a height-diameter equation (Eq. 2) and Honer et
al’s (1983) standard volume equation (Eq. 4). Only measurements when trees had a dbh
> 4 cm were used, resulting in a total of n=830 observed-estimated volume increment
pairs that could be compared for jack pine, n=1612 for black spruce, and n=385 for
trembling aspen. Errors were assessed using the DOSATEST program (Wiant 1993) that
implements the accuracy test described in Reynolds (1984). The relative mean error and
its 95% confidence intervals was used to assess the accuracy of volume increments
determined by each of the methods, relative to the volume increments obtained from full
stem analysis and considered unbiased when the 95% confidence interval contained zero.
These are the same methods as used by Newton (2004) to assess the impact of different
sampling strategies on stem analysis volume estimation.

2.2 Results

The mean absolute and relative errors and 95% confidence intervals for each of
the two methods compared are presented in Table 2.4. Based on the 95% confidence
intervals, both volume estimation methods were biased for jack pine. For trembling
aspen and black spruce, volume estimated with Honer et al’s (1983) was biased, while
volume estimated with Kozak’s (1988) taper equation was not. Within a species, the
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95% confidence intervals indicated that they were not significantly different. Overall,
method (1), which used Kozak’s (1988) taper equation and heights predicted from a
height-diameter equation provided the best combination of accuracy and ease of data
collection. The magnitude of the relative prediction error for method (1) was 7.24%
(95% CI 4.83 to 9.65) for jack pine, 0.79% (95% CI -2.55 to 4.13) for trembling aspen,
and 2.29% (95% CI -0.86 to 3.72).

2.3 Discussion

For each species, the absolute value of the relative error for method (1), which
had the best combination of accuracy and ease of data collection, was less than 10%.
Some error is inevitable in mensurational studies, so a comparison of measurement
methods requires a definition of how much is tolerable (Freese 1960). Errors as large as
10% are commonly reported in many mensurational studies. For example, stem
eccentricity results in errors depending upon the shape of the tree and the type of
instrument used to measure diameter. Gregoire et al (1990) found an average difference
of 5% in basal area based depending on whether diameter was measured with a tape or
calipers. Biging and Wensel (1988) found basal area error to range from -4.87% to
7.37% depending on what assumptions were made about the cross-sectional shape of the
stem. Errors can also occur depending on the standard log formula (i.e. Newton’s,
Smalian’s, or Huber’s (Husch et al 2003)) used to determine volume. Martin (1984)
found total volume estimation bias to range from 0.86 to 3.51% for ten different volume
estimation equations in eastern hardwoods. Biging (1988) found volume estimation error
to range from 2 to 9% for white fir (4bies concolor), depending upon the estimation
method. Figueiredo-Filho and Schaaf (1999) found that the best method for estimating
the volume of slash pine (Pinus elliotii) from a single dbh measurement had an error of
9.7% when compared to true volumes measured with a xylometer. Annual field
measurements of diameters and heights could also be used to estimate volume increments
in this way. However, error induced by not measuring exactly at breast height or at
precisely the same location each time and by the difficulty of measuring height in dense
forests reduces the accuracy of field measurements. Overall, volume increment estimates
from partial stem analysis are in the range of error of other mensurational studies.

Few other studies have compared the relative accuracy of different methods of
measuring the annual incremental growth of trees. LeBlanc (1990) and Bouriad et al
(2005) found that growth series at breast height were highly correlated with whole-tree
volume or biomass increment series in high-elevation red spruce (Picea rubens) and
European beech (Fagus sylvatica), but did not estimate the level of error. Newton (2004)
compared the accuracy of different full stem analysis sampling protocols for measuring
volume increment in jack pine, and found that mean prediction error was reduced and
precision was increased by increasing the number of heights at which radii were
measured from 5 to 10, and by measuring more radii at each height. However, this would
require 5 to 10 times more sampling effort than the partial stem analysis method in the
present study, and would preclude further measurement of the growth of sample trees
because it requires destructive sampling. The importance of the improved estimates
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obtained of the full stem analysis protocols described by Newton (2004) would need to be
determined by study objectives.

Most studies of tree growth do not measure volume or volume increment directly.
Instead, they measure either diameter and/or height, and use a series of equations to
predict volume based on these measurements. The best available equations for scaling
growth at breast height to whole tree growth are constantly being improved. In this
chapter, the methods were selected because I could estimate parameters from readily
available data, or because I could obtain parameters for them from the existing literature
for my study region. They could easily be replaced by other equations, particularly those
that are sensitive to the effect of stand conditions and competitive effects on height-
diameter relationships (e.g. Sharma and Zhang 2004) or tree taper (e.g. Morris and
Forslund 1992, Muhairwe et al 1994), which should consequently improve the estimates
of annual volume increment that could be obtained. These improvements would be
relatively small since the mean prediction errors from the best techniques in this study
were already less than 10%. Even with relatively simple equations for estimating height
and volume, partial stem analysis techniques provided acceptably accurate measurements
of annual volume increment of individual trees. Annual volume increment data are
important for assessing the effects of transient factors like insect defoliation or drought
on tree growth and stand development (e.g. Wichmann 2001, Hogg et al 2005, Hogg and
Wein 2005). The results of this chapter show that partial stem analysis should yield
results equal to full stem analysis in such studies because it provides acceptable estimates
of volume increment.
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Table 2.1. Parameter estimates and fit statistics for the height-diameter equation

Species N A b c r
Saskatchewan
Jack Pine 392 18.866 0.105 1.482 0.98
(17.541 20.191) (0.079, 0.131) (1.143 1.820)
Black Spruce 143 13.752 0.215 3.432 0.97
(12.199 15.305) (0.140, 0.291) (1.711, 5.154)
Trembling Aspen 145 24.420 0.084 1.482 0.98
(21.419 27.420) (0.051,0.118) (1.005 1.956)
Manitoba
Jack Pine 394 19.6438 0.081 1.563 0.98
(17.408 21.888) (0.061, 0.101) (1.290 1.837)
Black Spruce 215 13.391 0.145 1.883 0.97
(11.247 15.535) (0.089, 0.202) (1.281 2.486)
Trembling Aspen 84 21.268 0.113 1.824 0.97

(18.518 24.018)

(0.067, 0.159)

(1.122 2.526)




Table 2.2. Parameters for Kozak’s (1988) taper equation
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Parameter Jack Pine Aspen Black Spruce
Saskatchewan*

a0 0.7382 0.7589 0.9333
al 1.0803 1.0530 0.9930
a2 0.9950 0.9965 0.9980
bl 0.9465 -0.1487 1.6340
b2 -0.2153 0.0679 -0.3773
b3 1.5298 -1.8923 2.8393
b4 -0.7693 1.0091 -1.5238
b5 -0.1670 0.0764 0.2250

Manitoba*
a0 0.9690 0.6549 0.8894
al 0.9568 1.1280 1.0163
a2 1.0012 0.9930 0.995
bl -0.0805 0.9923 0.2866
b2 -0.0659 -0.1311 -0.0853
b3 0.4314 0.6458 0.6307
b4 0.1196 -0.2967 -0.1714
b5 -0.0685 0.0670 0.1491

* Saskatchewan parameters were obtained from Gal and Bella (1994), and Manitoba

parameters from Klos (2004).
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Table 2.3. Parameters (b2, ¢l and ¢2) and metric conversion factors (al, a2, and a3) for
Honer et al’s (1983) standard volume equation

Parameter Jack Pine Aspen Black Spruce
al 0.0043891 0.0043891 0.0043891
a2 0.04365 0.04365 0.04365
a3 0.3048 0.3048 0.3048
b2 0.151 0.127 0.164
cl 0.891 -0.312 1.588

c2 348.53 436.683 333.364
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3.0 Dendrochronological reconstruction of shag and
downed log dynamics'

Coarse woody debris influences numerous ecological functions, including nutrient
cycling (e.g. Laiho and Prescott 2004), forest carbon dynamics (e.g. Howard et al 2004,
Nalder and Wein 2006, Shaw et al 2006), and forest fire behaviour (e.g Nalder et al
1999). Understanding spatial and temporal mortality patterns are also central to
investigating forest stand dynamics (Johnson and Fryer 1989, Oliver and Larson 1996).
Many boreal stands are established after fire, tend to be even-aged and consist of few tree
species. In such forests, accumulation of coarse woody debris has been observed to
follow a “U-shaped” successional pattern, with high abundance immediately following
fire disturbance, low abundance during mid-successtonal stages, and increasing
abundance again during late-successional stages (Brais et al 2005, Brassard and Chen
2006).

This chapter examines the dynamics of snags and downed logs at my study plots.
Past studies of the stand dynamics of jack pine observed that snags and downed logs of
this species appear to be persistent but did not quantitatively assess the period of their
persistence (Yarranton and Yarranton 1975, Kenkel 1988). Annual data on the growth
and dynamics of forest stands can often be obtained by measuring ring widths and cross-
dating the year of death of standing snags and downed logs (e.g. Henry and Swan 1974,
Oliver and Stephens 1976, Stoll et al 1994, Carrer and Urbinati 2001). The period of
persistence of snags and downed logs can be used to assess how far back in time growth
and stand dynamics can be reconstructed with these techniques (Johnson and Fryer 1989,
Mast and Veblen 1994). The goals of this chapter are to determine how long jack pine
snags and downed logs persist by cross-dating their year of death and to use these data on
age at death to estimate mortality trajectories, the fall rate of snags and the time since
falling of downed logs. Also, because all attempts at historical reconstruction in ecology
suffer from the problem of decreasing reliability with increasing time from the present,
the results of the study are also discussed in relation to the question of how far into the
past dendrochronological methods can reliably reconstruct the growth and dynamics of
jack pine forests in this region.

3.1 Method's
3.1.1 Field and laboratory

Field data collection and laboratory sample processing was conducted as
described in chapter 1. ‘

3.1.2 Estimating year of death for decomposed samples

Ring widths could be measured to the bark along 2 radii on dateable samples.
More snags (95.5% of n = 308) than downed logs (64.8% of n=291) could be dated.

! A version of this chapter has been published. Metsaranta, J.M., Lieffers, V.J., and Wein, R.W. 2007.
Dendrochronological reconstruction of jack pine snag and downed log dynamics in Saskatchewan and
Manitoba, Canada. Forest Ecology and Management. doi:10.1016/j.foreco.2007.10.030
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Absence of ring-widths for decomposed trees results in missing data for year of death.
The diameter of a decomposed tree was used to estimate its ring-widths and year of
death. The mean year of death of the 3 larger and 3 smaller trees nearest in diameter, of
the same class (snag or downed log), and at the same plot as a decomposed tree, was used
as an estimate of its year of death. To test the accuracy of this method, age of death was
calculated in the same way for 84 randomly selected trees (6 from each 100 m? plot 12
from each 900 m” plot) where the age of death was known by cross dating.

3.1.3 Plot mortality trajectories

Cumulative mortality in jack pine follows a sigmoidal pattern (Yarranton and
Yarranton 1975, Kenkel et al 1997), so I fit a Richards function (Sit and Poulin-Costello
1994) to the cumulative proportional mortality data from each site

M :a(l—e‘b'A )C G.1)

where M is cumulative mortality, A is stand age. Parameters a, b, and ¢ were estimated
using non-linear regression with SYSTAT (Systat Software Inc, Point Richmond, CA).
The estimated parameters were then used to examine the mortality rate using the
derivative of the Richards function (Eq.3.2) and the acceleration in mortality rate using
the second derivative of the Richards function (Eq.3.3).

% = abce™™ (1 —e ™ )_Hc (3.2)

2
e )

3.1.4 Fall rate and time since falling

Snag fall rate was estimated by the method of Gore et al (1985). It assumes that
fall rate S follows a negative exponential curve

S@)=e, 120 (3.4)

where ¢ is time and 1/0 is the average length of time that a tree stands. When a tree falls
is not directly observed in a dendrochronological study. What is observed is the time
since death, and if it is currently a snag or a downed log. A snag has stood at least as
long as its time since death so it is “right” censored. A downed log stood at most as long
as its time since death so it is “left” censored. Gore et al (1985) provide an equation that
can be solved iteratively to obtain the maximum likelihood estimate of 6 from such data
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m n X.
X, = W‘Jy' (3.5)
?L;i j=§+l e HXJ —-1

where 7 is the total number of dead trees dated, i=/ to m are the time since death values
for m trees (X;) that are snags at the time of sampling, and j = m+1 to n are the time since
death values for n-m trees (X)) that are downed logs at the time of sampling. Gore et al
(1985) also gave an equation for expected snag standing time conditional on the fact that
the time it has stood (X) has to be less than or equal to its time since death (X)

1-e0%) _g x %)
6(1-e)

The time that a downed log has been in the ground is determined by subtracting the result
of equation 3 from its time since death. Though this assumes a constant snag input rate
(which may not always be reasonable (Johnson and Greene 1991)), its results do not
differ significantly from methods not making this assumption when both are applied to
the same data (Storaunet and Rolstad 2004).

E(X )X, <X)=

(3.6)

These methods provide fall rates in units of trees year |, without an area basis
because the calculated fall rate is meant to apply to the individual tree. For example, if
the fall rate is 0.01 trees year'l, then on an area of 1 ha with 1000 dead trees, about 10
trees will fall in a year. For a single dead tree, the expected standing time will be 100
years. In order to apply this rate in, for example, an individual tree growth model, data
on the number of dead trees in the plot being modeled would need to be known, but the
model could use a plot of any size.

3.2 Results

3.2.1 Snag and downed log persistence

Figure 3.1 plots snag and downed log age at death, time since death and year of
death. The earliest dateable snag died 70 years before sampling (in 1935), at age 18. The
earliest dateable downed log died 62 years before sampling (in 1943), at age 21. Nine
trees dying more than 55 years before sampling (before 1950) were found. Downed log
year of death peaked 23 to 45 years before sampling (between 1960 and 1982). Four
downed logs dying less than 15 years before sampling (since 1990) were found. Snag
year of death peaked 18 to 26 years before sampling (between 1979 and 1987). Trees
began to die around age 20, with significant numbers dying after age 30, or 55 years
before sampling (in 1950).

3.2.2 Accuracy of year of death estimates

Measured year of death and its estimate from the 6 trees at a plot nearest in size
and of the same class was significantly correlated (r*=0.88, p<0.001, Figure 3.2) for 84
random trees. The slope of the regression line between the two measures was not
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significantly different from 1 (Slope = 0.93, 95% CI 0.86 to 1.01, Figure 3.2). The mean
absolute difference between them was 3.3 (SD 2.4) years.

3.2.3 Plot mortality trajectories

Figure 3.3 plots the proportional cumulative mortality for each plot, fit to the
Richards function. Figure 3.4 plots the resulting estimates of the mortality rate and
mortality rate acceleration. Table 3.1 presents information on the inflection points in
mortality rate and acceleration and, for comparison, the same information for jack pine
mortality data from Kenkel et al (1997), also fit to the Richards function. The maximum
mortality rate ranged from 0.87% for the poor site at Prince Albert to 3.25% for the poor
site at Flin Flon. The age which the mortality rate peaked was identical or very similar in
each region, and ranged from 38 years for the rich site at Thompson to 66 years for the
rich site at Prince Albert. The age of maximally accelerating mortality also occurs at
very similar times in each region, and ranges from 25 years for the rich site at Thompson
to 42 years for the rich site at Candle Lake. The maximal acceleration in rnortallty
ranged from 0.030 % year’ 2 for the rich site at Prince Albert to 0.315 % year’ ? for the
poor site at Flin Flon. Overall, the sites in this study have lower maximum mortality and
mortality acceleration rates than Kenkel et al (1997), and these inflection points occur
later than they do in Kenkel et al (1997).

3.2.4 Fall rate and time since falling

Table 3.2 presents snag fall rates and mean, median, and 80t percentile of snag
standing times for each site. Average fall rate was 0.026 trees year (SD 0.012) at rich
sites, 0.030 trees year™(SD 0.015) at poor 51tes and ranged from 0.014 trees year™ for the
poor site at Prince Albert to 0.050 trees year for the poor site at Jenpeg. Figure 3.5 plots
time since falling and year of fall of downed logs. The oldest fell 43 years prior to
sampling (in 1963), and most fell 10 and 30 year prior to sampling (from 1975 and 1995).

3.3 Discussion

The oldest jack pine snag in this study died 70 years prior to sampling (in 1935),
and the oldest dateable downed log died 62 years prior to sampling (in 1943). Other
studies have also shown that snags and downed logs can be very persistent. In subalpine
forests in Colorado, Brown et al (1998) found downed Pinus contorta logs persisting up
to 139 years. Mast and Veblen (1994) found Picea engelmanii snags persisting up to 184
years. In their study of Jack pine, Yarranton and Yarranton (1975) were able to identify
and date 0.75 dead trees m™ (7500 dead trees ha’ 'Y at a 56 year old stand, indicating that a
per51stence time of 50 years or more for dead jack plne trees is reasonable. Snag fall rate
for jack pine ranged from 0.014 to 0.050 trees year This is comparable to rates for
Pinus contorta and Picea engelmanii snags (0.020 to 0. 064 trees year’ 1 in Johnson and
Greene (1991), and rates for Picea abies (0.033 trees year " when using the same method
as the present study) in Storaunet and Rolstad (2004).

The technique of estimating the year of death for decomposed trees from the
mean year of death of the 6 snags or logs nearest in diameter was unbiased with a mean
absolute difference of 3.3 years between the true and estimated year of death. Other
studies have shown that decay class may not (Mast and Veblen 1994, Daniels et al 1997)
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be a reliable indicator of time since death, and that using additional variables like the
number of branch orders (e.g. Storaunet 2004) or the presence of bark (e.g. Newberry et
al 2004) can improve predictions of time since death. The method of estimating the year
of death from the year of death of similar trees that was used in this paper had a higher
correlation (R?=0.88) between the observed and predicted years of death than the models
in Storaunet (2004) (R* = 0.67 to 0.71), and most models in Newberry et al (2004) R*=
0.78 to 0.95). This suggests that the method used here is comparable to others presently
used to estimate the year of death of snags and logs when it cannot be determined either
by observation or by cross-dating.

Like all historical reconstruction methods in ecology (Swetnam et al 1999), the
reliability of dendrochronological stand reconstruction techniques decreases with
increasing time from the present. In the case of this study, this decline in reliability
occurred because many small trees that died early in the life of these stands likely
decomposed to the extent that they could not be detected at the time they were sampled
for this study. Estimating the length of this reliable reconstruction period was one of the
goals of this paper. In previous studies, Johnson and Fryer (1989) showed that the
reliable dendrochronological reconstruction period for subalpine lodgepole pine-
engelmann spruce forests was the second half of a stand’s history, regardless of its age.
The stands in this study ranged in age from 79 to 90 years, suggesting a reliable
reconstruction age of 40 to 50 years into the past. The other lines of evidence from the
results of the present study also support the contention that 50 years is a reasonable
estimate of the reliable period for dendrochronological reconstruction of jack pine forests
in this region. First, the observed timing of mortality at the study plots, i.e., relatively
late in stand development, is likely a true estimate of mortality, it matches the timing that
would be expected from self-thinning. Using permanent sample plots, Kenkel et al
(1997) showed that rapid self-thinning in their study occurred 25-46 years after
establishment. The estimates of maximum mortality rate (4.42%) , the age at which
mortality rate peaked (30 years), maximum change in mortality rate (0.525 % year ™), and
the age at which mortality changed fastest (23 years) were all higher and occurred earlier
than estimates from the present study. Kenkel et al (1997) assumed that self thinning
began at age 25, which was close to the year that the mortality rate changed maximally.
In this study, the average age at which mortality rate changed maximally was 34, and if
all sites are taken together, was close to the time that larger numbers of trees begin dying.
This occurred in 1955, at age 30, or about 50 years prior to sampling. The average origin
of stands in this study was 1925, indicating that dead trees began to appear at the time at
which self-thinning would be expected to occur.

The second line of evidence for the ability to reliably reconstruct jack pine stands
50 years into the past comes from observations of the slow decomposition rate of downed
logs. Alban and Pastor (1993) noted that jack pine wood had the lowest decomposition
rate of four species tested, and calculated a half-life of 16 years. A study by Trofymow et
al (2002) examined the decomposition rate of various types of litter across Canada,
though it used western hemlock (7suga heterophylla) and not jack pine wood. Based on
parameters from the sites from Trofymow et al (2002) that are nearest to those in the
present study, the half-life of wood would be 30 years at Jenpeg and Thompson and 77
years at Prince Albert, Candle Lake, and Flin Flon. Trofymow et al (2002) found
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decomposition to vary as a function of temperature and precipitation. A site that is
slightly to the north and colder than Thompson had a wood half-life of 346 years, one
slightly to the south and warmer than Prince Albert had a wood half-life of 15 years. The
average wood half-life in Trofymow et al (2002) was 48 years (SD 85.3 years). The
oldest downed log was estimated to have fallen 43 years ago, and most to have fallen 10
to 30 years ago, and so fell to the ground within the time that they would be expected to
persist, on average, based on decomposition rates observed by Trofymow et al (2002).

3.4 Conclusion

Snags and downed logs influence many ecological functions, so long-term annual
data on their dynamics is necessary for developing or validating many ecological models.
The results of this study show that data obtained by the combination of dendrochronology
and stand reconstruction techniques used in this study can reliably obtain annual data on
the dynamics of snags and downed logs up to 50 years into the past in maturing jack pine
forests in this region. The dynamics of snags and downed logs are presently monitored
by periodically measuring permanent sample plots. While permanent plots offer more
precise measurements at each measurement time, the stand reconstruction techniques
used in this study have several advantages over reliance on permanent sample plots: the
data are at an annual resolution, they follow the growth and mortality of individuals over
time, and data can be obtained relatively quickly in areas, such as this study area, where
there are few long-term permanent plots.
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Table 3.1. Inflection points for the mortality rate and mortality acceleration trajectories
at each study plot, in comparison to those from data in Kenkel et al (1997).

Site Maximum Age of Maximum Age of
Mortality Maximum Mortality Maximum
Rate Mortality ~ Acceleration ~ Mortality
(% year™) Rate (% year?)  Acceleration
Prince Albert — Poor 1.01 51 0.037 29
Prince Albert — Rich 1.01 66 0.030 34
Candle Lake — Rich 1.10 56 0.061 42
Candle Lake ~ Poor 1.25 56 0.068 41
Flin Flon — Rich 2.26 47 0.141 34
Flin Flon — Poor 3.25 47 0.315 38
Jenpeg — Rich 1.62 45 0.093 30
Jenpeg — Poor 1.83 48 0.100 32
Thompson — Rich 1.17 38 0.077 25
Thompson — Poor 2.09 44 0.188 35

Kenkel et al(1997) 442 30 0.525 23
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Table 3.2. Snag fall rate and average, median, and 80th percentile of the standing time of

snags at each study plot.
Site N (snags, Snag Fall Rate Average Median 80" percentile
downed logs)  (trees year™) (years) (years) (years)
Prince Albert — Rich (11,6) 0.020 50 35 81
Prince Albert — Poor 9,4 0.014 72 50 115
Candle Lake — Rich (46 23) 0.015 67 47 108
Candle Lake — Poor (68, 44) 0.016 63 44 101
Flin Flon - Rich (1227) 0.040 25 18 41
Flin Flon — Poor (20 28) 0.034 29 21 48
Jenpeg — Rich (5 13) 0.038 27 19 43
Jenpeg —~ Poor (817 0.050 20 14 33
Thompson — Rich (50 28) 0.018 56 39 90
Thompson — Poor (78,91) 0.034 30 21 48
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Downed Logs

Snags

Trees (N)

60 1935 1955 19756 1995
Age At Death Years Since Death Year of Death

Figure 3.1. Age at death, years since death, and year of death for downed logs (upper
charts) and snags (lower charts). Black fill indicates trees for which the year of death
was estimated from the 6 trees closest in size. Light grey fill indicates trees where year
of death was determined by cross-dating the sample.
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Figure 3.2. The relationship between measured year of death and estimated year of death
for trees where year of death was known. Filled circles are snags and empty circles are
downed logs. Dashed line is the line of agreement and solid line is the best-fitting linear
regression line for all trees.
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The Richards function fit to the cumulative mortality data at each study plot
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Figure 3.4. Mortality rate (solid line) and acceleration (dashed line) trajectories for each
plot based on the 2nd and 3rd derivatives of the Richards function.
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Trees (N)

1960 1960 1970 1980

Year of Fall Years Since Falling

Figure 3.5. Time since falling and year of falling of downed logs. Black areas are trees
for which the year of death was estimated from 6 trees closest in size. Light grey areas
are trees for which the year of death was directly measured on the samples.
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4.0 Using dendrochronology to obtain data for modeling
stand1 development: a substitute for permanent sample
plots

Forest growth and stand dynamics models could more easily investigate and
account for transient factors like weather variation and defoliation that influence forests
at an annual resolution if data monitoring forest growth and stand dynamics were also
available at an annual resolution. For Canadian boreal forests, data at this resolution are
not presently available. Rather, the vast majority of data presently used to monitor forest
growth and stand development are obtained by periodic re-measurement of the breast
height diameter, height, and condition of trees at permanent sample plots (PSPs). Plot
designs vary by jurisdiction, but re-measurements are typically made at only 5 to 10 year
intervals. While periodic re-measurement of PSPs undoubtedly provides accurate
estimates of the size and condition of trees at these fixed intervals, it is difficult to use
PSP data to determine the effect of transient factors influencing forests at an annual scale
because of their coarse temporal resolution. Even if undertaken, yearly re-measurement
of PSPs usually cannot obtain annual data because instruments like tapes, calipers, and
clinometers used to make field measurements of tree diameters and heights have
difficulty resolving the small annual growth increments typical of boreal forests. Further,
in regions where PSPs are absent, data from plots established elsewhere must be used to
estimate parameters for models used to make local management decisions. Investments
made in local PSPs will not return useful monitoring data for a considerable period of
time.

Dendrochronology techniques can overcome both of the weaknesses of PSPs.
Ring widths measured on increment cores can be resolved annually and can provide
detailed time series of diameter growth decades into the past without waiting for PSP re-
measurements. For example, Biondi (1999) showed how tree-ring data can be used to
obtain insight into stand growth patterns over longer historical periods than is possible
using PSPs. Many studies have used tree-ring data to investigate different aspects of
forest growth and stand dynamics (e.g. Henry and Swan 1974, Oliver and Stephens
1976, Johnson and Fryer 1989, Stoll et al 1994, Carrer and Urbinati 2001). In this
chapter, I show that dendrochronology techniques can be used to retrospectively obtain
much of the data that are presently normally acquired by periodically re-measuring PSPs.
These data include the spatial and temporal distribution of mortality, tree and stand level
volume growth, stand level biomass dynamics, and tree size (diameter) distributions. I
also show that the data obtained by these techniques provides more information than the
data obtained from periodic re-measurement of PSPs, and that they can quickly obtain
long time series of data in areas currently lacking a PSP infrastructure, relative to waiting
to observe changes at a PSP established today. The importance of such data will
increase in the future as climate change begins to impact the ecological structure and
function of boreal forests in Canada (e.g. Hogg and Bernier 2005, Spittlehouse 2005),

! A version of this chapter has been submitted for publication. Metsaranta, J.M., and Lieffers, V.J. (in
review) Using dendrochronology to obtain data for modeling stand development: a substitute for permanent
sample plots. Submitted to Forestry
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affecting both growth and stand development processes. Monitoring the magnitude and
direction of these impacts is important for forest management agencies wishing to adapt
management practices to climate change effects.

4.1 Methods
4.1.1 Field and laboratory

I used data from the nutrient rich stem mapped plot located at Candle Lake (refer
to chapter 1 for further characteristics of this plot). Field data collection and laboratory
sample processing were conducted as described in chapter 1, with the exception of an
additional procedure for estimating the ring-widths of excessively decomposed trees.
Absence of ring-widths for decomposed trees results in missing data, and an
underestimation of total stand growth. As described in chapter 3, I used the breast height
diameters of decomposed trees and the mean year of death of the 3 larger and 3 smaller
trees nearest in diameter, of the same class (snag or downed log) and at the same plot to
estimate the year of death as an estimate of each excessively decomposed tree. I showed
this method provides unbiased estimates of year of death, with a mean absolute difference
between the measured and estimated year of death of 3.3 (SD 2.4) years. Here, I use the
mean ring width from these same 6 trees to estimate the ring widths for each excessively
decomposed tree.

4.1.2 Reconstructing mortality

As described in chapter 1, I visually cross-dated samples against a master
chronology to account for missing rings on living trees and to determine the year of death
for dead trees. At the nutrient rich site at Candle Lake, most samples (94.1%) had the
highest correlation at the final assigned date (97.7% for +1 year). The average correlation
with the master chronology at the assigned date was r*=0.89 (SD=0.09, range=0.76 to
0.98, n=171). For this chapter, I use these data to generate a series of decadal maps of the
distribution of live and dead trees at the plot, starting in 1960.

4.1.3 Reconstructing volume

As I showed in chapter 2, the annual diameter (inside bark D;) of each tree
determined from ring-width measurements can be used to accurately estimate cumulative
volume and volume increment by partial stem analysis. This required three steps. First,
diameter inside bark (D;) was converted to diameter outside bark (D,) using (Husch et
al 2003):

Dib = k D()b (4'1)
From data in Halliwell and Apps (1997), k was estimated to be 0.964 (95% C.I. 0.961 to
0.966, n=221, r2=0.99). Heights were estimated from D,; with the Chapman-Richards

function;

H=13+a(l-e ") (4.2)
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where H is tree height (m), and the parameters a, b, and ¢ were estimated to be a =

18.866 (95% CI 17.541 20.191), b = 0.105 (95% CI1 0.079, 0.131), and c = 1.482 (95% CI
0.143 1.820) (n= 392, 1°=0.98, MSE = 3.407), based upon data in Halliwell and Apps
(1997), supplemented with data from the current study plots. Volumes were estimated
from H and D, using:

a _AD, bz, 2+, 1n(z,+0.001)+b; z; +bse” +bs (D, /H)
le — aODOb 1a2 in 1< 2 3‘\/—_ 4 5 oh/ (4.3)

where the components are as defined in Kozak (1988), and parameters were obtained
from Gal and Bella (1994) (also see chapter 2). Total volumes were determined using
numerical integration. Volume increment was obtained by subtracting volume in year y.,
from volume in year y, and was expressed in m’year .

As 1 also described in chapter 2, these equations were chosen because their
parameters could be estimated from easily available data, or obtained from the literature.
All of these methods are under constant development by forest mensurationists, so they
could all easily be replaced by other equations, particularly if they were sensitive to the
effect of stand conditions and competitive effects on height-diameter relationships (e.g.
Sharma and Zhang 2004) or tree taper (e.g. Morris and Forslund 1992, Muhairwe et al
1994). Stand level volume and increment were obtained by summing the individual tree
values for each year, annual mortality by summing the volume of trees that died in a
given year.

4.1.4 Reconstructing biomass

I also reconstructed trajectories for stemwood biomass of living trees, snags, and
downed logs. I estimated total stemwood biomass Y (tonnes, including stump and top to
an upper limit diameter of 2cm) using

Y=a,+a,D, +a,D,’ +a,D,’ (4.4)

with parameters ay, a;, a,, and a3 obtained from Singh (1982). Biomass increment was
determined by subtracting biomass in year y-1 from biomass in year y. Stand level
cumulative biomass and annual biomass increment were obtained by summing the
individual tree values for each year. Annual biomass mortality was obtained by summing
the biomass of trees that died in a given year. Biomass prediction equations are also
under constant development. In practice, the equation used could be substituted with one
more precisely calibrated to local growth conditions (e.g. Bond-Lamberty et al 2002), or
with one that applies more generally to a larger geographic region(e.g. Lambert et al
2005).

Trees that die first become standing snags and then later fall down to become
downed logs. I estimated a time of falling for each snag based upon the method
described in Gore et al (1985), which uses data on the time since death of standing snags
and downed logs to estimate snag fall rates, based on an assumption of exponential fall
down rate. By cross-dating, I knew the year of death of both the snags and downed logs,
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and so could apply these methods to estimate the fall rate of snags at the study plot. I
describe these results in chapter 3. In practice, other methods of estimating the fall-down
rate of snags could also be used if they were more appropriate to local stand conditions
(e.g. Johnson and Greene 1991, Storaunet and Rolstad 2004).

This allowed me to estimate when a snag fell to the ground and become a downed
log, and therefore to know the number of years ¢ that it had been on the ground, and so
estimate how much it decomposed since it fell. I used wood decomposition parameters
from Trofymow et al (2002) to estimate the decomposition of a downed log ¢ years since
it fell, using a natural log transformed simple exponential decay model of the percent
mass remaining

In(MR%) = a — kt (4.5)

I obtained parameters a and k from the nearest study plot (Prince Albert) in Trofymow et
al (2002). As in some other studies, I assumed that snag decomposition was negligible
(Johnson and Fryer 1989, Boulanger and Sirois 2006). Using these methods, I could plot
annual trajectories of stemwood biomass in living trees, snags, and downed logs for the
study plot.

4.1.5 Reconstructing diameter distributions

I also determined the tree size distribution of the population from the
reconstructed diameters. Forest growth models commonly describe the size structure of a
forest stand using a diameter distribution, using various probability distributions for
which the parameters can be estimated by several methods. As noted in Garcia (2006),
forestry literature databases contain hundreds of references to papers concerning diameter
distribution models. In these studies, the Weibull distribution is commonly used because
it is very flexible and can fit distributions with a wide variety of shapes and skewness,
many methods exist to estimate its parameters, and because the cumulative density
function has a closed form (Bailey and Dell 1973, Little 1983, Rennolls et al 1985). The
cumulative distribution function of the Weibull distribution is:

F(x)=1- exp(— (—l—)—@b—“fln (4.6)

where, a is the location parameter, b is the scale parameter, and c is the shape parameter.
The location parameter (a) of the Weibull distribution is related to the size of the smallest
tree in the stand. The scale parameter (b) is related to the range of tree sizes in the stand.
Adding the value of the location and scale parameters estimates the diameter such that
about 63% of the trees are smaller. The shape parameter(c) is related to the skewness of
the size distribution. The Weibull distribution is positively (right) skewed when 1 <c¢ <
3.6, approximately normal when ¢ = 3.6, and increasingly negatively (left) skewed when
c > 3.6 (Little 1983, Rennolls et al 1985). To demonstrate what is possible with my data,
I annually fit a three parameter Weibull distribution to the reconstructed D, data from
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each plot, and plotted the resulting trajectories of inter-annual variation in the parameters
a, b, and c.

4.2 Results and Discussion

4.2.1 Spatial and temporal distribution of mortality

A series of decadal maps of the spatial distribution of living and dead trees at ten
year intervals starting in 1960 are plotted in Figure 4.1. These data were obtained from
samples collected in 2005, and did not require the plot to have been established as a PSP
50 years prior to sampling in order to obtain them. Several studies have investigated the
spatial pattern of jack pine in both pure (e.g. Kenkel 1988, Kenkel et al 1997) and mixed
(e.g. Little 2002, Béland et al 2003) stands, based either upon snapshots measurements of
a single point in time, or periodically obtained PSP data. If desired, my data would allow
maps like those in Figure 4.1 to be generated annually. These annual resolution data
would be valuable for investigating hypotheses about the effect of competition on spatial
pattern, and further exploring the effect of transient factors like drought, insect
defoliation, or root rot on how spatial patterns change over time. These are investigated
in chapter 7.

4.2.2 Volume growth trajectories

From the resulting series of volume growth data for individual trees, I calculated:
(1) incremental annual volume growth (gross and net), (2) cumulative volume growth
(gross and net), and (3) volume mortality (incremental and cumulative). In Figure 4.2, |
plot these growth series alongside what the data for these series would look like if this
plot had been established as a PSP in 1950, and re-measured on a ten year interval up to
the present time. The data obtained from tree-ring reconstructions demonstrate
significant annual variation in all of the growth measures considered (Figure 4.2). These
variations are not evident if the data are summarized at 10-year intervals (Figure 4.2).

I admit that a weakness of the stand-reconstruction approach is that it does not
provide data on past height growth, which is needed to estimate volume. Traditionally,
missing heights have been predicted using height-diameter regression equations (e.g.
Huang et al 1992, Peng et al 2001), which in the simple form that I used here assume that
all trees of a given diameter are the same height. The alternatives to this are: (1) to fell
the trees for stem analysis (e.g. Duff and Nolan 1953), (2) make repeated annual
measurements of heights, or (3) to derive height prediction equations that are sensitive to
the effects of stand conditions on height growth (e.g Sharma and Zhang 2004). The first
two of these would defeat the purpose of the methods that I describe, because they would
require: (1) all the trees at the plot to be felled for destructive and labour intensive stem
analysis, increasing the required data collection effort, or (2) waiting for the trees to grow
and making measurements in the future, leaving me without data in the present. I did not
have data available to parameterize relationships described in the third alternative, but
suggest that this is a very promising avenue of future research in this area.

Even with this weakness, I feel that my methods are reasonable. When collecting
data for this study, I measured the height of 79 trees twice, on separate days, with a laser
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clinometer. The mean absolute difference between the two measurements was 0.79 m
(SD=0.68). Full stem analysis data in Varem Sanders and Cambell (1998) show that
annual height increment of jack pine trees in this region averages 0.16 m (SD=0.09).
Unless my height measurements were exceptionally sloppy, this shows that annual height
growth is likely less than the error of presently available height measurement
instruments. In other words, even if they were undertaken, repeated annual height
measurements would have difficulty resolving annual height increment in these forests.
Similar to height, the slow annual growth rate of boreal forests is often within the bounds
of measurement error for instruments like tapes and calipers that are normally used to
make field measurements of tree diameters. Measurement error is also induced by
changing from tapes to calipers when measuring diameter and not placing measurement
instruments exactly at breast height or precisely at the same location at each successive
measurement. My technique of extracting two randomly oriented increment cores is
essentially identical to measuring tree diameter with randomly oriented calipers, where
the calipers are placed in precisely the same location each time, and so potentially can
eliminate some of these measurement errors, but perhaps also introduce others,
particularly related to the shrinkage of samples. As I showed in chapter 2, for a variety of
species and volume estimation methods, the error in determining annual volume
increment between this method and stem analysis is always less than 10% and usually
less than 5%, a level of error that is common in published mensurational studies that
compare different measurement methods (e.g. Martin 1984, Biging 1988, Biging and
Wensel 1988, Gregoire et al 1990, Figueiredo-Filho and Schaaf 1999).

4.2.3 Biomass growth trajectories

In Figure 4.3, I plot trajectories of cumulative stemwood biomass (tonnes ha) in
living trees, standing snags, and downed logs in the study site since 1950. I chose to start
in 1950 for this example (and also for all subsequent analysis) because, as I showed in
chapter 3, it is reasonable to assume that I could detect nearly all the trees that had died in
these stands since 1950. Several studies have investigated the biomass dynamics of jack
pine forests (e.g. Nalder and Wein 1999, Preston et al 2006, Shaw et al 2006). In
addition, snags and downed logs are important for many ecological functions, including
nutrient cycling (e.g. Laiho and Prescott 2004), forest carbon dynamics (e.g. Howard et al
2004, Nalder and Wein 2006, Shaw et al 2006, Preston et al 2006), and forest fire
behaviour (e.g Nalder et al 1999). As a result, long-term annual data on the dynamics of
both living and dead biomass is necessary for many ecological models. The
dendrochronological techniques used here allow a full examination of the biomass
dynamics of single stands and because of its annual resolution, provide many advantages
over data obtained from chronosequence studies of temporary or permanent sample plots
in studies of the dynamics and ecological function of living and dead biomass.

4.2.4 Temporal changes in diameter distributions

In Figure 4.4, I plot a series of histograms depicting the size (diameter)
distribution of the study plot at ten year intervals since 1960, with the Weibull
distribution fit to the data in those years. In Figure 4.5, I plot the annual trajectory of the
location parameter a, the scale parameter b, and the shape parameter ¢ of the Weibull
distribution fit to the diameter data at the plot since 1950. The location parameter a, and
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the scale parameter b generally increase over time (Figure 4.5), though there is annual
variation and there are periods of time during which both decrease. The shape parameter
¢ is generally in the range of 1 < ¢ < 3.6, indicating that this sites has a positively skewed
diameter distribution. In many forest growth models based on diameter distribution,
future values of the of the Weibull distribution parameters are estimated from stand
characteristics like age, density, site index, or mean tree size (e.g. Newton et al 2004,
Newton et al 2005, Nord-Larsen and Cao 2006). Just as it is possible to reconstruct past
diameters using ring-widths, it would also be possible to reconstruct any of the many
stand characteristics used to both develop and validate yield models of individual trees or
whole stands. In addition to diameter distribution based growth models, other metrics are
also used to summarize characteristics of tree size distributions, and to make inferences
about changes in competition processes. Examples of these are the coefficient of
skewness, the coefficient of variation, the Gini coefficient, the Lorenz asymmetry
coefficient, and the distribution modifying function (Westoby 1982, Weiner and Solbrig
1984, Bendel et al 1989, Schwinning and Weiner 1998, Damgaard and Weiner 2000,
Nord-Larsen et al 2006). I investigate annual changes in some of these metrics, in
relation to changes in stand development, inter annual variation in growth rate and inter-
annual variation in growing conditions in chapter 5 and chapter 6.

4.3 Conclusions

This chapter shows that retrospective dendrochronological reconstruction offers
an alternative way to collect data on forest growth and stand development that can
provide more information than data collected from long term re-measurements of PSPs.

I obtained a complete census of all trees, but for even-aged single species forests, it is
also possible to do stand-level reconstructions from only a sample of the largest trees
(Osawa et al 2001, Osawa and Abaimov 2001). Software and hardware for measuring
ring-widths are readily available. The cost of this infrastructure for tree-ring analysis
capabilities is likely no more than that required for GIS analysis capabilities (Biondi
1999), which are a ubiquitous decision support tool. Though more labour intensive in
the short-term than PSPs, dendrochronological samples need only be collected once so
have no costs associated with plot maintenance and re-measurement. They are also not
subject to risks from vandalism, industrial damage or fire after they have been established
because the data on past growth have already been collected. While periodic re-
measurement of PSPs provides accurate estimates of tree condition and size at fixed
intervals, the dendrochronology approach that I report can provide annual resolution data
that also follows the fates of individuals over time. These data would allow an improved
representation of transient factors such as insect defoliation, drought, climate change or
the interaction of these features with competitive processes in forest growth and stand
dynamics models, and therefore for these factors to be more easily considered in
management plans. Secondly, dendrochronology techniques can quickly provide long
time series of data for areas without a PSP infrastructure — compared to long delays if
normal PSPs were established today. These techniques should therefore also be of
interest in regions that either do not have a PSP infrastructure, or where the present PSP
infrastructure has coverage gaps in certain stand types.
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Figure 4.1. A series of decadal maps of live (empty circles with size proportional to
DBH) and dead (dark circles) trees since 1960 at the rich site at Candle Lake, determined
by cross-dating the year of death of standing and downed dead trees found at the plot in
2005.



52

(o]

@)

i.N

N

o

—— Volume Increment (gross)
——— Volume Increment (net)

t
N

Volume Increment (m3ha-Tyear-1)

1
E-N

250

———— Cumulative Volume (gross)
1 ——— Cumulative Volume (net)

Cumutative Volume (m3ha-1)

40 6

—— Incremental Mortality
——— Cumulative Mortality 0 5

30 +

20 4

10

Cumulative Mortality (m3ha'1)

0 T T T T y T T T
1920 1940 1960 1980 2000 1920 1940 1960 1080 2000

AN

w
(| Jeak | _eycLu) AleUop [BlUSWSIoU]
L L-=Hg

Figure 4.2. On the left are the patterns of growth for the rich site at Candle Lake,
determined from full stand reconstruction. On the right is what would be known about
these patterns if a PSP had been established at the site in 1950 and re-measured every 10
years. The growth series plotted include (a) incremental volume growth (gross and net),

(b) cumulative volume growth (gross and net), and (c) volume mortality (incremental and
cumulative).
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Figure 4.3. Trajectories of stemwood biomass (tonnes ha™) in living trees, standing
snags, and downed logs at the rich site at Candle Lake, calculated from a complete ring-
width reconstruction of all living and dead trees, using biomass equations, estimates of
the fall down rate of snags, and estimates of the decomposition rate of downed logs.
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Figure 4.4. A series of decadal histograms of the diameter distribution since 1960 for the
rich site at Candle Lake, based on diameter data obtained from a complete ring-width

reconstruction of all living and dead trees. The solid line represents the Weibull
distribution, fit to the diameter data in each depicted year.
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Figure 4.5. Annual trajectories of the location (a), scale (b), and shape (¢) parameters of
the Weibull distribution, fit to diameter distribution data each year since 1950 for the rich
site at Candle Lake, based on diameter data obtained from a complete ring-width
reconstruction of all living and dead trees.
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5.0 Inequality of size and size increment in Pinus
banksiana in relation to stand dynamics and annual
growth rate’

Size variability in plant populations may be due to differences in competitive
status, genetics, the differential effects of herbivores and pathogens (Weiner and Thomas
1986), or to spatial and temporal environmental heterogeneity (Schwinning and Weiner
1998, Wichmann 2001). In tree populations, size variability also contributes to the
structural diversity of a forest stand, which is important for many ecological functions
(Brassard and Chen 2006). Studies of size variability in tree populations have focused
mainly on fitting various probability distribution functions to size (diameter)
distributions, (as noted in Garcia (2006), there are hundreds of papers concerning
diameter distribution models in forestry literature databases). However, size variability
in tree populations can also be described as a size hierarchy, and so can be described by
other characteristics like its degree of size inequality (Weiner and Solbrig 1984).
Changes in size inequality are often attributed to changes in the mode of competition
during different stages of stand development (e.g. Gates et al 1983, Weiner and Thomas
1986, Newton and Smith 1988, Kenkel et al 1997). Previous studies have observed that
inequality is greater at higher densities (Brand and Magnussen 1988, Knox et al 1989),
increases prior to self-thinning and decreases as self-thinning progresses (Mohler et al
1978, Knox et al 1989). In addition, though previous studies have examined the
relationship between size and size increment (also known as the distribution modifying
function (Westoby 1982, Weiner 1990, Weiner and Damgaard 2006), there has been little
attention put on examining the inequality of size increment itself.

Inter-tree competition is considered either a resource pre-emption (size
asymmetric) process or a resource depletion (size symmetric) process. Immediately after
stand initiation, individual trees are small in comparison to their relative density, so if
competition exists at all, its mode is symmetric. Over time, as trees grow larger and a
size hierarchy begins to develop, the mode of competition is thought to become
asymmetric as larger trees pre-empt light from smaller trees. Tree size at any given point
contains a ‘memory’ of the processes that influenced that individual as it grew from a
smaller size, and therefore changes in the inequality of tree size should be best explained
by long-term changes in stand characteristics like density, mean tree size, and the average
amount of competition. In contrast, the size increment of individual trees varies greatly
from year to year, in response to transient factors like annual variation in weather and
insect defoliation (e.g. Larsen and MacDonald 1995, Brooks et al 1998, Hofgaard et al
1999, Hogg et al 2005, Hogg and Wein 2005). These factors may have different effects
on large and small individuals (Orwig and Abrams 1997, Piutti and Cescatti 1997,
Wichmann 2001). Therefore, the inequality of size increment may be more strongly
related to annual variation in stand level growth rate, which can be considered a surrogate
variable accounting for the transient environmental factors affecting a stand. The

! A version of this chapter has been published. Metsaranta, J.M., and Lieffers, V.J. 2007. Inequality of
Size and Size Increment in Pinus banksiana in Relation to Stand Dynamics and Annual Growth Rate.
Annals of Botany. doi:10.1093/aob/mcm320
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influence of these transient factors on the mode of competition between plants requires
further study (Schwinning and Weiner 1998).

In this chapter, I use detailed growth data obtained from tree-ring reconstruction
to study annual changes in the inequality of size and size increment at four even-aged fire
origin jack pine (Pinus banksiana Lamb.) stands. When combined with cross-dating of
recent and historical mortality, tree-ring reconstruction can obtain annual data on the size
and growth rate of individual trees (e.g. Henry and Swan 1974, Oliver and Stephens
1976, Johnson and Fryer 1989, Stoll et al 1994, Carrer and Urbinati 2001). Though
intensive to collect, these data can be advantageous because they follow the growth and
mortality of individuals over time (Weiner 1995) and are at an annual resolution. I
hypothesize that at any given time, tree sizes are more equal than tree size increments,
and that annual trends in inequality will be more variable for size increment than for size.
I also hypothesize that, because sizes change slowly, the inequality of tree sizes will be
best predicted by long term changes in stand population parameters like stand density,
mean tree size, and the average amount of competition. In contrast, because the
inequality of tree size increment is more variable, I hypothesize that it will be best
predicted by short term population parameters like stand level annual growth increment.

5.1 Methods
5.1.1 Field and laboratory

Field data collection and laboratory sample processing were conducted as
described in chapter 1. Ring-widths were converted to volume as described in chapter 2
and again in chapter 4. In this chapter, I only use data from the 900 m? plots at
Thompson and Candle Lake because calculation of the amount of competition that each
tree is subject to requires spatial data.

5.1.2 Determining competition

I determined the level of competition each tree was subject to over time by
annually determining a distance-weighted absolute size index of competition for each
tree. The index is similar to Hegyi’s (1974) relative size index, but uses the absolute size
of competitors rather than weighting them by the size of the subject tree. The absolute
size of competitors may be a better measure of competition than relative size (Ramseier
and Weiner 2006). The index was calculated as

C =

D,

1
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where C; is the index for subject tree i, D; is the diameter of competitor j, dj; is the
distance between subject tree i and competitor j, and V; is the number of competitors for
subject tree i. As trees grow, the definition of which trees compete with each other
changes, so I made the competitor search radius for each tree temporally variable based
upon an estimate of its crown width. I estimated crown width from diameter using

W=aD (5.2)
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where W is crown width (m) and D diameter (cm). From data in Halliwell and Apps
(1997), I estimated the parameters to be a = 0.353 and b = 0.682 (n=235, =0.69). 1
defined the search radius for competitors as 3.5 times the crown width in a given year
(Lorimer 1983), and calculated the index only for those trees where the search radius did
not fall outside of the plot. At each site, I calculated the average amount of competition
trees at each plot were subject to in each year, and used this as a predictor of the trends in
size and size increment inequality. To help interpret competition effects, I also
determined trends in the variability of competition that trees at each site were subject to
by calculating the coefficient of variation (CV%) of the competition index.

5.1.3 Describing inequality

I used the Gini coefficient (Weiner and Solbrig 1984) to describe annual changes
in the inequality of size and size increment. I also calculated annual changes in the
Lorenz asymmetry coefficient to establish whether the observed trends in inequality are
primarily due to large or small trees (Damgaard and Weiner 2000). The Gini coefficient
is the difference between the sample Lorenz curve and the line of perfect equality, where
the Lorenz curve is a plot of the cumulative number of individuals (x-axis) is plotted
against the cumulative proportion of their total size (y-axis). The Gini coefficient ranges
from 0 to 1, where 0 indicates perfect equality (the size or growth of all individuals is the
same, or the amount of competition each tree is subject to is the same) and 1 indicates
perfect inequality (one tree contains all of the size or growth). It can be calculated from
data ordered by increasing size as (Dixon et al 1987)

‘Z(Zi—n—l)x;
G =2 7 (5.3)

The Lorenz asymmetry coefficient (S) summarizes the degree of asymmetry in a Lorenz
curve. This is important because populations with different Lorenz curves can have the
same Gini coefficient, depending on whether most of the inequality is due to large or
small individuals (Weiner and Solbrig 1984). The Lorenz asymmetry coefficient is
defined as the point at which the slope of the Lorenz curve is parallel to the line of
equality. It is defined as

S =F(a)+ L(2) (5.4)

and is calculated using the following three equations from Damgaard and Weiner (2000)

§=-H"%n (5.5)
Xmsl — Xm
Ny m+o
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When S>1, the inequality present is due mostly to a small number of very large
individuals. When S<1, the inequality present is due mostly to a large number of very
small individuals. I calculated both coefficients and 95% confidence intervals from 1000
bootstrap samples (Dixon et al 1987) for each set of annual data on size and size
increment at each plot.

5.1.4 Data analysis

I examined how changes in the inequality of size and size increment over time are
affected by long term population parameters (age, stand density, and competition) and
short term population parameters (stand level annual volume increment). I modeled the
temporal development of the Gini coefficients for volume and volume increment at each
site using stand density (DENS), mean tree volume (SIZE), the average competition
index (COMP), stand level annual volume increment in the current year (AVI), and one
year previously (AVI1) as predictor variables. I used multiple linear regression to
estimate the parameters and to determine the significance of each of these variables as
predictors of annual changes in size and size increment inequality. I used the LM
function in the STATS package for the R Statistical System (R Development Core Team
2007) to perform these calculations. Since the data were time series, I examined the
potential confounding effects of serial autocorrelation by using generalized least squares
to estimate the parameters with the GLS function in the NLME package (Pinheiro et al
2007) for R, assuming that the residuals followed a first order autoregressive (AR1) error
structure. The parameter estimates obtained by GLS were not substantially different
from those obtained by ordinary least squares, so only the results obtained by OLS are
presented. In general, I expected that stand density, mean tree size and average
competition would be significant predictors of changes in both size and size increment
inequality. I also expected that stand level annual volume increment would be a
significant predictor of inequality of size increment, but would not be a significant
predictor of inequality of size.

5.2 Results
5.2.1 Size and growth rate inequality

“From 1950 to 2004, the Gini coefficient for size was nearly always less than 0.5,
meaning that tree sizes could be characterized as equal (Figure 5.1). During the same
time period, the Gini coefficient for size increment was also generally less than 0.5, but
there were periods at all sites when it was greater than 0.5, indicating that size increment
could often be considered more unequal than equal (Figure 5.1). Size inequality
generally declined over time. Based upon the 95% confidence intervals, the nutrient poor
sites had more unequal tree sizes. Size increment was more unequal than size, and its
inequality was also more variable from year to year than inequality in size, showing both
increasing and decreasing trends from year to year, depending upon the site. Inequality
in size increment was not different at rich and poor sites.
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The Lorenz asymmetry coefficient for size increment was also more variable from
year to year than the Lorenz asymmetry coefficient for size (Figure 5.2). For the vast
majority of time, the Lorenz asymmetry coefficient for size was not significantly
different from one, indicating that the observed inequality in tree size was not due to
either large or small trees. The Lorenz asymmetry coefficient for size increment,
however, had many periods of time when it was significantly less than one at all sites,
indicating that the observed inequality in size increments was often due to larger numbers
of trees with small size increments. There was one clear exception to this trend. At the
rich site at Candle Lake, the two years (1966 and 1967) with Lorenz asymmetry
coefficients greater than one correspond to the years with the lowest growth rate at that
site, and also to two years during which the historical records of the Canadian Forest
Insect and Disease Survey indicate that this area was subject to a jack pine budworm
defoliation event. In this specific case, the observed inequality in growth rates at this
stand was due to a small number of trees that had high growth rates, most likely because
they were not defoliated and continued to grow at a normal rate. However, this analysis
could not determine if the trees that maintained larger growth rates were large or small
trees.

5.2.2 Average competition and competition variability

The average amount of competition (standardized by the maximum average
annual competition observed at a given site so that each plot could be compared on the
same scale) showed both increasing and decreasing trends over time at each plot (Figure
5.3). Initially, average competition increased at each site up to about 1970 (Figure 5.3).
After that point, it stayed relatively constant at the nutrient rich sites, while the nutrient
poor sites showed a second increase in average competition that started about 15 years
later (circa 1985). Overall, the increase in average competition from its minimum value
was higher at nutrient poor sites (where the minimum value was 0.4 to 0.6 times the
maximum) than nutrient rich sites (where the minimum value was 0.7 to 0.8 times the
maximum. The coefficient of variation (CV%) for competition ranged from 20% to 50%
at all sites (Figure 5.3), indicating that even though the average amount of competition
trees were subject to changed over time, the amount each tree was subject to in a given
year tended be similar. In addition, although there were periods of time at each site
where the CV% for competition had small increasing or decreasing trends, the value of
the CV% at any given site only ranged in the order of £10% over the whole study period,
indicating that the variability in the amount of competition that trees were subject to did
not change substantially over time.

5.2.3 Regression model results

Size inequality was well described by long-term changes in stand dynamics. With
the exception of the rich site at Thompson, density, mean tree size, and average
competition were significant predictors of size inequality at all four sites (Table 5.1). At
three of the four sites, size inequality was positively associated with density and mean
tree size, and negatively associated with average competition. At the poor site at
Thompson, size inequality was negatively associated with all three predictors. Only at
the rich site at Candle Lake was stand level annual volume increment (in this case, lagged
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by one year) a significant predictor of changes in size inequality. Variability in the
significance and sign of the coefficients associated with the predictor variables indicates
that to some extent the specific relationships between these predictors and changes in
inequality were site specific.

Some combination of density, mean tree size, and average competition were also
significantly associated with of changes in the inequality of size increment at all but the
rich site at Candle Lake, where only stand level annual volume increment (in this case
lagged by one year) was a significant predictor (Table 5.1). Again, the sign and
significance of the coefficients for these predictors varied, indicating that the specific
relationship between them and changes in the inequality of growth rate were also site
specific. Stand level annual volume increment was a significant predictor of changes in
the inequality of size increment at all four sites. At Candle Lake, the significant predictor
was lagged by one year, while at Thompson it was not. In all cases, the sign of the
coefficients for this predictor (significant or not) were negative, indicating increasing
inequality in volume increment when stand growth rates were low. Figure 5.4 plots the
relationship between the inequality of size increment and variation in the stand level
annual volume increment to demonstrate this relationship graphically.

5.3 Discussion

Overall, these results showed that factors influencing the annual growth rate of
the stand in a given year were also influencing the inequality in growth rates for
individual trees in that year. The inequality in size increment was higher in years with
poor growth, indicating that it was the years with poor growth that contributed most to
the generation of the size hierarchy in these populations. The average amount of
competition cach tree was subject to was a predictor of the inequality of size at all four
sites, and of the inequality of size increment at two of the four sites. However, changes
in competition, or at least the way that it was quantified here, was not generally sufficient
to explain the observed inter-annual variation in the inequality of size increment. This
contention is supported by the fact that the annual growth rate was a significant predictor
of inequality in size increment at all four sites. Secondly, there was a high degree of
variability in inequality in size increment from year to year, even though the coefficient
of variation (CV%) of the competition index showed that each tree was subject to a
relatively similar amount of competition in a given year, and that the overall variability in
the competition index stayed relatively constant from year to year.

In jack pine, poor growth is likely related to drought or defoliation, the dominant
agents of selection on the sandy, nutrient poor sites on which this species is dominant in
this region. In most years, inequality in size increment was primarily due to large
numbers of trees with low growth rates (Figure 5.2), but was also due to small numbers
of trees with high growth rates during some years of low growth rate, at some sites. For
example, the period with high values for the Lorenz coefficient of asymmetry for the rich
site at Candle Lake during the 1960s (Figure 5.2) was coincident with a period of
defoliation (Volney 1988), suggesting that defoliation caused inequality in size increment
to be due to a small number of trees with large growth rates. The trees with large growth
rates during these years likely escaped defoliation, and would be in a position of relative
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competitive advantage. Defoliation in jack pine causes greater mortality in suppressed
than dominant trees (Gross 1992), and escaping defoliation may be one of the factors that
allowed the surviving trees to become dominant.

Previous studies have shown that competitive status of trees affects their response
to variation in precipitation. For example, Wichmann (2001) and Orwig and Abrams
(1997) have noted that increased water availability benefits large trees more than small
trees. In a study of European beech, Piutti and Cescatti (1997) showed that growth was
negatively correlated with precipitation under water deficit conditions for small trees, but
that growth in large trees showed no relationship with water deficit conditions. Similarly,
Orwig and Abrams (1997) showed that, in general, small trees were more severely
affected by drought than large trees for a wide variety of species and site types. In
contrast to the periods of defoliation, the general trend in this study was that inequality in
size increment was mostly due to a large number of trees with small growth rates (Figure
5.2). These trees that performed poorly may have been poorly adapted to drought,
possibly due to inappropriate genetics, poor micro-site or shallow rooting depth. During
low precipitation periods, better-adapted trees could maintain some growth and become
relatively larger compared to poorly adapted trees during these drought years. Similar to
the situation for trees that escape defoliation, this advantage would improve their relative
competitive status and allow them to become dominant in future years.

Size was more equal than size increment, and size inequality was also less
variable from year to year. In a given region, size inequality was higher at poor than rich
sites. This conforms to expectation because self-thinning, which acts to reduce inequality
by removing the smallest individuals, typically occurs more slowly at nutrient poor sites.
However, this observation may have been confounded by density also being higher at
poor sites. The observed greater inequality in size increment also conformed to
expectation. In some years, the growth rate for individual trees can be close to zero,
which would result in high inequality. In contrast, it is not possible for tree size to be
close to zero, so there is less potential for inequality in size. Overall, some combination
of stand density, mean tree size and average competition index were significant
predictors of size inequality at all sites. These variables all change over time in a highly
interactive manner, which was reflected in the variation in the sign and significance of
the coefficients for these predictors. The observed relationships were site-specific and
not always consistent with the expectation of increasing inequality of size at high stand
densities or high levels of competition. Self-thinning mortality generally decreases size
inequality by removing the smallest individuals. However, small changes in the relative
position of dead trees in the overall size distribution of the stand can result in either
increases or decreases in the inequality of the size distribution in the years following a
mortality event, and these changes can also be influenced by the growth rate of the
surviving trees (Kenkel et al 1997). Factors causing years of high and low growth rate
may also concurrently influence the probability of mortality for trees of slightly different
size classes. For example, years of high growth rate may increase the probability of
mortality for only the smallest trees, as high growth rates may increase the asymmetry of
competition and cause “regular” or autogenic mortality associated with stand dynamics
(Oliver and Larson 1996). On the other hand, years of low growth rate may increase the
probability of mortality for all size classes and cause “irregular” or allogenic mortality



63 .

(Oliver and Larson 1996), which is not necessarily exclusively in the smallest size
classes, particularly if the causes of low growth are environmental.

Mean tree size, stand density, and average competition were also significant
predictors for the inequality of size increment at all but the rich site at Candle Lake,
where stand level annual volume increment (lagged by one year) was the only significant
predictor. This indicates that inequality in size increment was also somewhat related to
variables associated with stand dynamics. Again, however, the sign and significance of
the coefficients was not consistent, indicating that observed relationships were also site
specific. These inconsistencies are suggestive of changes in the relative importance of
one-sided (where small trees have little effect on large trees) and two-sided (where small
trees also have an important effect on large trees) competition over time, both of which
are observed to occur in even-aged tree populations (Brand and Magnussen 1988). The
site-specific nature of the relationships between variables associated with stand dynamics
and size and size-increment inequality suggest that the relative importance of these two
modes of competition over time is also site-specific.

The results of this study suggest that factors influencing the annual growth rate
are also influencing the development of size hierarchy in these forests, and that it is
primarily the years with low growth rate that influence this development. Studies
quantifying competition effects on tree growth usually measure subject trees and their
competitors at a single point in time only, resulting in static estimates of competition
indices for only single points in time (Burton 1993). Spatial or aspatial indices of
competition (e.g. Lorimer 1983, Tome and Burkhardt 1989, Holmes and Reed 1991,
Biging and Dobbertin 1992, Biging and Dobbertin 1995) are the dominant mechanism for
generation of size hierarchy in many tree growth models. Using these indices usually
result in moderately increased correlations between observed and predicted growth rates
over time. However, there is clearly much residual variability in the growth response in
these models that is not explained by competition. Schwinning and Weiner (1998)
indicated that effect of transient factors like weather variation and defoliation on
development of size hierarchies are poorly understood, but the data presented in this
study indicate consistent and significant effects of yearly growing conditions. The
sensitivity of jack pine to variation in weather (Larsen and MacDonald 1995, Brooks et al
1998, Hofgaard et al 1999) and periodic defoliation by jack pine budworm (Volney 1988,
Gross 1992) is clearly important to the differentiation of growth rates of trees within
populations since their effects are likely to be different from those induced by density-
dependent effects (Thomas and Weiner 1986). Differences in growth rate among trees
during years of poor growth may form the basis for development of size hierarchies on
which asymmetric competition can act. This suggests that a complete understanding of
the process of competition in these forests requires further evaluation of how factors that
influence variation in the annual growth rate also affect how size hierarchies are
generated in these populations.
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coefficient, the dashed lines are 95% confidence intervals calculated from 1000 bootstrap
samples.
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Figure 5.3. Annual trajectories of the average amount of competitidn each tree is subject

to (solid line) and the coefficient variation (CV%) of competition each tree is subject to
(dashed line) at each study plot. Competition was quantified using a distance-weighted

absolute size index (Eq 5.1), with a variable search radius defined as 3.5x each tree’s
crown width.
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6.0 Magnitude and causes of annual variation in the
mode of competition in Pinus banksiana

In tree populations, the mode of competition for resources that can be depleted
(e.g. nutrients, water) is symmetric (two-sided). Individual trees obtain these resources in
proportion to their size. The mode of competition for resources that can be pre-empted
(e.g. light) is asymmetric (one-sided). Larger (taller) trees obtain a disproportionate
amount of these resources than expected based upon their size alone (Weiner and Thomas
1986, Weiner 1990, Schwinning and Weiner 1998). Stand development theories predict
that a size hierarchy develops at the onset of stem exclusion, followed by self-thinning
that causes mortality primarily by a process of asymmetric competition, as larger
individuals gradually pre-empt light by shading smaller individuals (Oliver and Larson
1996). The results of this process can generally be predicted by changes in the size,
density, and area of influence of trees over time. As a result, most models of forest stand
development assume that asymmetric competition, where large individuals out-compete
smaller neighbours, is the dominant process influencing the development of stands.
However, competition in even-aged single species stands inherently consists of both
symmetric and asymmetric components (Brand and Magnussen 1988). The importance
of these modes of competition may vary over time, in response to transient fluctuation in
growing conditions caused by factors like variation in precipitation or insect attack that
may affect larger trees differently than smaller trees. It is not well understood how these

fluctuations in growing condition might affect stand development (Schwinning and
Weiner 1998).

Some studies show that increased water availability benefits dominant trees
(Orwig and Abrams 1997, Wichmann 2001) and negatively influences suppressed trees
(Vose and Swank 1994). In contrast, others show that suppressed trees suffer less growth
loss under drought (Liu and Muller 1993), and grow relatively better (Piutti and Cescatti
1997). Under severe water deficits, competition may in fact become negatively
asymmetric, where small trees obtain disproportionately more resources than large trees
(Biondi 1996). The mechanism generating negative asymmetric competition during
water deficit may be the ability for smaller plants to keep stomates open longer because
of the lower evaporative demand of their mid canopy position (Barnes et al 1990, Liu and
Muller 1993). Further studies show that reactions to drought occur in a species and site
specific manner (Abrams and Mostoller 1995, Orwig and Abrams 1997). The relative
sensitivity of trees of different size classes to environmental variability may vary even
within the same species. Small Norway spruce (Picea abies L.) trees may either be more
(van der Brakel and Visser 1996) or less (Makinen et al 2002) sensitive to environmental
variability than large trees. In general, the reaction of trees of different size classes to
water availability is not well understood.

The influence of defoliation on trees of different size classes is also requires
further study. Conceptually, if larger trees were disproportionately defoliated, smaller
individuals would continue to grow, reducing size hierarchy, resulting in more symmetric
competition. Conversely, a disproportionate defoliation of smaller trees would increase
size hierarchy, resulting in more asymmetric competition. Previous studies suggest that
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the main effect of defoliation is to increase the asymmetry of competition by delaying the
recovery of small trees (Newton and Joliffe 1998) or by increasing their probability of
mortality (Gross 1992). These results suggest that defoliation may act as a catalyst that
switches stands between different competitive states. For example, a defoliation my
incite the development of a size hierarchy, upon which asymmetric competition can then
act to further differentiate trees into crown classes. In the absence of this growth
variation, it is possible that this differentiation would not occur, resulting in stagnation
(Oliver and Larson 1996). However, the results of a specific defoliation event are likely
dependent upon the stage of stand development at which the defoliation occurs, and the
size proportionality of its effects. These effects are difficult to predict because the effect
of defoliation on an individual tree is a complex function of the number and relative
palatability of its neighbors (Augner et al 1997).

Investigating changes in the mode of competition over time in tree populations is
challenging because it is difficult to obtain the detailed, long-term annual data on size,
growth rate, and mortality that are required. Here, I was able to obtain such data using
tree-ring reconstruction. Jack pine growth has been related to inter-annual variation in
weather (Larsen and MacDonald 1995, Brooks et al 1998, Hofgaard et al 1999). In this
region, they are also subject to defoliation by jack pine budworm (Choristoneura pinus
pinus Freeman) on about a ten year cycle (Volney 1988). These defoliation events often
result in a mixture of defoliated and non-defoliated trees (Scarr 1995). The complex
nature of the interactions between site factors, defoliation, pollen cone production, and
susceptibility to root disease (Mallett and Volney 1990, McCollough 2000, Nealis et al
2003) make the impact of defoliation on jack pine stand development difficult to predict.
I hypothesized that weather and defoliation are the primary factors influencing annual
variation in the mode of competition in jack pine forests in this region. I also
hypothesized that inter-annual variation in stand level growth rate might be a good proxy
variable for prediction of mode of competition as stand growth rate accounts for all the
environmental factors influencing a stand. I have previously shown in chapter 5 that
differential growth of individuals during years with low growth rates strongly influences
the development of size hierarchies. The objectives of this chapter were to determine the
magnitude and causes of inter-annual variability in the mode of competition at a range of
jack pine stands of different climatic, disturbance, and nutritional status. 1 also tested
which factors (defoliation, weather variation, or growth rate) are the best predictors of
annual changes in the mode of competition.

6.1 Methods
6.1.1 Field and laboratory

Field data collection and laboratory sample processing were conducted as
described in chapter 1. Cumulative ring-widths for a given tree i in year j were converted
to volume (V) and were also summed to get total standing volume in year j (Vtot)).
Similarly, ring-widths in a given year i in year j were converted to annual volume
increment (AVI;), and total annual volume increment in year j (AVItot;). These methods
are described in chapter 2 and again in chapter 4. In this chapter, I use data from both the
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900 m? plots at Thompson and Candle Lake, and the 100 m?” plots at Prince Albert, Flin
Flon, and Jenpeg because the analyses here do not require spatial data.

6.1.2 Mode of competition

Changes in the mode of competition were assessed by an index of competitive
symmetry that was calculated annually at each stand. This index quantifies the relative
proportionality between growth rate and tree size in a population, and is based on the
distribution modifying concept (Westoby 1982, Weiner 1990, Wichmann 2001, Weiner
and Damgaard 2006). It is analogous to indices described in Schwinning and Weiner
(1988) and Nord-Larsen et al (2006), and to indices used in forage preference studies for
wildlife (e.g. Mansson et al 2007). To calculate this index, the proportion of total stand
volume (V;/Vtot;) that each tree represented in a given year ¥ was plotted against the
proportion of total stand volume growth (AVI;/AVItot)) that each tree represented in year
Y+1. The index is the slope of the linear regression line fit to these data. A centered log
ratio transformation (Aitchison 1986) was applied to each prior to fitting a linear
regression line. If there are d trees in a given year, and p; is the proportion of total size or
size increment (i = 1,2,..,d) in each tree in that year, then the centered log-ratio
transformation is calculated as

log(p,/g) @)

where g = (pl,pz,..,pd)” 4 or the geometric mean of all the proportional tree sizes or size
increments in a given year (Aitchison 1986). When the growth of trees is proportional to
their size, competition is symmetric, and the slope of the best fitting regression line
should be 1. When growth in large trees is disproportionately high relative to their size,
the slope of this line is greater than 1 and competition is positively asymmetric. When
growth in small trees is disproportional high, the slope is less than 1 and competition is
negatively asymmetric (Figure 6.1). In Figure 6.2, [ demonstrate how the relationship
between growth rate and size used in the calculation of the index of competitive
symmetry for a set of example data at 10 year intervals from the poor site at Thompson.

6.1.3 Climate data

[ obtained spatially interpolated data on the mean monthly minimum and
maximum temperatures and total monthly precipitation from 1950 to 1999 for each site
from the database described by McKenney et al (2006). After 2000, I obtained these
from the nearest weather station in the Meteorological Service of Canada’s online data
repository (http://www.climate.weatheroffice.ec.gc.ca/climateData/canada_e.html).
Growth rate of jack pine is positively correlated with spring temperatures (Brooks et al
1998, Hofgaard et al 1999), precipitation in the current year, and precipitation in the
previous year (Larsen and MacDonald 1995, Brooks et al 1998). As aresult, I tested the
following as predictors of annual changes in the mode of competition: mean April
temperature in the current year (APRIL), total growing season precipitation in the current
year (PREC), and total growing season precipitation in the previous year (PREC1). I also
calculated a climate moisture index using the method described in Hogg (1997) to test if
a composite variable accounting for both temperature and precipitation would be a better
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predictor. This was calculated for both the current (CMI) and previous (CMI1) growing
season.

6.1.4 Insect defoliation data

I determined likely years of past insect outbreaks for each site from (1) the tables
in Simpson and Coy (1999), (2) indices of jack pine budworm severity in Volney (1988),
and (3) by interpreting the historical annual reports of the Canadian Forest Insect and
Disease Survey. I cross-referenced these reports of defoliation with the tree-ring data to
confirm that defoliation actually occurred during those years. Based on these data
sources, I determined that the likely years of defoliation were 1964-66 1976-78, and
1984-87 at the Prince Albert sites 1964-67 1978, and 1985-87 at the Candle Lake sites
1965-67 and 1984-86 at the Flin Flon sites 1984-85 at the Jenpeg sites, and 1983-85 at
the Thompson sites. There were no data on the severity of defoliation during these years
that was specific for the study plots, so these were simplified to an index of defoliation
for years when it occurred (1), and years when it did not (0).

6.1.5 Annual variation in stand level growth rate

I hypothesized that stand level annual volume increment may also influence inter-
annual variation in competition symmetry because it is a proxy variable that accounts for
all the potential environmental factors influencing growing conditions. I scaled data from
ring-widths at breast height to tree level volume increment using the methods described
in chapter 2 and again in chapter 4. | summed the individual tree volume increments in a
given year to determine annual stand level annual volume increment at each site.

6.1.6 Data analysis

I used an information-theoretic approach to rank thirteen models (Table 6.1) in
terms of their ability to explain annual changes in the competitive symmetry index. Each
model embodies a different hypothesis about the factors that I proposed to affect
variation in growing conditions, and therefore influence the mode of competition (see
Introduction). In chapter 5, I have shown that the inequality of volume and volume
increment are both related to variables associated with stand development, so I included
stand age (AGE) and stand density (DENS) in each proposed model. [ assumed that
further residual variability in the mode of competition would be due to either (1) the
weather variables observed in previous studies to be correlated with jack pine growth, (2)
periodic defoliation by jack pine budworm, or (3) stand level annual volume increment.
Akaike’s Information Criterion (AIC) was used to rank models based on their ability to
explain the data, and Akaike weights (w) to estimate the relative likelihood of each model
in Table 6.1, given the data (Burnham and Anderson 2002). The Akaike ratio is
calculated as the ratio of the largest Akaike weight (Wmax) relative to the Akaike weight of
a given model (w;). Models with an Akaike ratio less than 2 were considered to be
reasonably supported. Each model was fit using the GLS function in the NLME package
(Pinheiro et al 2007) for R (R Development Core Team 2007). Residuals were assumed
to follow a first order autoregressive (AR1) error structure, and the parameters were
estimated by maximizing the log-likelihood. For the model that generally received the
most empirical support when all sites were considered together, I also further examined
the regression coefficients for the predictor variables of that model.
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6.2 Results

The index of competitive symmetry increased over time at most sites (Figure 6.3).
However, there was also variability in the trajectories, both within and among sites. At
all sites, there were also periods of time when competition was symmetric. At some sites,
the symmetry of competition stayed relatively constant for long periods of time, while
others showed large, sudden fluctuations, occasionally resulting in periods of negative
asymmetric competition. Due to their smaller sample size, the 100 m’ plots exhibited
fluctuations of a greater magnitude than the 900 m” plots. Otherwise, there were neither
apparent differences in the magnitude or trends between rich and poor sites, nor any clear
geographic effects.

Competitive symmetry was strongly related to annual growth rate at 8 out of 10
sites.. The most probable model at six sites was model 2, where annual changes in the
index of competitive symmetry were predicted as a function of stand age, density, and
annual growth rate in the current year (Table 6.2). At two sites, model 3, which also
included annual growth rate lagged by one year, was the most probable model. The
exceptions to this trend were at the rich site at Prince Albert and the rich site at Flin Flon.
Age and density alone (model 1) were sufficient to explain changes in the strength of
competition at the rich site at Prince Albert. No model sufficiently explained changes in
competition at the rich site at Flin Flon. Several had AIC ratios less than 2 and all had a
poor goodness of fit.

Overall, model 2 received the most empirical support. The regression coefficients
(B) for the stand dynamics variables, age and density, were both positive for model 2
(Table 6.3). This indicates that during periods of constant density in a given stand,
competitive asymmetry increases with age (time), and that at a given age (time),
competition will be most asymmetric at the highest density stands. This is consistent
with previous studies of where mortality is controlled to some threshold level (e.g.
Weiner and Thomas 1986 and references therein). After stand development was taken
into account, annual volume increment is a significant predictor of changes in the index
of competition symmetry at al! sites except the rich sites at Prince Albert and Flin Flon,
where this model received the least empirical support (Table 6.3). At the sites were
annual volume increment was a significant predictor, the sign of the regression
coefficient was positive, indicating that as growth rate increased, competition symmetry
also increased, and when growth rate decreased, competition symmetry also decreased.
This relationship is demonstrated graphically in Figure 6.4.

6.3 Discussion

“In this chapter, I used tree-ring data to reconstruct the mode of competition 50
years into the past at ten jack pine stands. The strength of asymmetric competition was
related to stand age and density, and also to stand-level growth rate. During periods
when growth increased from one year to the next, competition became more asymmetric.
This.is presumably due to sufficient soil moisture and therefore greater importance of
competition for light. When growth decreased from one year to the next, competition
became more symmetric. This suggests that factors reducing growth also reduced the
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importance of competition for light and increased the importance of competition for soil
resources. In chapter 5, I showed that variation in growth rate is also an important factor
influencing the development of size hierarchies, indicating that variation in growth rate
has several important impacts on the dynamics of forest stands.

The observed degree of inter-annual variability in stand level growth rate suggests
that growing conditions did in fact vary. Under the assumption that stand-level growth
rate is a good proxy for growing conditions, these results indicate that there is a
relationship between the mode of competition and growing conditions. However, the
weather and defoliation variables that I hypothesized to cause growing conditions to vary
were not good predictors of changes in the mode of competition. This may be due to
several reasons. First, the relationships between growth and climate in jack pine, while
statistically significant, usually have low explanatory power (Larsen and MacDonald
1995, Brooks et al 1998, Hofgaard et al 1999). Second, weather data that I used may not
have accurately reflected conditions at my study sites. In particular, localized variation in
precipitation is difficult to interpolate (McKenney et al 2006, Wang et al 2006). Third,
the factors causing variation in growing conditions for jack pine may be specific to a
given region. For example, Hogg et al (2005) show that growth in trembling aspen in
western Canada is related more strongly to water availability than insect defoliation,
while Cooke and Roland (2007) showed the opposite relationship for trembling aspen in
central Canada. Jack pine exhibit strong clinal variation (van Niejenhuis and Parker
1996), suggesting a possible genetic basis for site-specific climate adaptations, so it may
not have been possible to detect effects from a single set of climate predictor variables.
The effects of variation in weather on the mode of competition will require a site-specific
assessment of the climatic factors influencing growth at a specific site.

I also hypothesized that, in some cases, defoliation may act as a catalyst that
switches stands between competitive states. Though I was unable to link periods of
defoliation specifically with changes in competition symmetry, there were some
defoliation events which seemed to be coincident with a change in the overall trend in
competitive symmetry. Newton and Jolliffe (1988) suggested that defoliation in density
stressed black spruce shifted stands from a state of size-asymmetric competition to a state
of asyrhmetric competition because the growth of large trees recovered more quickly.
Inspection of Figure 6.3 shows that defoliation in the 1980’s coincides with an increase in
the index of competitive symmetry at the rich site at Prince Albert, but this was not a
universal pattern. Defoliation events in the mid 1980’s coincide with the onset of a
decline in the index of competitive symmetry at the rich site at Flin Flon, the poor site at
Jenpeg, and the rich site at Thompson. Small fluctuations in the index of competition
symmetry also coincide with defoliation at several sites, but these are not associated with
in any persistent changes in the trend. Other cases show no apparent effect.

Early instars of jack pine budworm feed primarily on pollen cones (McCollough
2000 and references therein) and stress-induced crops of pollen cones have been observed
on small trees, or trees affected by root rot (Malley and Volney 1990). Feeding primarily
on small trees would have a disproportionate effect on these individuals, making
competition more asymmetric. As in other studies (Gross 1992), I did see this at some
sites. I also showed that competition sometimes became more symmetric after
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defoliation, suggesting a disproportionate impact on large trees. This could occur if
larger trees produced disproportionately more pollen cones, particularly if defoliation
increased their susceptibility to further growth reduction by root rot (Mallett and Volney
1990). In chapter 5, I found that the inequality in growth rate during some defoliation
events was mainly due to small numbers of trees that maintain high growth rates. The
results here suggest that it was sometimes the larger trees and sometimes the smaller trees
that maintained high growth rates during defoliation. This variability may be related to
variability in the size proportionality of reproductive output in the population.
Reproductive output is often correlated with plant size. In jack pine, most trees produce
pollen cones in most years and in the absence of defoliation, total cone production is
correlated with growing conditions (Houle and Filion 1993, Despland and Houle 1997).
Cone production is often reduced after defoliation (Nealis et al 1997). However, the size
proportionality of pollen cone production has not been studied.

In this chapter, I showed that when growing conditions are poor and growth rates
go down from one year to the next, the rate at which smaller individuals become further
suppressed by large individuals is reduced. In some cases, small individuals may even
regain some competitive status if the point of negative asymmetry is reached. Relatively
better growth of smaller trees during poor growth may be due to increased ability for
compensatory root growth (Brisson and Reynolds 1997), shelter from excessive radiation
and water loss during drought (Barnes et al 1990, Liu and Muller 1993), or avoidance by
defoliators (Scarr 1995, Augner et al 1997). These results have implications for the
design of the indices that are often used to quantify the effect of competition and drive
the development of size hierarchies in forest growth and stand dynamics models (e.g.
Lorimer 1983, Tome and Burkhardt 1989, Holmes and Reed 1991, Biging and Dobbertin
1992, Biging and Dobbertin 1995). The limitations of these indices, particularly when
they are based only single measurements, have previously been discussed (Burton 1993).
These indices assign a constant growth advantage to larger trees, which is true when
growing conditions are good and growth increases from the previous year. It is not
necessarily true when growing conditions are poor and growth decreases from the
previous year. This possibility is not presently accounted for by these models.
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Table 6.1. Description of the variables included in the 13 models evaluated by their
ability to describe annual changes in competitive symmetry. All models contain age and
density, and further variation is described by substituting combinations of variables
related to growth rate, spring temperature, growing precipitation, drought, and occurrence
of jackpine budworm.

Model Variables

1 AGE + DENS

2 AGE + DENS + AVI

3 AGE + DENS + AVI + AVI1

4 AGE + DENS + APRIL

5 AGE + DENS + PREC + PRECI

6 AGE + DENS + APRIL + PREC +PREC1

7 AGE + DENS + CMI

8 AGE + DENS + CMI + CMI1

9 AGE + DENS + APRIL +JPBW + JPBW1

10 AGE + DENS + PREC + PREC1 + JPBW + JPBW1
11 AGE + DENS + APRIL + PREC + PRECI1 + JPBW + JBBW1

12 AGE + DENS + CMI + JPBW + JPBW1

13 AGE + DENS + CMI + CMI1 + JPBW + JPBW1

" AGE = stand age, DENS = stem density, AVI = stand volume increment, AVI1 = stand
volume increment in the previous year, APRIL = mean april temperature, PREC = annual
precipitation, PREC1 = annual precipitation the previous year, CMI = climate moisture
index, CMI1 = climate moisture index the previous year, JPBW = presence of jack pine
budworm, JPBW1 = presence of jack pine budworm in the previous year.
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Proportional Growth in Year t+1

Proportional Size in Year t
Figure 6.1. Plot of the proportional growth of each tree in year t+1 against the
proportional size of each tree in year t and how it is used as index of competitive

symmetry. The slope of the regression line indicates relative size symmetry of growth:

(a) slope=1, competition is relatively size symmetric, (b) slope>1, competition is

positively size asymmetric, and (c) slope<1, competition is negatively size asymmetric.
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Figure 6.2. A demonstration of how the competition symmetry index is calculated, using

data at six time decadal intervals from the poor site at Thompson. Volume and volume

increment were both transformed to centered-log ratios. The thick line is the best fitting

regression line. The thin line is the line of equality, indicating symmetric competition.
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Figure 6.3. Annual trajectories of the index of competitive symmetry index (& SE) since
1950 at each study plot. An index value of one indicates symmetric competition, a value

greater than one positive asymmetric competition (large trees grow disproportionately
more), and a value less than one negative asymmetric competition (small trees grow
disproportionately more). Dashed lines indicate periods of defoliation at each site.
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7.0 Annual changes in the spatial distribution of Pinus
banksiana stands: does pattern fit competition theory?’

Studies of the sspatial pattern of forest stands have found random (e.g. Getis and
Franklin 1987, Szwagrzyk and Czerwczak 1993), regular (e.g. Kenkel 1988, Chapin et al
1989), or clustered patterns (e.g. Payandeh 1974, Martens et al 1997). From these
observed patterns, inferences are made about the processes affecting stand development.
However, the spatial pattern of trees also changes over time (Peet and Christensen 1987,
Hughes 1988). Most commonly, the pattern shifts from an initially clustered distribution
first to a random distribution and then to a regular distribution (Leps and Kindlmann
1987, Ward et al 1996, Kenkel et al 1997). This trajectory of change is usually attributed
to density dependent mortality caused by competition with neighbours (Leps and
Kindlmann 1987, Chapin et al 1989, Kenkel et al 1997). However, depending upon their
importance, external factors may also influence mortality independently of density to
produce changes in spatial pattern that do not match the trajectory predicted by
competition.

Temporal changes in spatial patterns have previously been studied using periodic
measurements from long-term permanent sample plots (e.g. Ward et al 1996, Kenkel et al
1997, Wolf 2005). In this chapter, I use the tree-ring data that I collected to examine
annual changes in the spatial patterns of live and dead trees at my study plots. The spatial
dynamics of jack pine stands has previously been studied in pure (Kenkel 1988, Kenkel
et al 1997) and mixed (Little 2002, Béland et al 2003) stands. However, these studies
have either looked at only either a snapshot of spatial patterns from a survey done at a
single point in time, or from repeated measurements of permanent plots taken at 10 year
intervals. At this time, no other studies have used annual stand reconstruction data to
assess temporal changes in spatial patterns. Here, I examine the annual changes in spatial
pattern, and therefore am able to investigate the temporal rate of change in spatial pattern.
I also relate changes in spatial pattern to the temporal progression of stand development,
and investigate the impact of factors like defoliation (Volney 1998) or root disease
(Mallett and Volney 1990) that may cause changes in the observed spatial pattern
independently of competition.

I hypothesize that the initial distribution of live trees should be clustered because
previous studies have found clustered distributions of individuals in young jack pine
stands (Payandeh 1974, Kenkel 1988, Kenkel et al 1997), perhaps as a result of spatial
variability in seedbed after fire (Miyanishi and Johnson 2002). Over time, the spatial
pattern should go through a random phase and eventually reach regularity if density-
dependent mortality progresses as expected (Leps and Kindlmann 1987, Peet and
Christensen 1987, Ward et al 1996, Kenkel et al 1997). 1 also hypothesize that,
conditional upon the distribution of all trees, dead trees will initially be clustered as
mortality should initially occur in locally dense regions, and that the distances at which

! A version of this chapter has been submitted for publication. Metsaranta, J.M., and Lieffers, V.J. (in
review) Annual changes in the spatial distribution of Pinus banksiana stands: does pattern fit competition
theory? Submitted to Plant Ecology
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dead trees are clustered should match the distance of clustering of live trees. Finally, I
examine how temporal changes in the spatial scale of spatial interaction are related to
population factors like stand density and mortality rate, and also to external disturbance
factors like periodic defoliation by jack pine budworm.

7.1 Methods
7.1.1 Field and laboratory.

Field and laboratory methods were as described in previous chapters. In this
chapter, spatial data are required, so I only use data from the stem mapped 900 m® plots
at Candle Lake and Thompson.

7.1.2 Data analysis — spatial patterns

I analyzed the spatial pattern of tree locations using Ripley’s K-function (Ripley
1976). This approach allows the determination of spatial pattern at various scales
(distances), by comparing the number of neighbours at circles of radius ¢ centered on
each individual to the number expected if the individuals followed exhibited complete
spatial randomness (CSR). The K-function is usually estimated as:

Ko=42 2 wl@d)n’ 7.1)
=1 =l
i#j  J#

where # is the number of trees, ¢ is a given radius, 4 is the area of the plot, dj; is the
distance between two points i and /, /; is a function that takes on the value of 1 if d;; <t
and 0 otherwise, and wj; is a weighting factor for edge effects. I used the usual square
root transformation to the K-function, known as the L(#) function, to stabilize its variance

and give it a zero expectation under the hypothesis of complete spatial randomness
(CSR):

()=, /%—(’) t (7.2)

[ also analyzed the spatial distribution of live and dead trees using the bivariate
K ;-function (Lotwick and Silverman 1982). The Kj;-function is defined as the expected
number of points of type 2 (in this case, dead trees) that are located within a given
distance 7 of an arbitrary point of type 1 (in this case, live trees), divided by the intensity,
A2,0f points of type 2, and is estimated from:

K12(1) = AZ 2 w,l,(d;)/ mn, (7.3)
=l j=l

=y
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KZI([) = AZ z ”jilt (dji)/n1n2 (74)
=l j=1
izj  J#i

where n; and n, are the numbers of each type of point and the other components of the
equation are as described for the K-function. The two equations are combined to
calculate the Li-function:

L(0)= \/[ K. 0K (t)}/ﬁ(nl )t 75)

For the L>-function, it is possible to test a null hypothesis of either random
labeling or population independence (Goreaud and Pellisier 2003). The appropriate
hypothesis in this case is random labeling, which holds the locations of the trees fixed
and randomly permutes that labels (living or dead) applied to each tree. Thus,
conclusions about the spatial distribution of dead trees are conditional upon the spatial
pattern of all trees. Clustering indicates that dead trees tend to occur closer together than
what is suggested by the overall spatial pattern of both live and dead trees. Regularity
indicates that dead trees occur further apart that what is suggested by the overall pattern
of live and dead trees. Randomness indicates that dead trees are a random sample from
the overall distribution of all trees.

I tested for significance by generating a 99% confidence envelope using the
minimum and maximum value of L(7) and L;,(¢) at each distance r=0.1 m to /=10 m at
intervals of 0.1 m for 99 Monte Carlo simulations. I tested the hypothesis of complete
spatial randomness (CSR) for L(#), and random labeling for L,(f). Values of L(¢) and
L12(¢) above the confidence envelope indicate a clustered pattern at a given distance t,
values of L(¢) and L;,(¥) within the envelope indicate a random pattern at a given distance
t, and values of L(¥) and Li,(¢) below the envelope indicate a regular pattern at a given
distance t. I corrected for edge effects using Ripley’s (1988) isotropic edge correction
method, and used the Spatstat package (Baddeley and Turner 2005) for the R statistical
system (R Development Core Team 2007) to perform all of these calculations. 1
calculated L(¢) for each study plot for each year since 1950, based upon the distribution
of living trees in a given year. I calculated L;»(¢) for each study plot for each year since
1960, based upon the distribution of living trees in that year, and the accumulated
distribution of all trees that have died up to that point in time. I choose 1950 for the
univariate analysis because this is the amount of time into the past that tree-ring
techniques can reliably reconstruct the growth of jack pine forests in this region, and
1960 for the bivariate analysis so that enough dead trees had accumulated at each site for
L12(%) to be estimated.

7.1.3 Data analysis — stand development
I examined two properties of stand development in relation to changes in the

spatial pattern: density, expressed as mean tree spacing, and mortality rate. As [
described in chapter 3, cumulative mortality in jack pine is sigmoidal (Yarranton and
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Yarranton 1975, Kenkel et al 1997), so I fit a Richards function to the cumulative
mortality data from each site:

M =afl-e*4f - (7.6)

where M is cumulative mortality, A is stand age. I estimated parameters a, b, and ¢ using
non-linear regression with SYSTAT (Systat Software Inc, Point Richmond, CA), and
determined when the maximum mortality rate occurred by setting the second derivative
of the Richards function to zero and solving for age:

4= log(e) (7.7)
b
7.2 Results

7.2.1 Initial and final spatial pattern

Figure 7.1 plots the locations of live and dead trees at each plot in 1950 and 2004.
Significant number of trees died at each plot since 1950. Figure 7.2 plots the value of
L(t) relative to t for each plot for the 1950 and 2004 distribution of live trees. In 1950,
the poor site at Thompson showed clustering at distances from 0.5 m to about 4 to 6 m,
the rich site at Thompson showed clustering at distances from about 3 to 4 m and also
from 5 to 6 m, and the poor site at Candle Lake showed clustering at all distances above
0.5 m. By 2004, these patterns disappeared and the distribution of trees at these sites was
random at all distances. In both 1950 and 2004, the spatial pattern of trees at the rich site
at Candle Lake was essentially random at all distances. Figure 7.3 plots the value of
Lj2(t) relative to t for the 1960 and 2004 bivariate distribution of live and dead trees. In
1960, the spatial distribution of dead trees at the poor site at Thompson shows more
clustering than the overall distribution of all trees at distances from 5 to 7 m, and the rich
site at Thompson shows more clustering that the overall distribution of all trees at
distances around 2 m. By 2004, the spatial distribution of dead trees was random sample
of all trees at all distances for both sites. In 1960, the spatial distribution of dead trees at
the poor site at Candle Lake shows more clustering than the overall distribution of all
trees at distances of 1 to 3 m, and the rich site at Candle Lake shows more clustering than
the overall distribution of all trees at 1 m, and again at 5 to 7 m. Again, by 2004, the
distribution of dead trees at both sites was a random sample of all trees at all distances.

7.2.2 Annual change in spatial pattern

Figure 7.4 plots the temporal trajectory of the significance of L(¢) for each plot.
Significant initial clustering is evident at distances of 0 to 5 m for the poor site at
Thompson, at distances from 3 to 6 m for the rich site at Thompson, and at distances
from 1 to 3 m and again at 5 m for the poor site at Candle Lake. At the rich site at
Thompson and the poor site at Candle Lake, this disappears completely and suddenly
around 1970, after which the distribution at the rich site at Thompson remains random
until the present. At the poor site at Candle Lake, sporadic regularity begins to appear in
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1980, at a distance of about 3.5 m. Clustering is reduced more slowly for the poor site at
Thompson, but disappears in 1985. No significant regularity appears at this site. The
rich site at Candle Lake shows sporadic clustering in the initial distribution. This
disappeared by 1955, after which the distribution is random over all distances.

Figure 7.5 plots the temporal trajectory of the significance of Li,(¢) for each plot.
Significant initial clustering of dead trees, relative to the distribution of all trees, occurred
between 1960 and 1980 at distances of 5 to 7 m for the poor site at Thompson 1 to 2 m
for the rich site at Thompson, 0 to 4 m for the poor site at Candle Lake, and at 1 m and
again at 4 to 8 m for the rich site at Candle Lake. The degree of clustering declined over
time. For the poor site at Thompson, it is greatly reduced after about 1980, and begins to
appear again sporadically after 1990 at distances around 1 m. For the rich site at
Thompson, it disappeared entirely and suddenly around 1975 and did not reappear. For
the poor site at Candle Lake, it was greatly reduced after 1980, and thereafter appeared
sporadically at distances of around 3 m. It disappeared around 1975 at the rich site at
Candle Lake, appeared again sporadically at distances around 1 m until 1990, after which
it did not reappear.

By comparison to Figure 7.4, Figure 7.5 shows that the distances at which dead
trees are clustered relative to all trees is different than the distances over which the
clustering of live trees occurs. The distances at which all trees are clustered are the
distances at which dead trees are essentially a random sample of all trees. Most
clustering of live trees at the poor site at Thompson occurs at distances of 0 to 6 m, while
dead trees are more clustered than all trees at distances from 4 to 8 m. For the rich site at
Thompson, most clustering of live trees occurs at distances of 4 to 6 m, while dead trees
are more clustered than all trees from 0 to 2 m. Similarly, for the poor site at Candle
Lake, clustering of live trees occurs at 4 to 10 m, while dead trees are more clustered than
all trees at 0 to 4 m. For the rich site at Candle Lake, dead trees are more clustered than
all trees at both 1 to 2 m and 4 to 8 m, even though the distribution of live trees is
random.

7.2.3 Spatial pattern in relation to stand development

Based on the derivative of the Richards function fit to the cumulative mortality at
each site, | determined that the mortality rate reached a peak in 1970 at each site except
the poor site at Thompson, where it peaked in 1975. At the rich site at Thompson and the
poor site at Candle Lake, this is also the time that the distribution of living trees shifted
suddenly to a random distribution at all distances (Figure 7.4). At the poor site at
Thompson, the shift to a random distribution did not precisely correspond to the timing of
the peak mortality rate in 1975. This occurred later, in about 1985. The peak mortality
rate at the rich site at Candle Lake does not correspond to any change in the spatial
distribution. There were no clear relationships between the timing of peak mortality and
the spatial distribution of dead trees relative to all trees, except that the spatial
distribution of dead trees relative to all trees becomes random somewhat after mortality
peaks at each site.
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In Figure 7.6, I plot how the mean spacing of live trees changes over time at each
site, and identify the approximate time at which the spatial distribution of live trees at
each time becomes random, based on Figure 7.4. The shift from a clustered distribution
to a random distribution occurs at a similar mean spacing at each site. This shift occurs
in 1985 at a mean tree spacing of 2.1 m at the poor site at Thompson, in 1970 at a mean
tree spacing of 2.4 m at the rich site at Thompson, in 1970 at a mean tree spacing of 2.1
m at the poor site at Candle Lake, and in 1955 at a mean tree spacing of 2.3 m at the rich
site at Candle Lake. The spacing at which this shift occurs was on average 2.23 m,
representing a stand density of about 2020 trees ha™. There were no clear relationships
between tree spacing and changes in the distribution of live and dead trees.

7.3 Discussion

Few common trends were found at all four sites. Spatial pattern of live trees
shifted from a clustered distribution to a random distribution at an average spacing of
2.23 m, which is near the mean crown width for mature jack pine in this region (Halliwell
and Apps 1997). The initial distributions dead trees relative to all trees were at least
somewhat clustered initially at all sites. This clustering always declined over time and
disappeared, meaning that eventually dead trees were simply a random sample of all
trees. However, all other aspects of the spatial development varied enough to conclude
that none followed the same pattern. These stands have little structural diversity and
seemingly little room for possible variation in stand trajectories, so this variability was
surprising

The initial distances at which live trees were clustered differed at each site. This
was most likely due to spatial variation in the distribution of suitable seed bed at stand
initiation (Miyanishi and Johnson 2002). This clustering either: declined steadily,
disappeared suddenly at the same time as mortality peaked, or was never really present at
all. Significant regularity only appeared at the poor site at Thompson, so the hypothesis
that competition leads to a regular distribution of trees (Peet and Christensen 1987,
Hughes 1988, Chapin et al 1989) was not strictly supported. Dead trees were clustered
relative to all trees at different distances than live trees were clustered. These should
have been the same if mortality driven by competition with neighbours occurred first in
the highest density patches (Kenkel et al 1997). That they are not suggests that density-
independent factors are causing mortality at a different spatial scale (Szwagrzyk and
Czerwczak 1993). Simulation studies of temporal changes in spatial pattern have found
that when mortality depends on neighbours, clustered patterns first become random and
then regular over time and that random patterns also become regular over time (Leps and
Kindlmann 1987). When mortality does not depend on neighbours, random patterns stay
random over time (Kent and Dress 1979), and both clustered and regular patterns also
become random (Kent and Dress 1980). At two of the four sites clustered initial patterns
became random but did not become regular, and at one site an essentially random initial
pattern remained random. Only the appearance of regularity from an initially clustered or
random pattern indicates that mortality depends upon neighbours, suggesting that
mortality in this study did not generally depend upon neighbours.
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Kenkel (1988) found that an initially clustered distribution in a jack pine stand
shifted to a regular distribution at short distances and that the distribution of dead trees
was a random sample of trees from the initial pattern at all distances. In another study,
Kenkel et al (1997) found that clustering at a jack pine stand declined over time, but did
not reach significant regularity. To the best of my knowledge, the four sites considered
in this study, combined with the sites studied in Kenkel (1988) and Kenkel et al (1997),
are the only pure jack pine stands where temporal changes in the spatial pattern of jack
pine stands have been studied in detail. Taken together, all of these results suggest that
convergence to regularity is not a universal aspect of the dynamics of jack pine. Some
commonalities exist, but the dynamics are variable enough to say that all sites likely
follow different patterns of spatial development. It is most likely that site-specific
interactions between density dependent and independent processes are causing this
variability.

The poor sites most closely matched the hypothesized pattern of stand
development. If asymmetric above ground competition for light primarily drives these
changes, then these sites should not have shown these patterns because they had low
productivity, small trees and low crown closure. Competition should have been
symmetric and below ground. Thus, although the mode of above and below ground
competition is different (Schwinning and Weiner 1998), it may be that the patterns that
they produce in this forest type are indistinguishable. At the poor site at Candle Lake,
clustering disappeared suddenly around 1970, three years after a significant jack pine
budworm outbreak in this region (Volney 1988), and at the same time that mortality
peaked. Mortality tends to lag some years after the end of jack pine budworm outbreaks
(Volney 1998), so the spatial dynamics of this site were likely influenced by this density
independent factor. However, since jack pine budworm defoliation causes greater
mortality in suppressed trees than dominant trees (Gross 1992), its effect may also be
indistinguishable from that of competition.

The distribution of living trees at the rich site at Candle Lake was essentially
always random. The density of this stand was the lowest of all four sites, meaning that
trees here were least likely to interact. Kashian et al (2005) have shown that local
variation in density at the time of establishment strongly influences the rate at which
stands develop. Many trees had the remains of large branches low on the bole, indicating
that this stand always had a low density, possibly because many of the large gaps in this
stand contain dense clusters of green alder (4/nus viridis var. crispa) in the understory.
The presence of this shrub interacts with density and soil moisture to determine the site
productivity of jack pine forests in this region (Vogel and Gower 1998), possibly in a
way that influences the spatial distribution of trees at stand initiation. Despite having a
random distribution, initial mortality at the rich site at Candle Lake was clustered. Root
rot was present in many nearby stands, and the growth increment at this site was nearly
the same as at the poor Candle Lake site since about 1970, despite being more than
double the rate before that time. This region experienced a significant outbreak of jack
pine budworm from 1964-1967 (Volney 1988). Trees weakened by defoliation may have
become more susceptible to root rot (Mallett and Volney 1990), and it is likely the
interaction of these two factors that led to the observed spatial pattern of mortality at this
site, despite the random initial pattern of live trees. Clustering at the rich site at



97

Thompson also disappeared suddenly in 1970. The reason for this is unclear because
historical reports of the Canadian Forest Insect and Disease Survey suggest that the jack
pine budworm outbreak occurring from 1964-1967 did not occur in northern Manitoba,
tree-ring data from the site do not show a growth decline during that period, and no
obvious evidence of root rot was found at this or nearby stands. However, this stand also
contained clusters of alder shrubs, and had evidence of originating at a low density. No
clearly dominant process was affecting the observed spatial pattern at this site.

- Previous studies suggest that the development of jack pine stands has an early
density independent phase with two-sided competition for soil resources that results in
clusters of suppressed trees in locally dense areas, followed by a later phase of one-sided
competition where these suppressed trees are shaded out by their larger neighbours
(Kenkel 1988, Kenkel et al 1997, Little 2002). The results of this study suggest that
density-independent factors causing mortality may be equally as important in influencing
the dynamics of these stands. These include defoliation (Volney 1998), windthrow (Elie
and Ruel 2005), drought (Yarranton and Yarranton 1975) or root disease (Mallett and
Volney 1990). Other factors such as spatial genetic structure (Xie and Knowles 1991,
Xie and Knowles 1992), variable seedbed quality (Thomas and Wein 1990, Miyanishi
and Johnson 2002), or local variability in density (Kashian et al 2005) may also affect the
rate at which stand development processes occur right from the point of stand initiation,
and may predetermine the potential pathways that a given stand could follow over its
lifetime. These processes could dominate competition after the point of peak mortality
has passed, are likely occurring even as mortality rates are high, and may begin as early
as stand initiation at sites where genetic, microsite or density variation are high. Similar
studies in more stands may elucidate a small number of spatial development pathways
where either competition or other factors dominate at different times in stand
development. Presently, however, the large number of interacting factors that may play a
role in influencing these pathways make it impossible to predict how many exist, which a
given stand has followed in the past or which it might follow in the future. Even in these
simple jack pine stands, realized patterns of stand development are more complex than
what is predicted by competition alone.
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Figure 7.1. Initial and final locations of live (filled circles) and dead (open circles) trees

at each study plot.
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Figure 7.2. Plots of the L(¢) function for living trees in 1950 and 2004 at each study plot
along with 99% confidence envelope for distances of /=0 to 10 m for the hypothesis of
complete spatial randomness. L() values above the confidence envelope indicate
clustering, and L(7) values below the confidence envelope indicate regularity.
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Figure 7.3. Plots of the Li»(¢) function in 1960 and 2004 at each study plot along with
99% confidence envelope for distances of /=0 to 10 m for the hypothesis of random
labeling of live and dead trees. L,(f) values above the confidence envelope indicate
clustering relative to the distribution of all trees , and L,(¢) values below the confidence
envelope indicate regularity relative to the distribution of all trees.
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Figure 7.4. Significance of L(¢) over time at each site. Time (years) is plotted along the
y-axis, and distance from t=0 to 10 m in 0.1 m increments is plotted along the x-axis.
Light areas indicate significant clustering, grey areas represent randomness, and dark

areas indicate significant reguiarity.
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Figure 7.5. Significance of L;5(f) over time at each site. Time (years) is plotted along the
y-axis, and distance from t=0 to 10 m in 0.1 m increments is plotted along the x-axis.
Light areas indicate significant clustering relative to all trees, grey areas represent
randomness, and dark areas indicate significant regularity relative to all trees.




Thompson - Poor

106

Thompson - Rich

2000

1990

1980

1970 1

1960 1

1950

Candle Lake - Poor

Candle Lake - Rich

2000

1990

1980

1970

1960

1950

1.0 1.5 2.0 2.5

1.5 2.0 2.5 3.0

Figure 7.6. Temporal trajectory of mean tree spacing at each site. Time (years) is plotted
on the y-axis and mean spacing of live trees (m) on the x-axis. The solid horizontal line
represents the approximate time at which the spatial distribution of live trees changes

from clustered to random at each site, based on Figure 7.4.
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8.0 Conclusions

In this thesis, I used dendroecological methods to reconstruct and investigate the
inter-annual variability in growth, competition, and spatial pattern of jack pine forests in
Saskatchewan and Manitoba, Canada. I described and evaluated my methods for scaling
ring-width data at breast height to tree level volume increment, showed that jack pine
stands in this region can be reliably reconstructed for up to 50 years into the past using
these methods, and demonstrated that tree-ring stand reconstruction can be a valuable
tool for collecting enhanced, annual resolution data on forest growth and stand
development. I also took three different approaches to examining annual variation in
competition. I first examined size and growth rate independently. I did this by
quantifying the inequality of size and size increment using the Gini and Lorenz
asymmetry coefficients, and examining how this inequality changed over time in relation
to stand development and annual growth rate. I then examined size and growth rate
together by assessing their size proportionality (competition symmetry) and how this
changed over time, again in relation to stand development, but also to annual variation in
growing conditions. I quantified annual variation in growing conditions using (1) the
weather variables most commonly correlated with jack pine growth, based on a review of
the literature on climate-growth relationships in jack pine, and (2) historical records of
insect defoliation. Finally, I undertook a spatial analysis that examined how the
distribution of live and dead trees changes annually. I showed that this detailed approach
provides some interesting insights into stand development in these forests.

In chapter 2, I showed that even with relatively simple equations, volume
increment estimates from partial stem analysis are in the range of error of other
mensurational studies, and thus should have yielded results equal to what would have
been obtained from full stem analysis in the rest of the analyses. The equations that I
used were chosen because I could parameterize them from readily available data, or
obtain parameters easily from the extant literature on my study region. In other
applications, they could be replaced by equations that are sensitive to the effect of stand
conditions and competitive effects on height-diameter relationships (e.g. Sharma and
Zhang 2004) or tree taper (e.g. Morris and Forslund 1992, Muhairwe et al 1994), which
would result in a small improvement in the volume estimates. Most growth studies use
some similar method of scaling breast height data to whole tree growth measures, but
rarely are the accuracy of these methods assessed quantitatively. In chapter 3, I further
validated my methods by demonstrating that the stand reconstruction techniques that I
used can generate annual time series of the mortality of trees in maturing jack pine stands
up to about 50 years into the past. This conclusion is based upon the observed timing of
mortality, relative to the timing of self-thinning observed in others studies of jack pine
and the observed persistence of downed logs relative to the half-life of coarse woody
debris observed in previous studies of wood decomposition. As a result, I begin the rest
of the analyses that I present in the year 1950, after which losses of trees to
decomposition was likely low enough to not bias the results of the rest of my analyses.

In chapter 4, I demonstrated how dendrochronological stand reconstruction
techniques can provide data that in some cases are an improvement on those obtained
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from the permanent sample plots that are presently used to monitor forest growth and
stand development. The data presented in chapter 4 are only a small portion of all the
trajectories that could be examined with these data, and were chosen because they
represented some of the common uses to which PSP data are put in forest models. By
adopting these techniques where appropriate, it would be possible to quickly collect
growth and stand development data at an annual resolution, without waiting many years
for re-measurement data from conventional PSPs. Presently, many forest models are
parameterized using periodic data from PSPs, but may not adequately assess the
influence of transient factors like insect defoliation or drought on growth or stand
dynamics. With these data, the influence of these transient factors affecting growth and
stand dynamics (e.g. Wichmann 2001, Hogg et al 2005, Hogg and Wein 2005, Cooke and
Roland 2007) could more thoroughly be assessed and therefore considered in forest
management plans. These techniques are presently ready to be applied in forest
monitoring programs, and the only further suggestion prior to their adoption would
potentially be a cost-benefit analysis that quantifies the additional benefit of annual data,
relative to the additional labour associated with extracting, processing, and measuring
large numbers of increment core samples.

In chapter 5, I examine size and size increment independently. I used the Gini
and Lorenz asymmetry coefficients to quantify their inequality. Previous studies often
attribute changes in size inequality to competition, which should be reflected in variables
quantifying stand development. Changes in the inequality of size increment, however,
have not previously been quantified, and I hypothesized that they would be related to
inter-annual variability in stand level growth rate. The results showed that inequality in
size was in fact well described by changes in stand development. Inequality of size
increment was also related annual growth rate. Size increments were more unequal when
growth rates are low. During low growth rate years, the observed inequality in size
increment was often primarily due to a few trees with large growth rates. I proposed that
size hierarchies are initially established by these small differences in growth during stress
years, and hypothesized that these differences are then magnified by asymmetric
competition during years with normal growth. In this region, the primary selective agents
are likely insect defoliation and drought, and it is likely that these few trees that are able
to maintain high growth rates during stress years are better adapted to these selective
agents.

In chapter 6, I used an index of competition symmetry that quantified the relative
proportionality of size and growth to examine size and size increment concurrently. The
results showed that the asymmetry of competition showed both site specific and temporal
variability. All plots had periods of time when competition was symmetric, some showed
large annual fluctuations in competition symmetry, and a few even had periods of
negative asymmetric competition. Previous studies have shown that variation in growing
conditions can have differential effects on trees of different size classes, and therefore
influence the mode of competition. Based on a review of the literature, I proposed that
variation in precipitation, spring temperatures, and defoliation were the main factors
influencing variation in growing conditions for jack pine in this region, and tested these
variables as predictors of the observed changes in competition symmetry. At most sites,
apart from being related to stand development (changes in age and density), variation in
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competitive asymmetry was actually best predicted by inter-annual variability in the
growth rate, rather than the factors I hypothesized to be associated with variation in
growing conditions. Overall, the results showed that when growth rates increased,
competition became more asymmetric, and that when growth rates decreased,
competition became more symmetric. Though competition may not have reached
symmetry in the absolute sense, these results show that in a relative sense, smaller trees
may perform better during years of poor growth. Competition indices used in many stand
dynamics models generally assign a growth advantage to larger trees, but do not account
for the possibility that smaller trees may in fact perform relatively better in some
circumstances. '

-In chapter 7, I examined changes in the spatial distribution of individuals over
time. Most previous studies suggest that competition should eventually result in a regular
spatial pattern, but this hypothesis wasn’t strictly supported. Modeling studies with
various assumptions about the influence of neighbours on mortality (Kent and Dress
1979, Kent and Dress 1980, Leps and Kindlmann 1987) suggest that only the actual
appearance of regular distributions is suggestive of an influence of neighbours on
mortality, since both dependent and independent mortality cause clustered distributions to
become random. Here, I only found a regular distribution to appear sporadically at one
site. I proposed that this result showed that density-independent factors causing allogenic
mortality (Oliver and Larson 1996) may be equally as important as competition with
neighbours in influencing the spatial dynamics of these stands, particularly after the point
at which the mortality rate has peaked. Similar studies in more stands may elucidate a
small number of spatial development pathways where either competition or one or more
of these other factors dominate at different times in stand development. Presently,
however, the large number of interacting factors that may play a role in influencing these
pathways make it impossible to predict how many exist, which a given stand has
followed in the past or which it might follow in the future.

Taken together, the results of this thesis suggest that even in these simple jack
pine stands, realized patterns of stand development are more complex than what is
predicted by competition alone. In fact, some of the results of different parts of this study
result in contradictory conclusions that are not easily reconciled. This suggests that the
mechanism for explaining the observed differences in competition symmetry, inequality,
and spatial patterns in jack pine requires further study. Weiner and Thomas (1986) noted
that a comprehensive theory explaining changes in competition in relation to stand
development was yet to be discovered. Schwinning and Weiner (1998) further postulated
that this theory would need to explain how episodic inputs and deficits of resources
influence the mode of competition. The factors that influence variation in resources for a
given species differ in different regions (e.g. Hogg et al 2005, Cooke and Roland 2007),
and also within regions for a given species (e.g. van Niejenhuis and Parker 1996). As a
result, I also suggest that such a theory will need to take into account the adaptation of
local plant populations to the selective factors that are most limiting in a given region, as
this is likely what determines when specific resources are in deficit or abundance in a
given area. The periods of time when this resource are in deficit represent the periods
when the ability to compete for this resource are most influential to the variability of
individual growth rates.
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Much residual variability in the growth response in many forest growth and stand
dynamics models is not explained by competition. Inter-annual variation in growing
conditions may be the cause of some of this unexplained variability. To date, it has not
been possible to incorporate such effects into these competition models because most
such studies only measure competition at a single point in time (Burton 1993) and
because data at an annual resolution data on the size and growth of both subject and
competitor trees are not usually available. Tree growth studies quantify competition
effects with various indices (e.g. Lorimer 1983, Tome and Burkhardt 1989, Holmes and
Reed 1991, Biging and Dobbertin 1992, Biging and Dobbertin 1995) that typically
moderately increase correlations between observed and predicted growth rates when they
are used in growth models. The analysis in this thesis showed that the annual growth rate
is an important factor that affects several aspects of the competition dynamics. This
results in a somewhat circular conclusion, since it is usually assumed that competition is
driving growth, and not vice versa. I suggest here that the direction of causality should
potentially be reversed. When growth rates are high, competition between plants
‘becomes more intense. As a result, more focus should be placed on determining what
environmental factors cause growth rate to vary, and less focus on improving how
competition is represented. I also suggest that the observation in many competition
studies that larger trees have a growth advantage does not reveal anything about the root
causes of why some trees are successful and become large and dominant, while other
trees are not successful and become suppressed and eventually die. In some
circumstances, which are associated with years of poor growth, small trees may actually
perform relatively better. Future research on competitive dynamics in boreal forests
should focus on determining the reasons why certain trees initially gain a competitive
advantage and the reasons why size hierarchies are initially established.
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