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Abstract

The scientific understanding of boreal forest stand development and vegetation
dynamics has been well documented with respect to stand-initiating disturbances;
however, the role of subtler disturbance events has received less attention. Two scenarios
that warrant the study of small-scale disturbance in the boreal forest of Ontario include i)
forest management practices and changing climatic factors that range in spatial scale
from local to global are predicted to skew age class distribution of forests towards
mature, oldgrowth stages of development, and ii) during these stages of forest
development, small-scale disturbance is hypothesized to be the major disturbance
mechanism to influence vegetation dynamics. Many principles and methods of the
research that has been conducted on vegetation dynamics and small-scale disturbance in
deciduous temperate and tropical forests can be applied to the boreal forest as a study
system. This thesis attempts to understand vegetation dynamics during intermediate
stages of boreal forest development, with an emphasis on the role of small-scale
disturbance.

The thesis is presented in four chapters that, i) develop the rationale for studying
small-scale disturbances in boreal forests, ii) characterize the extent of small-scale
disturbance in trembling aspen forests, and ii) quantify the effect of small-scale
disturbance on understorey plant communities. Analyses varied considerably among
chapters. Multivariate ordination techniques and average basal area change
measurements were used to assess stand and species dynamics of 217 forests stands
sampled across northeastern Ontario. Relationships between small-scale disturbance with

time since stand initiation (60 — 120 years) of ten trembling aspen were assessed using
ii
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linear models. Juvenile tree recruitment patterns and community changes (woody and
herbaceous plant species) in gaps and understorey environments of five trembling aspen
stands were assessed using general linear models and various multivariate methods.

Consistent patterns in boreal forest stand development include early dominance of
shade intolerant species such as Populus tremuloides and Pinus banksiana, followed by
increasing basal area of shade tolerant conifer species such as balsam fir, black spruce,
and white cedar. Important declines, between 80 and 100 years since stand initiation, in
the basal area of species that dominate the initial post-disturbance cohort point towards
the occurrence of small-scale disturbance (i.e. mortality of mature canopy trees). The
occurrence of such disturbance warrants the investigation of i) how important small-scale
disturbance actually is, and ii) the effect that it has on the vegetation dynamics of
understorey plant communities.

Results from chapter two clearly show that small-scale disturbances are an
important and conspicuous element of forest stand development when trembling aspen
are the dominant tree species. The most important factors that lead to tree mortality
include infection by wood decay pathogens and wind. The increasing number of gap
makers per gap, and number of gap maker decay classes per gap with time suggests that
gap expansion, resulting from punctuated disturbance events is an important mechanism
of gap formation. Snapped gap makers, followed by standing dead and uprooted gap
makers were the most important structural attributes of gaps, and their relative
importance remained similar with time.

Despite the importance of small-scale disturbance during 95-120 years since stand

initiation, juvenile tree recruitment patterns and plant community response to gap

iil
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environments of different sizes and ages was negligible. There was no detectable
difference in stem density and growth of all important juvenile tree species (including
Abies balsamea, P. tremuloides, Picea mariana, Picea glauca, and Betula papyrifera)
when compared among gap environments and the closed canopy understorey condition.
Similarly, understorey plant communities showed no difference when compared among
different gap types. High across-stand variability in community composition limited the
ability to detect consistent compositional trends with respect to gap size and age.
However, regardless of gap type, slight increases in species richness and abundance were
detected for understorey woody species of heights between 2 and 5 m.

The effect of small-scale canopy tree mortality on understorey plant communities
in trembling aspen dominated forests is minimal. This is in contrast to predictions that
were made based on expectations from the role of small-scale disturbance dynamics in
temperate and tropical forests. Based on the results of this thesis, future studies of boreal
forest development and understorey vegetation dynamics should consider i) the
establishment mechanisms of shade tolerant conifer species such as 4. balsamea during
early stages of forest development, ii) minimal gap sizes that facilitate growth of shade
intolerant tree species that are taller than two metres, and iii) appropriately replicate

different understorey community types.

iv
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General Introduction

The ability to accurately predict vegetation dynamics is a major goal of plant
ecology and has been an important area of research for over a century. Although accurate
long-term predictions of vegetation change can be a daunting task, four important steps
must be achieved to consider a model of vegetation dynamics successful, these include: i)
identifying important patterns of temporal change in species composition at different
spatial and temporal scales, ii) hypothesizing reasons for observed changes, iii) accepting
or eliminating hypothesized reasons for change based on the results from appropriate
natural or manipulated experimental designs, and iv) creation of a predictive model for
vegetation dynamics using the accepted hypotheses responsible for change. The four
chapters of this thesis address the first three steps of this conceptual model.

Despite the formalization of the term ‘gap-phase dynamics’ by Richards (1952),
the paradigm emerged as an important concept in the disciplines of forestry and forest
ecology during the early twentieth century. Whitmore (1995) quoted research into the
role of gap creation on recruitment patterns of plants as early as the 1920s. Currently the
gap dynamics concept is used in the context of soil and vegetation processes to predict
forest sustainability where stand replacing disturbances are uncommon. Empirical
research that corroborates the concept is limited in scope for boreal forests. However, the
literature is well-established for tropical and temperate forests where studies have been
conducted since the mid-1970s and 1980’s respectively (Whitmore, 1974; Denslow,
1987; Runkle 1981, 1982; Brokaw, 1985, 1987; Lawton and Putz, 1988). Recent studies
of gap disturbance have been expanded and tested in other forest regions including

temperate coniferous forests (Lertzman and Krebs, 1991; Spies et al., 1990) and
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subalpine spruce-fir forests (Foster and Reiners, 1986; Battles and Fahey, 2000;
Bartemucci et al., 2002). Only a few studies in boreal forests have attempted to address
the role of gap disturbance on vegetation dynamics (Kneeshaw and Bergeron, 1998;
Cumming et al., 2000; Liu and Hytteborn, 1991; Kuuluvainen et al., 1998; Drobyshev,

1999).

Similarity of results among studies, particularly those occurring in tropical and
temperate forests, has lead to the expansion of gap-phase dynamics as an important
pedagological tool for understanding processes and mechanisms that are responsible for
forest stand dynamics. The ecological principles involved in the understanding of gap-
phase dynamics are conceptually quite simple: the death of a dominant canopy tree or
group of trees will increase the availability of otherwise limited resources (including but
not limited to light, nutrients, and space) (Denslow, 1987). The release of limited
resources in canopy gaps creates a different environment juxtaposed with the intact forest

matrix, the former is predicted to facilitate the establishment and growth of juvenile trees.

The successful colonization of a juvenile tree species into the canopy can be
generalized into three major stages: initial colonization, establishment, and growth. All
stages depend on the expression of adaptive traits (e.g. niche partitioning theory) and a
certain degree of chance (e.g. recruitment limitation). The colonization stage is
characterized by the ability of a species to take advantage of a newly created gap
environment. Juvenile trees can be present as advanced regeneration (present prior to gap
creation in the understorey of the existing forest matrix, typical of shade tolerant trees),
seeds, or vegetative sprouts. The major factor that limits successful colonization is

dispersal of plant propagules; gap colonization will favour those species with an abundant
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seed-source (either in soil, or from adjacent parental trees), vegetative propagules (either
in soil, or from adjacent parental trees), or advanced regeneration. After successful
colonization into a gap, a juvenile tree must become established. During this stage,
unfavourable microsite conditions are the major limiting factors towards movement into
the growth stage. The interaction between dispersal limitation and unfavourable
microsite conditions has been termed recruitment limitation and is a major antagonist of
using gap dynamics theory to explain tree species coexistence, particularly in diverse
tropical environments (Brokaw and Busing, 2000). Following successful colonization
and establishment, juvenile stems are subjected to growth limitations. Intra- and inter-
specific competition, herbivory, and fungal infection are only a few major obstacles that
must be overcome to complete the stages that are involved in successful gap filling.
Within the gap-phase dynamics framework, non-adaptive traits or simple bad luck will
substantially impair the successful colonization of a juvenile tree into gap environment,

and subsequently the forest canopy.

In the boreal forest, the gap-phase dynamics framework has been largely ignored
as a method for understanding forest stand dynamics (McCarthy, 2001). One reason for
this neglect is that the large-scale and frequent occurrence of fire in the boreal forest
plays a major role in structuring many forest communities (Heinselman, 1981; Johnson,
1992). A review of gap dynamics (McCarthy, 2001) and conference proceedings of
disturbance dynamics in the boreal forest (Bergeron et al., 1998) suggest that more
research into the role of small-scale disturbances such as canopy gap formation should be
pursued in the boreal forest. This is paramount considering i) fire return intervals (i.e. the

time between fire occurrences) is predicted to increase in northeastern Ontario (Bergeron
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and Archambault, 1993; Bergeron et al., 2001) and ii) fire suppression since the 1950’s
across many regions of Ontario, including the northeast, has resulted in forests that are
mature (Carleton, 2000). Both of these processes act to skew the distribution of age
classes towards that of mature (over-mature or oldgrowth ) forests. During this stage,
small-scale disturbance is expected to become the major factor influencing vegetation
dynamics (Oliver and Larson, 1990). Since the conceptual framework associated with
the gap-phased dynamics is relatively simple, testable hypotheses (similar to those
developed in temperate and tropical forest regions) of individual species response and

community structure in gap environments can be developed.

Gap-phase dynamics are typically used to understand the stand dynamics of tropical
and temperate forests because the low occurrence of stand-replacing disturbance results
in forests in mature developmental stages (Oliver and Larson, 1990). There are inherent
differences in the way the concept can be applied to boreal forests. In this thesis I
examine the role of small-scale disturbance in forests that dominate subsequent to fire i.e.
forests that are not usually considered to be oldgrowth. The thesis is broken into four

chapters that explore the following research questions:

1) What are the stand and species dynamics of eight common eastern boreal forest

types?

2) What are the characteristics of gap creation at the forest stand-level and individual
gap level, and how are gaps created in trembling aspen dominated forests?

3) How do gaps influence the recruitment and growth of different juvenile tree

species in trembling aspen dominated forests?
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4) Are herbaceous and woody plant communities resistant to the effects of gap

creation in trembling aspen dominated forests?
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Chapter 1

Stand and species dynamics of common boreal forests in northeastern
Ontario

Abstract

Forest succession has received little attention in the boreal forest compared to the
study of vegetation dynamics following stand-replacing disturbance. A large-scale study
of various boreal forest types was completed to gain insight into the spatial and temporal
succession patterns of forest stands and common tree species. The objectives were to
determine the consistency of successional patterns of forest stands when grouped by
dominant canopy species, and to explain stand dynamics based on the average changes in
species basal area as a function of time since fire. In northeastern Ontario 217 forest
stands were randomly selected using forest resource inventory (FRI) maps. Basal area of
canopy trees was estimated at two time periods using either aerial photographs or ground
sampling. Aerial photographs were used to estimate basal areas (in 1946, 1947, 1949,
1961, 1963, or, 1972) and cruise transects were used to estimate current basal areas
(during 2000 and 2001). Basal area sampling from aerial photographs was accomplished
by delimiting a 2 ha plot around historic cruise transects. The 2000 and 2001 cruise
transects were located within the 2 ha plots that were delineated on historic aerial
photographs. Eight forest types were identified based on species dominance including
trembling aspen, white birch, jack pine, black spruce, white cedar, hardwood dominated
mixedwoods, conifer dominated mixedwoods, and pure mixedwoods. Nonmetric

Multidimensional Scaling (NMS) ordination techniques were used to infer successional
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patterns of the forest types based on a space for time substitution approach, and a time
series approach. Individual species dynamics were inferred from qualitative descriptions
of the average growth function of important tree species in each forest type with respect
to time since fire. The results indicated that when fire is absent for long periods of time,
succession does occur in northeastern Ontario. The general successional trend is that
trees that dominate after fire decline over time resulting in the formation of mixedwood
forests. The two most distinct patterns of succession involved 1) the replacement of
trembling aspen by mixedwood forest composed of species such as balsam fir, white
birch, and white cedar and ii) the replacement of jack pine by black spruce. The variable
changes in other forest types can be attributed to demographic complexity in black spruce
forests, facilitation of shade intolerant species via gap processes in white cedar forests,

and compositional evenness in mixedwood and conifer mixedwood forests.

Introduction

Fire plays a major role in structuring vegetation patterns in Canada’s boreal forest
(Johnson, 1992; Heinselman, 1991; Bergeron ef al., 1998). Following fire, development
of forest stands can be generalized by three typical successional stages: i) an initial stage
dominated by shade intolerant species, ii) a mixed wood stage with equal dominance of
shade intolerant (hardwood and conifer species) and shade tolerant conifer species, and
iii) a final stage dominated by shade tolerant conifer species (Bergeron and Dubuc, 1989;
Bergeron, 2000). The initial post-fire cohort is usually dominated by species such as jack
pine (Pinus banksiana Ait.), trembling aspen (Populus tremuloides, Michx.), and white

birch (Betula papyrifera Marsh) that have evolved fire-adaptive traits such as serotinous
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cones, vegetative root suckers, and vegetative basal sprouts respectively (Burns and
Honkala, 1990a,b). The intermediate mixed-wood stage occurs when the initial post-fire
cohort begins to decline and is characterized by a transition phase dominated by shade
intolerant and shade tolerant species. The shift in dominance occurs as a result of either
colonization of the shade tolerant species with the shade intolerant species following
disturbance, or colonization via a mechanism of facilitation (Connell and Slatyer, 1977)
under the canopy of shade intolerant species. Shade intolerant species such as trembling
aspen can contribute small numbers of offspring during this stage of development if
canopy gaps are large enough (Bergeron, 2000). The third stage of development is
characterized by dominance of shade tolerant species such as balsam fir (4bies balsamea
Mill.) and white cedar (Thuja occidentalis L.) (Bergeron and Dubuc, 1989; Bergeron,
2000). In eastern boreal forests, spruce budworm outbreaks become the major
disturbance influencing vegetation dynamics when species such as balsam fir become
dominant (Bergeron et al., 1995).

Forest dynamics operate on time scales that are much longer than the typical
three-five year long research projects or even the expected age of a life-long scientific
investigator. As a result forest ecologists rarely have the time and resources to gather
time-series empirical data to show actual changes in species composition over
successional time. In cases where long-term studies do exist, there is very little or no
replication of samples. Methods such as “space for time substitution” have been
developed to accommodate the problems associated with long-term studies (Pickett,
1989). The chronosequence approach, a common “space for time” method, provides

information on average trends in forest dynamics by comparing geographically adjacent
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spatial composition patterns of forests that have similar, but punctuated, disturbance
histories (Pickett 1989). Overall the “space for time” method has been accepted by the
peer-reviewed literature, as many published studies use this approach, and has been
shown to be consistent with stand reconstruction data for boreal forests in northwestern
Quebec (Bergeron, 2000). However, the efficacy of “space for time” substitution is
rarely tested with actual time series data (but see Foster and Tilman, 2000). The accurate
interpretation of long-term dynamics using “space for time” methods such as the
chronosequence approach depends, among other factors, on the consistency of
mechanisms that affect forest stand development and consistency of species temporal
dynamics across the landscape. Therefore, the chronosequence approach will be more
appropriate for inferring the long-term dynamics of forest stands that exhibit these
characteristics.

Analysis of long-term survey records (forest resource inventory, FRI) and
periodic aerial photographs are two approaches used to quantify canopy change in forest
environments (Fensham and Fairfax, 2002). By comparing spatial patterns in tree
composition at sites of different times since fire with these data, one can test the accuracy
of using only spatial data to interpret successional patterns of forest communities. The
main objective of this study was to use long-term surveys and aerial photographs to test
the efficacy of using spatial data to predict successional trends in boreal forest stands in
northeast Ontario. In this study both time-series and spatial data were used to infer the

consistency of stand and species dynamics across the study region.
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Methods

Site description

For this study 217 forest stands of various canopy compositions were selected in
Ecozone 3E (Hills, 1959) in northeastern Ontario (Fig. 1.1). Stands were sampled
randomly according to a stratified design using the factors of age class, cover type, and
site condition. Only age class and cover type were considered in this study. Absences of
stand-replacing disturbance such as fire and/or clear-cutting, and convenient accessibility
were the main criteria by which fqrest stands were selected. Ecozone 3E is located
within the Missinaibi-Cabonga section of the boreal forest (Rowe, 1972). Forest resource
inventory (FRI) and aerial photographs are available for this region since the mid-1940s.
The most common and abundant tree species include black spruce (Picea mariana (Mill.)
BSP.), white birch, white spruce (Picea glauca (Moench) A. Voss), trembling aspen, jack
pine, balsam fir, and white cedar (Table 1.2). Species that were less frequent and
contributed small basal area included larch (Larix laricina (Du Roi) K. Koch), balsam
poplar (Populus balsamifera L.), red maple (Acer rubrum L.), white pine (Pinus strobus
Ait.), red pine (Pinus resinosa L., and willow (Salix spp.) (Table 1.2).

This region has a relatively homogenous landscape. Major topographic features
resulted from glacial deposits during the past ice age approximately 10000 years ago and
soil orders include luvisols, podzols, and gleysols that are imperfectly to well-drained
(Baldwin et al., 2000). Summers are warm and short while winters are long and cold,
with mean January and July temperatures —16°C and 24°C respectively (Canada Climate
Normals 1961 — 2000). The average annual temperature for Timmins, Ontario is 1.2 °C

and the average annual precipitation is 873 mm (Canada Climate Normals 1961 — 2000).
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Figure 1.1 Study area with sample forest stand locations in Ecoregion 3E (47°45° —
49°30° N, 80°40° — 85°00° W), northeastern Ontario.
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Data collection

Basal area of canopy trees for each forest stand was sampled twice using
estimates from either aerial photographs or cruise transects. The initial samples were
associated with years when FRI took place in 1946, 1947, 1949, 1961, 1963, or 1972.
The same forests were then sampled a second time in 2000 or 2001 using cruise transects.
For each forest stand, the same cruise line location from historic forest stand samples was
used. Historic cruise lines were marked on more recent aerial photos with the
corresponding data from FRI maps and were located on the ground by using their relative
position to conspicuous landmarks. All stands were naturally established, presumably
from wildfire and without a history of harvesting and other anthropogenic disturbances.

Sampling of forest stands using the aerial photographs (scale was 1:15,840)
involved marking a 200 m x 100 m (2 ha) quadrat centred on the historic cruise transect.
Species and their relative cover were estimated by eye and then basal area estimates were
calculated based on site stocking (Zsilinszky, 1963; Paine, 1981). Sampling of forest
stands on the ground (during 2000 and 2001) involved using cruise transects. In each
sample forests, one 200 m long transect with 10 stations that were 20 m apart was used to
sample the basal area (m*ha) of canopy trees. At each sample station along the transect a
wedge prism with a basal area factor of 2 was used to estimate basal area and tree species
composition (OMNR, 1978). The prism’s basal area factor estimates the basal area
(m?ha) that each tree contributes to the overall stand. For example in the present study,
each tree counted in the prism sweep contributes 2 m? of basal area per hectare to the
overall stand estimate. Trees were included only if the refracted prism image and the

actual stem were not completely split.
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Age of dominant tree species was used to estimate the time elapsed from the last
major stand-replacing disturbance (Bergeron, 1991). In each 2 ha plot the three largest
dominant canopy stems were cored at 1.3 m above. Cores were assessed in the field to
ensure that age would not be obscured by the absence of pith. Trees that exhibited
obvious signs (e.g. fire scars) of surviving stand-replacing disturbance were not sampled.
Shade intolerant species such as jack pine, white birch, and trembling aspen were
sampled even if they were not the dominant canopy species as they give better estimates
of stand age (Bergeron, 1991). If any of the cored trees were affected by disease or rot,
another stem was selected. Age was later determined by manually counting annual
growth rings using a dissecting microscope. The estimated ages were then corrected for
time to reach breast height using the methods described in Vasilauskas and Chen (2002)
and then averaged for a time since fire estimate of stand age.

Inconsistencies between sampling methodology (cruise transect vs. aerial
photography) could cause interpretation errors in succession dynamics. To test this,
sampling methodology was compared using a subset of the data (N = 39 forest stands).
For each forest stand, relative canopy composition was estimated from an aerial
photograph sample and a cruise transect sample. In all cases, cruise transect samples
were completed within 1 or 2 years of when the aerial photo was taken. The relative
composition of each stand (using both methods) was reduced to a two-dimensional
ordination space using Non-metric Multidimensional Scaling (McCune and Grace, 2002).
The difference between forest stand Axes scores for each sampling technique was then
compared using a confidence interval approach (Stefano, 2004). If the null hypothesis is

not rejected (confidence intervals overlap zero), regardless of sampling technique, an
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individual forest stand will be represented in the same region of the ordination space. An
acceptable level of variation was also defined by assuming that differences greater than
0.1 or less than —0.1 in the ordination space would cause misinterpretation of stand
composition (therefore, confidence intervals should be within the bounds of 0.1 and —
0.1). From the data subset, error between sampling techniques was not significant and
was within the range of acceptable variation (Table 1.1). The mean difference and 95%
confidence interval between Axes 1 and 2 scores was 0.03 + 0.05 and —0.01£ 0.06
respectively. Since the confidence intervals overlapped zero and were well within the 0.1
and -0.1 limits, estimates of forest stand composition using aerial photograph and cruise
transect methods are consistent. Therefore, trajectories that are reported from the
ordination space are assumed to represent succession dynamics at the forest stand scale,
and not variability caused by inconsistencies with sampling methodology.

Table 1.1 Measurement error of forest stand composition using aerial photograph and
cruise transect sampling techniques estimated from 39 forest stands. Values represent
forest stand scores in a two-dimensional Non-metric Multidimensional Scaling ordination
space. Differences between techniques that are greater than or less than 0.1 or -0.1

respectively, would likely cause error in interpreting correct stand compositions in the
ordination space.

Sampling Method
NMS  Aecrial Photo (N= Cruise Transect (N= .. 95%Cl1 95%ClI
Axis 39) 39) Difference Lower Upper
Mean SD Mean SD
Axis 1 -0.01 0.80 0.01 0.80 0.03 -0.02 0.08
Axis 2 0.00 0.60 0.00 0.63 -0.01 -0.07 0.05

Note: SD = standard deviation
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Table 1.2 Species basal area (m%*ha + 1 standard error in brackets) of hardwood dominated and associated
forests at initial sample periods (summed for all periods 1946, 1947, 1949, 1961, 1963, and 1972) and second
sample periods (summed for 2000 and 2001) located in northeastern Ontario.

Trembling aspen White birch dominated Hard'wood Pure mixedwood
dominated forests forests . dominated forests
(N = 41) (N = 16) mlxed(vlzogci ;'orests (N=6)

initial final initial final initial final initial final
P. mariana 0.7(0.3) 1.6(0.5) 0.9 (0.4) 1.7 (0.6) 1.6(1.0) 7.5M@2) 20(0.4) 3.42.0)
B. papyrifera 2.4 (0.5) 3.4(0.5) 8.3(1.5) 12.1(1.0) 62(19) 7.8(09) 4.1(1.2) 9.1(2.6)
T. occidentalis np 0.7 (0.4) 0.2 (0.1) 3.6 (0.5) np 0.5(03) 0.4(0.3) 1.8(0.9)
P. tremuloides 13.2 (1.1) 16.2 (1.3) 1.0 (0.3) 1.7 (0.6) 692.1) 89(2.3) 15(0.5 3.2(.1)
P. banksiana 1.8(0.4) 2.7(0.8) 0.3(0.2) 0.6 (0.5) 0.6(0.6) 1.1(0.7) 0.6(0.5 1.0(0.7)
A. balsamea 03 (0.2) 2.6 (0.4) 0.6 (0.2) (0.8) 0.6(0.6) 2004 20(1.0) 2.4(0.9)
P. glauca 0.4(02) 1.5(0.2) 0.7 (0.3) 1.0 (0.3) 1.3(1.3) 2.1(0.5) 0.6(04) 2.1(0.9)
L. laricina np np np np np np np np
P. balsamifera np 0.6 (0.3) np 0.7 (0.5) np - np np 0.4 (0.4)
A. rubrum np np np 0.3(0.2) np np 0.3(0.3) 0.3(0.3)
P. strobus np 0.01(0.01) np np np 0.1 (0.1 np 0.2(0.2)
P. resinosa np np np np np np 0.4(0.4) 0.1(0.1)
Salix sp. np np np 0.1(0.1) np np np np

note: np = not present
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Table 1.2 cont. Species basal area (m*ha + 1 standard error in brackets) of conifer dominated and associated
forests at initial sample periods (summed for all periods 1946, 1947, 1949, 1961, 1963, or 1972) and final
sample periods (summed for 2000 and 2001) located in northeastern Ontario.

Jack pine dominated  Black spruce dominated White cedar Conifer dominated
forests forests dominated forests mixedwood forests
(N=44) (N =62) (N =13) (N=31)
initial final initial final initial final initial final
P. mariana 1.7(0.5) 5.2(1) 18.3(0.8) 20.3(1.2) 3.8(1.2) 3.1(1.1) 5.6(09) 6.6(1.0)
B. papyrifera 0.9(0.2) 1.4(0.3) 0.8 (0.2) 1.2 (0.3) 1.7 (0.6) 2.8(0.6) 24(0.4) 4.1(0.8)
T. occidentalis np 0.01(.01) 0.1(.03) 3.0(.1) 19.8(2.4) 28.4(3.8) 2.3(0.8) 5.5(1.8)
P. tremuloides 2.3 (0.4) 4.7 (0.8) 0.3(0.1) 0.6 (0.2) np 0.1(0.1) 1.2(0.3) 2.1(0.6)
P. banksiana 14.8 (0.9) 20(1.7) 1.3 (0.3) 1.1(0.4) np 02(0.2) 34(0.8) 3.1(0.9
A. balsamea np 1.4 (0.3) 0.7(0.2) 0.7(0.01) 1.9(0.8) 04(0.1) 22(0.5) 1.2(0.3)
P. glauca np 0.4 (0.1) 0.1 (0.1) 0.3 (0.1) 0.4(0.3) 0.8(03) 0.6(0.3) 1.2(0.3)
L. laricina np 0.1(0.1) 0.4 (0.2) 0.7 (0.2) 0.5(0.4) 02(0.2) 09(.6) 1.1(0.9)
P. balsamifera np 0.01(0.01) np 0.1(0.1) np 0.03(0.01) np 0.04 (0.02)
A. rubrum np np np 0.01(0.01) np np np 0.03 (0.02)
P. strobus np np np 0.02(0.01) 0.2(0.2) 03(0.2) np 0.01(0.01)
P. resinosa np np np 0.003 (0.003) 0.2 (0.2) np np 0.04 (0.03)
Salix sp. np np np np np np np np

nole: np = not present



Data analysis

Forest stands were divided into eight groups based on dominant canopy
composition (Table 1.2). Stand groups that were dominated by individual species were
those where the relative basal area of the dominant species was greater than or equal to
65%. The stands grouped as hardwood- or conifer-dominated mixedwoods had basal
areas of the respective group that was greater than or equal to 65%. Stands were grouped
as mixedwood forests if the hardwood and conifer basal area was 50% for both.

Nonmetric Multidimensional Scaling (NMS) was used to ordiﬁate the initial basal
area samples of canopy species. The results of the ordination were used i) in a
chronosequence approach to infer qualitative successional trajectories based on the
correlation of the major ordination axes with canopy species and time since fire (gradient
analysis of species composition) and ii) to calibrate a model to fit the second samples.
The method involves a hierarchical search for the point in the ordination space of the
calibrated model that maintains the lowest possible stress for the overall ordination model
(McCune and Grace, 2002). PCOrd v. 4.0 flags sample points that cause the ordination
to go above an apriori determined stress level. Typically these points should be removed
from the analysis as they potentially represent some problem with sampling error
(McCune and Grace, 2002); however after determining this wasn’t the case, flagged
points were assumed to represent sample stands that underwent dramatic change in
canopy composition or species basal area. The difference vector between initial and final
sample scores in ordination space was used to determine the general direction and
magnitude of change in sample forest canopy compésition. To clearly show direction of

forest stand change in reduced species space, the distance measures between the two
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sample years were standardized to a common point by subtracting the original position
coordinates (initial sample of canopy species basal area) from the changed coordinates
(second sample of canopy species basal area).

Fitting the second canopy composition samples to the calibrated‘rnodel allowed a
comparison of change in ordination space from the forest stand’s original position in the
initial ordination. No change in species basal area between the sample years will result
no change in ordination space and therefore be directionless. On the contrary, individual
species basal area changes between sample periods will be represented by changes in
ordination space towards forest stands with similar canopy composition. If succession of
forest stands is consistent across northeastern Ontario, then the trajectories of change
predicted by the chronosequence approach and the actual time series approach will be
consistent.

Analysis of individual species dynamics was exclusive to the ordination
procedures and involved calculating the average growth function (stand level basal area)
of important species with respect to time since fire (TSF). The procedure is described in

more detail below (see species composition patterns with time).

Gradient analysis of species composition

NMS was used to reduce the 217 sample stands to a lower dimensional species
space. McCune and Grace (2002) suggested that NMS should be the ordination of choice
when analyzing community data. This method of ordination uses iterative rank
differences to reduce complex multivariate data sets. The iterative randomization of

sample sites in lower dimensional species space attempts to maintain the original rank of
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reduced distances and original distances (described by the term stress), preserving
biologically important relationships among sample sites (Clarke, 1993). The “slow and
thorough” autopilot algorithm was chosen in the NMS ordination selection using the PC
Ord v. 4.0 software package (McCune and Mefford, 1999). This autopilot method uses
the default setting of 400 maximum iterations, has an instability criterion of 1.0 x 107,
steps down from 6 ordination axes to 1, uses 40 real runs, and 50 randomization runs.
The NMS algorithm suggested a 2 dimensional ordination solution, as stress in higher
dimensions was not significantly reduced. Species samples wefe standardized using the
arcsine square root function and all ordinations were run using Sorensen distance
measures. Although NMS is a non-parametric ordination technique, standardization of

sample data does impact the calculations for species distance measures (McCune and

Grace, 2002).

Species composition patterns with time

Individual species change for each forest type was evaluated by calculating the
average change in basal area of sample forests on a decadal scale. As each forest was
sampled twice, the rate of change of individual species basal area (m2ha™'yr'") between
the two years was used as an estimate of species change. I made the assumption that the
growth function of individual species between the two sample years is linear. Therefore,
if a species increased in basal are