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Abstract
Over the past two centuries, atmospheric carbon dioxide (CO2) concentrations have
increased due to anthropogenic activities. In addition, global temperatures have also been rising
and are expected to continue to increase into the next century. Southern Ontario, Canada is
predicted to experience increasing temperatures and decreasing amounts of growing season
precipitation in the coming decades. Silvicultural techniques, such as variable retention
harvesting (VRH), are a possible method to aid in climate change mitigation and increase forest
carbon sequestration. The aim of this study was to determine the impacts of VRH and climate
change on the growth and carbon sequestration of red pine (Pinus resinosa) plantation trees in
southern Ontario, Canada, using a randomized design in which five harvesting treatments
(unharvested control (CN), 33% aggregated crown retention (33A), 55% aggregated crown
retention (55A), 33% dispersed crown retention (33D), and 55% dispersed crown retention
(55D)) were applied.
In order to assess the climatic drivers of growth and the impact of VRH on red pine
growth, dendrochronological methods and allometric growth equations were utilized. The main
climatic drivers of tree growth are May-July standard precipitation evapotranspiration index with
3-month memory (SPEI3), growing season average maximum temperature between the months
of May to August, and total precipitation in May and June. Analysis of tree growth following
VRH, indicates that dispersed retention is the only treatment that led to changing growth
response to climate post-harvest. VRH was found to facilitate growth, annual biomass, carbon
content, and carbon sequestration, but only in dispersed treatments. The highest increase in
growth was seen in the 33D treatment, whereas aggregated treatments showed diminished
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growth post-harvest. Finally, exterior trees within aggregated treatments showed significantly
higher growth and carbon sequestration when compared to interior trees.
These results suggest that dispersed treatments are the optimal choice when the goal of
VRH is to increase growth and carbon sequestration of red pine plantation trees. This work adds
to our understanding of the effectiveness of VRH on above-ground carbon sequestration in a
common afforestation species in the Great Lakes region, which will ultimately aid in informing
future forest management practices in southern Ontario.
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Chapter 1
Introduction
1.1 Study Context
Atmospheric carbon dioxide (CO2) emissions have been rising since the beginning of the
Industrial Revolution, mainly due to anthropogenic activities (Le Quéré et al., 2018; Bush et al.,
2019). Prior to the Industrial Revolution in the mid-1700s, atmospheric CO2 concentration was
approximately 280 ppm, which has since increased to approximately 411 ppm (Dlugokencky &
Tans, 2018; Lindsey, 2018; Scripps Institution of Oceanography at UC San Diego, 2020). It is
well known that forests play a role in offsetting CO2 emissions by taking up CO2 and utilizing it
for various metabolic processes through the process of photosynthesis (Unwin & Kriedemann,
2000; Pan et al., 2011). Depending on the climate change mitigation techniques utilized and CO2
emission reductions in the coming years, the global atmospheric CO2 concentration will be
between CO2-equivalent concentrations of 430 ppm to >1000 ppm by the end of the century
(IPCC, 2014; Lindsey, 2018). In addition to this, recent studies have found that despite the
increasing concentrations of atmospheric CO2, many forests are becoming more efficient in their
water use, but are not increasing in growth and utilizing this abundance of CO2 (Andreu-Hayles
et al., 2011; Peñuelas et al., 2011; Giguère-Croteau et al., 2019). Fortunately, current research
has suggested that silvicultural practices are a possible solution to stimulate growth and increase
carbon sequestration in forests (Montgomery et al., 2013; Palik et al., 2014; Roberts et al., 2017).
The use of silvicultural practices to influence forest productivity and aid in climate
change mitigation efforts have increased in recent decades as these practices are designed to
optimize growth (De las Heras et al., 2013). Variable retention harvesting (VRH) is a
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silvicultural practice that uses varying spatial patterns and intensities of retention to maintain
structural elements of harvested stands in order to improve or maintain structural complexity,
biodiversity, and carbon sequestration (Franklin et al., 1997; Sullivan et al., 2001; Powers et al.,
2010; Dwyer et al., 2010). These spatial patterns often include aggregated circular patches of
undisturbed forest, even and uniform dispersal, or a combination of both (Figure 1.1). VRH has
also been utilized as an approach to maintain or develop higher levels of carbon storage within a
forest (Nunery & Keeton, 2010), and thus to sequester more atmospheric CO2. When studying
VRH, this increased sequestration and accompanied increase of growth varies from study to
study and seems to depend on factors such as tree species, climate, and even the spatial pattern
and level of retention used.

(A) Unharvested Control

(B) Dispersed Crown Retention

(C) Aggregated Crown Retention

Figure 1.1: Spatial patterns of variable retention harvesting including: (A) an unharvested
control, (B) dispersed crown retention that results in even and uniform dispersal of the forest,
and (C) aggregated crown retention that results in circular patches of undisturbed forest.

Differing retention levels and spatial retention patterns have been increasingly studied in
the past two decades (Heithecker & Halpern, 2006; Aubry et al., 2009; Powers et al., 2010;
Montgomery et al., 2013; Palik et al., 2014; Roberts et al., 2016). Dispersed retention results in
more uniformly spaced forests, whereas aggregated retention results in clusters of undisturbed
forests (Aubry et al., 2009). Many studies have found that when retention levels are as low as
15%, regardless of spatial retention, the impacts on plant growth as well as plant and animal
2

biodiversity are very similar to clearcutting (Heithecker & Halpern, 2006; Aubry et al., 2009). In
general, VRH increases growth when compared to unharvested stands (Roberts & Harrington,
2008; Powers et al., 2010). The retention level that results in optimal growth with the least
amount of residual tree mortality is less certain (Heithecker & Halpern, 2006), but less mortality
tends to occur with increasing retention levels (Maguire et al., 2006). It has been found that when
compared to higher levels of retention, lower levels of retention result in greater tree death, but
faster growth (Xing et al., 2018). Other studies analyzing the effect of VRH have also found that
forest productivity tends to decrease in the short-term following a harvest, but that total carbon
sequestration is stimulated in the medium- to long-term (Davis et al., 2009). This may be due to
the period it takes for forests to fully acclimate to the changes in light gradients and leaf
morphologies (Powers et al., 2010). The goals of VRH will determine the best retention pattern,
but generally dispersed and aggregated patterns have been found to not greatly differ from one
another (Montgomery et al., 2013; Palik et al., 2014). Within aggregates themselves, if edge
effects are not too severe (Aubry et al., 2009), exterior trees tend to experience an increase in
resource availability and thus increased growth (Roberts & Harrington, 2008; Powers et al.,
2009; Powers et al., 2010). Although this demonstrates that VRH is a useful management
technique for increasing forest growth and carbon sequestration, there is a further need for
investigation into this topic and its impacts.
The ability to use tree rings to analyze and reconstruct past climate can be attributed to
their annual resolution and reliability as proxy data (Esper et al., 2002). Tree-ring analysis can
thus be used to assess long-term trends in growth (Peters et al., 2015), which are often influenced
by climatic parameters such as temperature, precipitation, and drought conditions. It is important
to understand the specific climate for the trees of interest as differing climatic conditions will
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influence tree growth differently (Dannenberg et al., 2020). There have been several studies of
climate-growth relationships at plantation sites in the Great Lakes region using tree rings. These
studies have shown that air temperature is a major factor for growth of white pine plantations
(McKenzie et al., 2018). In ecologically similar red pine forest stands, growing season total
precipitation and mean temperature were important climate controls of tree growth across
Ontario (Sharma & Parton, 2018). Further west, along the Minnesota and Ontario border, the
climatic drivers of growth in red pine chronologies includes summer precipitation (June/July),
and summer Palmer Drought Severity Index (PDSI) (Kipfmueller et al., 2010). Despite slight
geographical differences, these studies demonstrate the importance of climate parameters such as
mean temperature and precipitation during the growing season months in the Great Lakes region.
In addition to understanding the current climate, it is important to understand how climate
is predicted to change as this will aid in understanding how tree growth may be impacted in
southern Ontario. On a global scale, it has been projected that near the end of the 21st century the
global climate will increase by 1°C under a low emission scenario to 3.7°C under a high
emission scenario, when compared to 1986-2005 levels (Flato et al., 2019). It is noted that either
of these scenario changes are more substantial than the 0.6°C change that occurred from 1850 to
the reference period of 1986-2005 (Flato et al., 2019). Currently, Canada’s surface warming is at
a rate more than twice of the global rate, which can be attributed to processes such as increased
solar absorption through the loss of snow and sea ice (Flato et al., 2019). In Canada, several
climate model scenarios, Representative Concentration Pathways (RCPs), have been developed
to predict these future climatic changes due to the uncertainty of human activity. RCP2.6 is a low
emissions scenario, which would require rapid action in diminishing human emissions in order to
reach these predicted levels by the end of the century (Flato et al., 2019). In contrast, RCP8.5 is a

4

high emissions scenario, which represents continued growth in CO2 and other greenhouse gas
emissions (Flato et al., 2019).
Under the RCP2.6 scenario, it is predicted that in Canada temperature will increase by
approximately 1.8°C and that Ontario will increase by approximately 1.7°C by the end of the
century when compared to measured values from 1986-2005 (Zhang et al., 2019). In comparison,
under the RCP8.5 scenario it is predicted that Canada’s and Ontario’s temperature will increase
by approximately 6.3°C by 2100 (Zhang et al., 2019). Predictions for changes in annual mean
precipitation show similar increasing trends. Under the RCP2.6 scenario, precipitation is
predicted to increase in Canada by approximately 6.8% and that Ontario will increase by
approximately 5.3% by the end of the century when compared to measured values from 19862005 (Zhang et al., 2019). In comparison, under the RCP8.5 scenario it is predicted that annual
precipitation in Canada will increase by 24.2% and in Ontario it will increase by 17.3% (Zhang
et al., 2019). It is noted that the precipitation predictions are annual, but if only summertime
precipitation was considered the changes would be near zero for Canada by the end of the
century (Zhang et al., 2019). This is due to the offset of differences between northern Canada,
which is expected to have large percent increases in summer precipitation, and southern Canada,
which is expected to have large percent decreases in summer precipitation (Zhang et al., 2019).
These climatic predictions present trends of rising temperatures and decreasing precipitation
during the growing season in southern Ontario’s future. Knowing these predicted trends will aid
in understanding how tree growth may be impacted in this part of Ontario.
Historically, after the abandonment of many agricultural fields in the first part of the 20 th
century, many areas in the Great Lakes region in Canada and the United States were planted with
red pine (Pinus resinosa) plantations (Ek et al., 2006; Gahagan et al., 2015). In North America,
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the native range for red pine is within a narrow area approximately 2400 km long and 800 km
wide around the Great Lakes and St. Lawrence River valley (Rudolf, 1990) (Figure 1.2). Natural
red pine stands are typically found growing in sandy and nutrient poor soils (Rudolf, 1990; Ek et
al., 2006). This characteristic, along with their shade intolerance (Ek et al., 2006), make red pine

Figure 1.2: Native range of red pine (Pinus resinosa) around the Great Lakes and St. Lawrence
River valley in eastern North America. Obtained from Rudolf (1990).

an excellent choice for reforestation. It is important to note that natural red pine stands are
established following fire (Rudolf, 1990). During the growing season, the transition from
earlywood to latewood can vary between seasons, and red pine trees have been found to grow as
old as between 300-400 years (Rudolf, 1990). Finally, it is important to note that the root
development is both laterally extensive and moderately deep, with red pines having welldeveloped taproots that aid in structural anchoring as well as in water and mineral absorption
6

(Rudolf, 1990). Using silvicultural practices to thin red pine stands have been found to be
beneficial to the health of red pine trees as it helps to diminish the chances of infection from
diseases such as Armillaria root disease (Ek et al., 2006).
In this study, the impact of VRH management practices on red pine tree growth was
investigated at the Turkey Point tract of the St. Williams Conservation Reserve (SWCR) along
the north shore of Lake Erie, in southern Ontario. In 1931, a red pine plantation (referred to as
TP31) was established in this area, and in February of 2014 it underwent a variable retention
harvest. This thesis investigates how VRH at the TP31 site has impacted red pine tree growth
and carbon sequestration under current climatic conditions. This research also investigates how
climatic drivers influence red pine tree growth post-harvest. There have been few studies looking
at how climate influences red pine tree growth in the Great Lakes region and whether climategrowth responses are impacted by thinning practices (Magruder et al., 2012; Magruder et al.,
2013). The research undertaken in this study aims to add the southern Ontario perspective to this
small body of literature. Additionally, very little research regarding VRH and the corresponding
response of red pine growth and carbon sequestration has been done in this area as far as we are
aware. It is important to continue work in this area of research due to the continuously changing
climate and rising CO2 emissions previously discussed, as VRH may prove to be a plausible
method to aid in future climate change mitigation techniques and forest management in southern
Ontario.
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1.2 Research Objectives
The objectives of this study are:
1. To determine the climatic drivers of growth for red pine plantation trees in southern
Ontario. This will aid in determining how management techniques, such as VRH, change
climate-growth relationships post-harvest.
2. To determine the impact that the forest management practice of VRH has on tree growth,
annual biomass accumulation, carbon content, and carbon sequestration from pre-harvest
to post-harvest of red pine plantation trees.
3. To determine the impact different levels and spatial retention treatments of VRH have on
post-harvest annual biomass accumulation, carbon content, and carbon sequestration of
red pine plantation trees.
4. To determine if tree position at the exterior or within the interior of an aggregated plot
impacts tree growth, biomass, carbon content, and annual carbon sequestration.
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1.3 Thesis Organization
This thesis follows the integrated article format and includes five chapters. Chapter 1
provided a broad introduction of the present issue of rising atmospheric CO2, as well as an
overview of utilizing silvicultural techniques such as VRH to aid in increasing carbon
sequestration. This chapter also provides context for this study’s research objectives. Chapter 2
contains the literature review that highlights the main principles related to this research,
including dendrochronological techniques, dendroclimatology studies in southern Ontario and
the Great Lakes region, carbon sequestration and tree growth, and variable retention harvesting
as a sustainable silvicultural practice. Chapter 3 is formatted as a manuscript and it considers the
climate-growth relations at the TP31 site, as well as the growth response of red pine trees with
respect to the climate following VRH in the Great Lakes region. Chapter 4 is also presented as a
manuscript and it considers the impact VRH has on radial tree growth, carbon content, and
carbon sequestration of red pine trees in southern Ontario. Chapter 5 presents the overall
conclusions of the thesis and provides future directions that have developed out from this
research project.
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Chapter 2
Literature Review
2.1 Dendrochronology
Dendrochronology is the science of using annual growth rings of trees to study natural
and human-induced climate and environmental change (Speer, 2010). Events through time are
recorded in the variation of tree-ring widths, with growth being affected by the climatic and
environmental conditions a tree is exposed to. These factors ultimately determine the size, form,
and chemistry of individual growth rings (Fritts, 1976; Balouet et al., 2009; Speer, 2010). In
temperate regions, trees can be used as bioindicators and monitors of environmental change
because they produce annual growth rings. By using dendrochronological techniques, temperate
trees can thus provide long-term records of past precipitation, temperature, fires, and other
environmental events (Speer, 2010).
When studying tree rings, it is important to adhere to standard dendrochronological
methods. Important considerations for dendrochronological work include site selection, sampling
method, coring at breast height, crossdating samples, and standardizing ring width measurements
(Esper et al., 2002; Speer, 2010). Taking cores at breast height is important for many studies that
do not require tree establishment dates, as tree rings at this height are a direct measure of stem
growth (Shao et al., 2009; Fahey et al., 2010). Dendrochronology is often accompanied by
sampling biases that can result in incorrect interpretations of the effects of environmental
changes (Bowman et al., 2013). However, by designing studies that control for age, size, and
competition, as well as utilizing random sampling, these effects can be minimized (Bowman et
al., 2013; Babst et al., 2014a).

14

2.1.1 Tree Ring Structure and Growth
There are several different structural components that make up the wood of a tree. All
trees have secondary meristems, which contain vascular cambium and initiate growth in
circumference by producing bark and wood (Speer, 2010). The cells of the vascular cambium are
of importance to produce phloem and xylem. The function of phloem is to transport molecules
such as sugars and proteins throughout the plant, while the function of xylem is to transport and
allocate water and nutrients throughout the plant (Fritts, 1976). Tree rings are formed in three
phases; (1) cell division, (2) cell enlargement and expansion, and (3) cell differentiation (Fritts,
1976). Cell division involves DNA duplication and through the formation of a new wall
produces two identical daughter cells (Fritts, 1976). Cell enlargement and expansion involve the
stretching of the cell wall from a pressure build-up as the cell gains new materials (Fritts, 1976).
Finally, cell differentiation is the process in which an unspecialized cell becomes a distinct cell
type with a specific function (Fritts, 1976). This occurs on both sides of the vascular cambium.
Growth rings are made of two types of cells; the earlywood and latewood. Earlywood cells are
typically formed in the spring and early summer and are characterized by a large lumen area and
thinner cell walls (Fritts, 1976; Speer, 2010). Conversely, latewood cells are formed in the late
summer or autumn and have a more compact lumen, thicker cell walls, and a darker appearance
(Fritts, 1976; Speer, 2010).
The rate of growth of tree rings can vary diurnally, seasonally, annually, or throughout
the span of a tree’s lifetime due to a variety of environmental and climatic factors as well as the
internal physiology of the tree (Fritts, 1976). This can cause variations between different species
in apical growth with respect to height or radial growth. For example, growth tends to slow as
the seasons progress and as trees age, with younger trees experiencing accelerated growth rates
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(Fritts, 1976; Esper, 2002). Similarly, favourable climatic conditions can lead to larger growth
rings while less favourable growing season conditions lead to narrower growth rings. These age
and seasonal differences impart growth limitations on trees and permit their utilization in
determining changes in radial growth patterns.
2.1.2 Dendrochronological Studies using Pinus resinosa in the Great Lakes Region
Several dendrochronological studies have been conducted in the Great Lakes region and
surrounding areas using red pine (Pinus resinosa) as it is an important species found throughout
the Great Lakes region (Palik & D’Amato, 2019). Red pine forests were historically an important
physical component of the landscape, especially in the establishment of plantations after the
abandonment of agricultural fields in the early 20th century (Ek et al., 2006; Gahagan et al.,
2015; Palik & D’Amato, 2019). This was particularly the case in drier landscapes such as in
northern Wisconsin, Michigan, and Minnesota in the USA, and southern Ontario and Manitoba
in Canada (Palik & D’Amato, 2019). Given the abundance of this species in the Great Lakes
region and southern Ontario, it is important to study what impacts the growth of red pine and
ways to optimize its growth.
In recent decades more researchers are studying the effects of forest management
techniques on plantation tree growth. Dendrochronology has been a useful technique in assessing
tree growth through time as well as in assessing how management techniques such as variable
retention harvesting (VRH) impact tree growth (Bebber et al., 2004; Powers et al., 2009; Powers
et al., 2010). This is typically done by estimating biomass and carbon content by studying ringwidth measurements and allometric equations (Gahagan et al., 2015; Powers et al., 2010).
Allometric equations are useful in that they can relate easily measurable parameters, like treering widths, to difficult to measure parameters such as biomass (Lambert et al., 2005). These
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studies are important as they aid in the understanding of how management techniques may
impact medium- to long-term tree growth. In addition, it has been suggested that since red pine
trees typically endure mixed severity disturbances (e.g., fire plays a prominent role in red pine
natural disturbance regimes), that VRH should attempt to mimic this level and pattern of
disturbance through the spatial retention and harvesting intensity employed (Palik & D’Amato,
2019).
Previous studies in the Great Lakes region have also investigated the impacts of VRH on
red pine growth in general and concluded that all treatments, when compared to the growth of
trees in unharvested forest plots, show improved growth post-harvest (Roberts & Harrington,
2008; Powers et al., 2010; Montgomery et al., 2013). This suggests that forest management of
red pine plantations can include flexibility in the retention pattern and level that is employed for
VRH (Palik et al., 2014; Roberts et al., 2016), depending on the goals of the harvest. It has also
been found that management techniques like VRH promote increased resiliency to climatic
conditions post-harvest because residual trees experience increased resource availability, which
can act as a buffer to climatic stresses (Magruder et al., 2012; Magruder et al., 2013). Clearly,
dendrochronology analysis of the influence of VRH on red pine growth in the Great Lakes
region has led to advancements in management strategies of plantations. Despite this, the impact
of VRH on tree growth is still not fully understood, and no studies have yet to be conducted in
southern Ontario regarding the effect of VRH on red pine growth.

2.2 Dendroclimatology
2.2.1 Climate and Tree-Ring Growth
Dendroclimatology utilizes tree rings to understand how climate is changing since trees
are natural archives of past climates (Hughes, 2002). Trees respond to changes in climate, with
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temperature, precipitation, drought stress, and soil moisture all known to impact tree growth
(Speer, 2010). Since annual ring widths can be correlated with variations in climate, the
reconstruction and assessment of past climates is possible utilizing tree-ring growth records
(Fritts, 1966; Speer, 2010). Tree rings are beneficial over other proxies as they provide annually
resolved data, with each growth ring being attributed to a particular calendar year with a high
degree of confidence (Hughes, 2002). Despite this, it is important to realize that trees, much like
other natural proxies, are not perfect recorders of climate (Hughes, 2002).
It is important to adhere to standard dendrochronological methods when conducting a
dendroclimatology study. This includes choosing climate sensitive sites, coring at breast height,
crossdating the samples, and standardizing the ring width measurements (Esper et al., 2002;
Speer, 2010). Not only can tree rings be used for climate reconstruction, but another important
application of dendroclimatology is the ability to analyze climate-growth relationships. By
comparing ring widths and climate data, one can determine the impact of climatic drivers on the
growth of specific tree species (Martinelli, 2004; Speer, 2010). This type of analysis is important
for understanding temporal trends in tree growth, which can help explain what environmental
factors are driving or hindering tree growth, whether that be climate or other environmental
disturbances or competition (Chapin et al., 2011; Dannenberg et al., 2020). These factors can
interact with one another and it is sometimes difficult to discern which factor is influencing tree
growth the most (Dannenberg et al., 2020), but it has also been found that climate is one of the
predominant factors impacting tree growth (Fritts, 1976). Therefore, by studying climate-growth
relationships, forest growth and productivity can be better understood.
2.2.2 Dendroclimatology Studies in the Great Lakes Region and southern Ontario
There have been many dendroclimatology studies conducted in the Great Lakes region,
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including in southern Ontario. Southern Ontario is within the Humid High Moderate Temperate
(HMTh) Ecoclimatic Region and is one of the mildest regions in Canada (Crins et al., 2009). The
climate of southern Ontario is characterised by cool winters and long, hot, and humid summers
(Crins et al., 2009). At a white pine plantation on the north shore of Lake Erie in southern
Ontario, tree growth is predominantly impacted by air temperature (McKenzie et al. 2018).
Similarly, climate-growth relations of red pine plantations in the upper Great Lakes region and
surrounding areas in Ontario are influenced by mean temperature and total precipitation during
the growing season (Graumlich, 1993; Sharma & Parton, 2018). Along the Minnesota and
Ontario border, red pine tree growth is correlated with June-July precipitation and temperature,
although the correlations with temperature are not as strong (Kipfmueller et al., 2010).
It has been noted that factors other than climate can also influence red pine tree growth
and abundance, including local fire regimes, the condition of the substrate, and competition
(Flannigan & Woodward, 1994). Fire is an important factor for red pine growth because they are
shade intolerant, and fire aids in opening the canopy. The presence or absence of fire is highly
related to and dependent on climate and human activities (Flannigan & Woodward, 1994). St.
George et al. (2008) conducted a study in the Winnipeg River basin, northwest of the Great
Lakes, and demonstrated similar climate-growth relationships as studies in the Great Lakes
region (Graumlich, 1993; Kipfmueller et al., 2010; Sharma & Parton, 2018), such as red pine and
white pine tree growth being positively correlated with spring and early summer precipitation
and negatively correlated to summer temperatures. In addition to this, it has been found that
droughts in July and August negatively correlate with growth indices, adding to the evidence of
summer temperatures negatively impacting tree growth (St. George et al., 2008). Despite the
difference in distance in latitude and longitude in the previously mentioned study, these climate-
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growth relationships seem to closely match what has been observed in the Great Lakes region
and southern Ontario.
The studies discussed demonstrate a considerable amount of work that has been done
thus far in the Great Lakes region within the field of dendroclimatology, but very few studies in
the region take this application further to determine the impact thinning has on the red pine
growth response to climate. Nevertheless, it has been found that forest-management techniques
have led to increased resiliency to changing climatic conditions post-harvest (Magruder et al.,
2012; Magruder et al., 2013). These studies found that the thinning method (based on crown
class) and intensity impacted the outcome of climatic resiliency. It was found that an increase in
climatic resiliency occurred when using a higher intensity thinning coupled with “thinning from
below”, which removes intermediate (some direct light) and overtopped (no direct light) trees to
promote growth of dominant trees, rather than “thinning from above”, which removes dominant
trees (full direct light) (Buckman et al., 2006; Magruder et al., 2012; Magruder et al., 2013).
These studies present an interesting perspective on climate-growth relations post-harvest but are
one of the few investigations looking at this post-harvest impact in the Great Lakes region in the
literature.

2.3 Carbon Sequestration and Tree Growth
Forest ecosystems play an integral role in the global carbon cycle, as global forests
sequester approximately 1.1 ± 0.8 pentagrams of carbon (Pg C) per year (Pan et al., 2011). This
is important because forests cover 30.6% of the global land area, with Canada having the third
highest amount of forest area (9%) in the world (FAO, 2015). Therefore, it is important to study
forest ecosystems to gain a better understanding of environmental changes that may impact
forest growth, and thus the global carbon cycle (Babst et al., 2014a).
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Growth occurs in trees when they perform photosynthesis and sequester carbon by
assimilating atmospheric CO2, converting this CO2 to complex carbohydrates, transporting
carbohydrates throughout the plant, and partitioning these carbon products into plant biomass
(Unwin & Kriedemann, 2000). The biomass of a tree includes all the above-ground and belowground components, such as the foliage, stem, and roots. With forest biomass gaining an
estimated 2 Pg C or more each year (Pan et al., 2011) it is important to understand how changing
environmental conditions, such as the rise in atmospheric CO 2, impact tree growth and carbon
sequestration (Bowman et al., 2013; Dai et al., 2013). Not only are trees important for the carbon
cycle, but they also influence the terrestrial water cycle. Their importance centers around a
plant’s ability to adjust its intake of CO2 through photosynthesis and its loss of water through
transpiration by controlling the opening of the stomata in response to environmental conditions
(Giguère-Croteau et al., 2019). A solution for studying the effects of forest growth in response to
these environmental changes is the use of tree-ring data (Hunt et al., 1991; Shao et al., 2009),
which have been utilized in numerous studies (Shao et al., 2009; Dai et al., 2013; Dye et al.,
2016) to examine both biomass and carbon sequestration levels.
2.3.1 Growth from Carbon Sequestration
In order to understand the relations between carbon sequestration and tree growth it is
important to consider various above- and below-ground plant components that will differ based
on the species, tree size, environmental conditions, resource availability and acquisition, as well
as interactions among environmental factors that might influence tree growth (such as light,
temperature, atmospheric CO2 concentration, and water supply) (Kozlowski & Pallardy, 1996;
Bradford et al., 2010; Dye et al., 2016). Further, the environment will influence the heredity a
plant expresses, such that the same species may grow differently under different environmental
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conditions (Kozlowski & Pallardy, 1996). Therefore, tree growth depends on many factors, both
internal and external to the plant, which are closely related to its form and structure (Kozlowski
& Pallardy, 1996).
Carbon sequestration can be defined as the process in which CO2 is taken up and
assimilated into biomass through the physiological process of photosynthesis (Unwin &
Kriedemann, 2000). There are three major steps involved in the net sequestration of carbon.
First, carbon is taken up by the leaves of the tree where light energy is captured and utilized to
synthesize photoassimilates, such as carbon products like sugars and starch, from atmospheric
CO2 and water (Kozlowski & Pallardy, 1996; Unwin & Kriedemann, 2000). The stomata are the
pores on the leaves that play a crucial role in photosynthesis and cellular respiration as they are
the site where most CO2 enters and water evaporates from (Kozlowski & Pallardy, 1996). It has
been suggested that plants can actively control when the stomata open and close in order to
optimize carbon gains or reduce water loss through the concept of “optimal stomatal behaviour”
(Ehleringer & Cerling, 1995; Giguère-Croteau et al., 2019). This may be at least a partial
explanation for current patterns of carbon uptake in trees. The second step involves these carbon
products being transported and partitioned to different parts of the tree for either storage,
structural use, or metabolic use (Unwin & Kriedemann, 2000). Carbon products can be allocated
to the various above- and below-ground tree components, with accumulation as stored carbon
being essential for processes such as metabolism, growth, and defense (Kozlowski & Pallardy,
1996). Stored carbon plays an important role in growth at the beginning of the growing season as
it helps initiate the growing process. Carbon that is partitioned to the meristematic regions, such
as the vascular cambium, is instrumental to radial growth. The vascular cambium begins growth
after winter dormancy by promoting cell division to create a new annual increment of xylem and
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phloem, which ultimately thickens the stem, branches, and roots of a tree (Kozlowski & Pallardy,
1996). This occurs from the partitioning of photoassimilates to the stem as more complex carbon
products, which are ultimately incorporated by the vascular cambium as new wood (Unwin &
Kriedemann, 2000). Lastly, a portion of carbon products are not utilized within the tree for
growth but are instead returned into the atmosphere through processes such as oxidative
pathways and biomass decay of partial or whole trees (Kozlowski & Pallardy, 1996; Unwin &
Kriedemann, 2000).
Growth of trees and other plants takes place during the growing season, which is the
period when photosynthesis is occurring by actively removing and assimilating carbon from the
atmosphere (Babst et al., 2014a). To provide a general understanding of growth during the
growing season, Babst et al. (2014a) described the timing of the onset and termination of cambial
activity in relation to photosynthesis and carbon uptake (Figure 2.1). Essentially, wood formation
begins before the onset of photosynthesis via the vascular cambium utilizing stored carbon from
the previous growing year (Kozlowski & Pallardy, 1996). Once photosynthesis begins for the
growing season, carbon uptake continues past the end of activity in the vascular cambium to
contribute carbon to other processes such as lignification of cell walls and storage of carbon
products (Babst et al., 2014a). This demonstrates the general relationship radial growth has with
cambial activity and carbon uptake through photosynthesis.
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Figure 2.1: Timing of wood cell formation in relation to photosynthetic activity during the
growing season. Adapted from Babst et al., (2014a).
As mentioned previously there are many factors, both external and internal to a tree, that
influence its growth rate and ultimately the amount of carbon sequestered. Some environmental
and intrinsic factors that influence photosynthesis and carbon uptake include light, air and soil
temperature, CO2 availability and stomatal conductance, water availability, salinity, nutrient
availability, and disturbances such as flooding, pollutants, chemicals, and insects (Kozlowski &
Pallardy, 1996). Light energy is required for photosynthesis to occur, which can vary with
differences in light intensity and gradient of exposure to the leaves (Kozlowski & Pallardy, 1996;
Drever & Lertzman, 2001). Air and soil temperature have been found to influence carbon uptake
with lower temperatures hindering photosynthetic capacity, which thus lowers the rate of CO2
uptake. The specific temperature range where photosynthesis occurs is species specific but tends
to be quite broad and typically increases with increasing air temperature, light availability, and
CO2 supply until a saturation point (Kozlowski & Pallardy, 1996). Dai et al. (2013) found that
climate warming has caused both reductions and increases in carbon sequestration, which differs
based on the species under examination. This demonstrates how environmental conditions
impact different species in varying ways. With that in mind, the availability of CO 2 and its
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regulation through stomatal conductance will influence how much CO 2 is being utilized through
photosynthesis. The increasing amounts of CO2 in the atmosphere, especially with respect to
increased use of fossil fuels via anthropogenic activities, will generally increase stomatal
conductance and CO2 uptake, but only to a limit (Kozlowski & Pallardy, 1996; Bowman et al.,
2013). This trend becomes complicated with other stresses that influence photosynthesis, such as
drought and nitrogen deficiencies, and there is no guarantee that rising CO2 concentrations will
result in increased carbon assimilation and radial growth (Kozlowski & Pallardy, 1996; GiguèreCroteau et al., 2019).
Photosynthetic rates are greatly influenced by water availability, with the extremities of
drought and flood conditions decreasing the rate of photosynthesis by causing stomatal closure
and preventing the uptake of CO2 (Kozlowski & Pallardy, 1996). Droughts are captured well
within tree-ring measurements as these proxies are at an annual and seasonal resolution and are
consistently represented by narrower ring widths (Bonsal et al., 2011). Bouriaud et al. (2005)
found that the stem at breast height of trees in a 55-year-old stand is more sensitive to climatic
change, such as drought, than in other areas of the stem. This suggests that growth can occur at
different rates in the same tree, which aids in confirming that growth at the vascular cambium is
not continuous in time or space (Kozlowski & Pallardy, 1996). Recently, it has been found that
despite the increase in atmospheric CO2, this increase is not outweighing the impacts of droughts
and high temperatures on tree growth (Birami et al., 2020).
Natural and anthropogenic disturbances such as flooding, pollutants, chemicals, and
insects often have negative impacts on tree growth and photosynthetic rates by causing increased
competition for limited resources, but the amount of inhibition generally depends upon the
severity of the disturbance, the type of pollutant or chemical, the tree species, and the
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environmental conditions (Veblen et al., 1994; Kozlowski & Pallardy, 1996). Clearly the rate of
photosynthesis and carbon sequestration is highly dependent on many environmental and
physiological factors and can vary between trees of the same or different species.
2.3.2 Estimating Above-Ground Carbon Sequestration
There are a variety of methods for estimating above-ground carbon sequestration in the
literature. Due to this variation, it has the potential to make it challenging to compare results
between studies due to inconsistencies in the approaches used (Babst et al., 2014b). Carbon
sequestration is often represented through the estimation of biomass. It is important to recall that
utilizing tree rings can be considered a reliable measurement for the estimation of biomass
despite the challenges that are encountered when they are utilized (Bouriaud et al., 2005), which
is what most of the methods that will be discussed are based upon.
The most widely used model for estimating tree biomass utilizes regression analysis with
allometric equations (Tritton & Hornbeck, 1982; Crow & Schlaegel, 1988; Lambert et al., 2005).
The process to develop these equations is extremely laborious, time consuming and destructive,
as it involves weighing the entire dry components of a tree, which is why researchers often
choose to use previously published equations that closely represent their study conditions (Crow
& Schlaegel, 1988; Henry et al., 2013; Dye et al., 2016). Using allometric equations is popular
because it relates difficult to measure parameters, such as biomass, to easily measured tree
components such as diameter at breast height (DBH) (Crow & Schlaegel, 1988; Henry et al.,
2013). When using an existing equation, it is important to note that every equation is slightly
different and typically species-specific, and that it will likely not meet all needs (Crow &
Schlaegel, 1988; Henry et al., 2013). A basic form for estimating biomass follows the power
function:
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M = aDb

(1)

where M is the total above-ground biomass in kg, D is diameter at breast height in cm, and a and
b represent species-specific scaling coefficients (Zianis & Mencuccini, 2004; Dye et al., 2016).
The a and b scaling coefficients are derived by the least-square regression of the log-transformed
data for both D and M (Zianis & Mencuccini, 2004). There are also two commonly used
allometric equations, which include a non-linear form, represented by:
Yi = b0 xib1 Ɛi

(2)

and a linear form that is created by applying a logarithmic transformation to the non-linear form,
represented by:
Ln (Yi) = Ln (bo) + bi Ln(xi) + Ln (Ɛi)

(3)

where Yi is the weight of the ith sample (in kg), xi is the input variable (e.g., DBH in cm), b0 and
b1 are the model intercept and slope, Ɛi is the random error for the estimation of ith sample, and i
represents any of the sample trees (Crow & Schlaegel, 1988).
The benefits of utilizing an allometric model for biomass estimation is that it produces
reliable results by reducing variance, allows for reliable extrapolation, as well as being flexible in
the data it can fit (Crow & Schlaegel, 1988). Although this is true, there is a drawback to using
logarithmic models for estimating biomass, as they tend to slightly underpredict tree weight. This
bias can be corrected however, and authors typically identify if it has been corrected in the
creation of their equations (Crow & Schlaegel, 1988).
Many studies have successfully created both species specific (Lambert et al., 2005; Ung
et al., 2008; De las Heras et al., 2013) and general allometric equations (Jenkins et al., 2003;
Lambert et al., 2005; Shaiek et al., 2011;) for determining biomass and carbon sequestration in
various settings. Conversely, other studies that also estimated above-ground biomass, woody
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biomass, or carbon sequestration, successfully utilized previously published allometric equations
(Bradford et al., 2010; Dai et al., 2013; Kosiba et al., 2013; Dye et al., 2016). Therefore, this
demonstrates the success of utilizing previously published allometric equations when the process
of creating one is not in the scope of the study.
There have been a variety of other methods that various researchers have developed in
order to assess radial tree growth and carbon sequestration. Shao et al. (2009) and Amichev et al.
(2016) created models that utilized a series of mathematical calculations to estimate annual tree
growth, biomass, and carbon accumulation, which produced reliable and accurate results.
Bradford et al. (2010) analyzed growth dominance instead, which is determined through the
relationship between tree biomass and growth, where a tree is considered growth dominant when
the proportion of its growth is larger than its biomass when compared to the stand. This type of
analysis is especially useful when looking at silvicultural treatments such as a thinning, as it can
successfully assess the efficiency of the treatment in promoting growth (Bradford et al., 2010).
Instead of converting tree-ring widths to DBH, Kosiba et al. (2013) converted raw ring widths to
basal area increments (BAI), through a series of calculations described by Phipps and Field
(1989), because it potentially provides a more meaningful indicator of tree growth. This is
suggested because BAI standardizes the annual increments to basal area, which accounts for the
effects of stem geometry on growth and produces a clearer indication of radial tree growth
(Kosiba et al., 2013).
Percent growth change (%GC) is a beneficial tool to use if the research involves
analyzing the effect of a silvicultural practice, as this is a way to compare pre-harvest and postharvest growth increments. Bebber et al. (2004) and Powers et al. (2010) utilized %GC to
analyze how the growth of eastern white pine and red pine, respectively, changed after partial
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harvests. Percent growth change can be utilized in two similar, but distinct ways. First, %GC can
be used to analyze the difference in growth between a group of averaged pre-harvest years and a
group of averaged post-harvest years, referred to as the radial growth average technique,
represented by:
%GC =

[(𝑀2 – 𝑀1 )]
𝑀1

x 100%

(4)

where M1 is the mean of the averaged years of radial growth pre-harvest, and M2 is the mean of
the averaged years of radial growth post-harvest (Nowacki & Abrams, 1997). This will give a
general understanding of how radial growth has been impacted following a silvicultural practice,
such as partial harvesting (Powers et al., 2010).
Second, %GC in post-harvest years can be estimated from the relative growth of trees
prior to a harvesting event to generate an annual approximation of how %GC has progressed,
represented by:
%GC =

[(𝑂 – 𝐸 )]
𝐸

x 100%

(5)

where E is the expected growth in post-harvest years, and O is the observed growth in postharvest years (Bebber et al., 2004). By dividing annual ring widths of each tree by the mean ring
width in control stands, relative growth rates (RGR) can be calculated for a particular year.
Expected growth (E) in post-harvest years can be calculated with RGR as described by Bebber et
al. (2004). The calculation used to determine %GC will therefore depend on the goals of the
research being pursued and the type of analyses being used.
One final method that some researchers have utilized for estimating above-ground carbon
sequestration is through the calculation of net primary productivity (NPP), or specifically aboveground net primary productivity (aNPP). NPP can be defined as the difference between the total
photosynthetic uptake and the loss from autotrophic respiration, which forms the annual biomass
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increment in woody plants (Clark et al., 2001; Chapin et al., 2006). Therefore, NPP can be a fair
representation of the biomass or carbon assimilation rate in a forest (Davis et al., 2009). In order
to calculate total NPP of a forest ecosystem, the carbon allocated to all components of the plant,
above- and below-ground, must be summed (Dye et al., 2016). There are several techniques that
are required in order to measure each of the components, which is why researchers often opt to
calculate aNPP instead. This is because measuring the above-ground components is more
attainable and accurate than trying to estimate below-ground components. Oftentimes permanent
plots are used in studies with NPP or aNPP since they track tree growth and mortality, but since
they do not typically provide data at an annual resolution, researchers have begun to utilize tree
rings in these studies instead (Davis et al., 2009; Dye et al., 2016). Although using tree rings to
calculate aNPP comes with challenges, such as omitting data from trees that died, as well as the
biases inherent in dendrochronological studies (such as the assumption that mature trees have
slower growth and an observed decrease in growth from the inclusion of slower-growing trees),
Dye et al. (2016) demonstrated that tree rings are a valuable tool for reconstructing productivity.
It was suggested that the use of tree rings should therefore be utilized more or alongside
permanent plot studies in order to develop higher resolution reconstructions in the future.
2.3.3 Intrinsic Water Use Efficiency
Intrinsic water use efficiency (iWUE) is the ratio of net photosynthetic CO2 assimilation
(A) to the rate of stomatal conductance (gs) (Weiwei et al., 2018). This concept is important in
relation to carbon sequestration as it helps to explain how rising atmospheric CO 2 affects tree
growth, photosynthesis, and transpiration on a physiological level. It is known that with rising
CO2 levels, C3 plants can increase their iWUE (Peñuelas et al., 2011). Stable carbon isotopes
(δ13C) in tree-ring cellulose are often used to evaluate the carbon isotopic discrimination that
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occurs during photosynthesis, which provides an index of changes in iWUE (Andreu-Hayles et
al., 2011). Intrinsic water use efficiency can be calculated using the following equation:
𝐴

𝑖𝑊𝑈𝐸 = 𝑔𝑠

(6)

where A is the net photosynthetic CO2 assimilation and gs is the stomatal conductance.
Additionally, the value A in equation (6) is computed using:
A = (ca - ci)

(7)

where ca is the atmospheric CO2 concentration and ci is the intercellular CO2 concentration
(Andreu-Hayles et al., 2011).
Not only has δ13C commonly been studied, but oxygen isotopes (δ18O) are often used in
association with carbon isotopes to provide insights about gas exchange parameters that may
influence or change δ13C (Powers et al., 2010). δ18O can be utilized as an index for stomatal
conductance as δ18O will be affected by the water cycle (including gs) and not by A (Powers et
al., 2010; Brooks & Mitchell, 2011). Studying these isotopes aids in understanding what is
causing changes in iWUE; A or gs. For example, Powers et al. (2010) found that δ18O showed no
difference between harvest treatment stands, which allowed it to be more confidently concluded
that it was changes in A and not gs that influenced the changes in δ13C and therefore iWUE.
Recent studies have shown that although atmospheric CO2 is rising, old boreal trees have
acclimated to the increased concentration of CO2 and have increased their iWUE but have not
experienced increased radial growth (Giguère-Croteau et al., 2019). These old boreal forests also
demonstrated that throughout time the response to rising CO2 concentrations caused a switch in
physiological response. Initially, trees maximized carbon gains to maintain a constant
intercellular CO2 concentration (ci). Subsequently, the trees prioritized reducing drought stress
by maintaining constant atmospheric and intercellular CO2 concentrations (ci /ca) (Giguère31

Croteau et al., 2019). This shift can help explain why Giguère-Croteau et al., (2019) did not see
an increase in radial growth, as these mature trees are prioritizing water use efficiency over radial
growth rates. Several other studies have also noted this trend where iWUE is increasing with
rising atmospheric CO2, but no enhancement in growth rates is evident (Andreu-Hayles et al.,
2011; Peñuelas et al., 2011). It has been suggested that an increase in iWUE is not sufficient on
its own to increase growth, but many other factors such as temperature, availability of nutrients,
and water availability will also influence the impact increasing concentrations of atmospheric
CO2 has on tree growth (Peñuelas et al., 2011). Perhaps the use of silvicultural practices and
forest management techniques to increase tree growth and carbon sequestration can counter this
effect.
2.3.4 Carbon Sequestration and Climate Change
The relationship between climate change and carbon sequestration in forests is not fully
understood, but this area of research continues to gain interest. In the past two decades, it has
become clear that annual variation in climate in association with rising atmospheric CO2 can
influence changes in the amount of carbon sequestered in forests (Brown, 2002). It has been
found that temperature seems to be more consistently and strongly correlated to annual biomass
increment (which is closely related to carbon sequestration) than precipitation (Lin et al., 2013).
This seems to be further influenced by limiting growth factors in particular climate regions (Lin
et al., 2013), as well as the particular species being studied (Dai et al., 2013). Temperature is an
important influence on tree growth as it affects photosynthesis in trees, with higher temperatures
tending to favour respiration over carbon accumulation (Lin et al., 2013). This means that at high
temperatures carbon sequestration may be negatively impacted and thus hinder overall tree
growth. This effect can be further influenced by the other factors necessary for tree growth, such
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as water availability, nutrient availability, and humidity. Not surprisingly, due to overall resource
availability, humid and temperate climates seem to have higher rates of sequestration when
compared to more arid and dry climates (Lal, 2007). Similarly, factors such as cold temperatures,
a short growing season, and nitrogen deficiency could lead to diminished sequestration levels,
which has been noted along the northern treeline (Jacoby & D’Arrigo, 1997). Dai et al. (2013)
found that when looking at carbon sequestration in different tree species, carbon sequestration
varied. Despite this, it is well documented that climate warming and drought will significantly
impact tree growth and carbon sequestration, regardless if the impact is positive or negative (Dai
et al., 2013). It was suggested that this difference may be indicative of a forest that is still
maturing and experiencing increasing carbon sequestration, instead of one that is already mature
(Dai et al., 2013). Expectedly, favourable changes in climate can lead to increases in growth,
where it has been proposed that warm and moderately drought-stressed environments might be
the most responsive to increases in atmospheric CO2 (Huang et al., 2007). Therefore, these
studies demonstrate how different forest types, climatic parameters, and climatic zones can
influence carbon sequestration in different forest species.

2.4 Variable Retention Harvesting
The forest management technique of clearcutting was heavily used in the past but is being
replaced with other silvicultural techniques that benefit forest ecosystems and productivity
(Aubry et al., 2009). Forest management techniques are important in influencing productivity
and carbon stores, as well as being able to aid in climate change mitigation efforts (De las Heras
et al., 2013). One such management technique is variable retention harvesting (VRH), which
maintains some structural elements of the forest and works to maintain or increase structural
complexity, growth and carbon sequestration of the trees in the managed forest (Franklin et al.,
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1997; Sullivan et al., 2001; Powers et al., 2010; Dwyer et al., 2010). VRH was initially based on
work in the Pacific Northwest of the USA, and it mimics natural disturbances to maintain some
aspects of the forest structure, as well as biological diversity (Franklin et al., 1997; Beese et al.,
2019). Usually one of the goals when using VRH as a management technique is biodiversity
conservation. When some percentage of a mature forest is conserved and maintained, which are
often required in conjunction with timber production, then goals of conservation are successfully
being fulfilled (Ezquerro et al., 2019). VRH typically uses either an aggregated spatial pattern of
retention, where trees are retained in circular patches, a dispersed spatial pattern of retention
where trees are spaced evenly throughout the plot, or a combination of both (Halpern et al.,
1999; Powers et al., 2010). VRH provides a gradient of intensities and sizes of a disturbance, and
one of the main goals of this management practice is to increase structural diversity and
complexity of the regenerated stand (Franklin et al., 1997; Sullivan & Sullivan, 2001), although
managed stands will usually have lower complexity than unmanaged stands (Powers et al.,
2010).
Most studies analyzing forest growth in response to thinning practices have focused on
younger, smaller trees due to the decrease in growth rates as trees age. However, older trees and
mature forests are nonetheless important, and it has been found that these forests also respond
positively to partial harvests (Bebber et al., 2004). It has also become clear that in order to
successfully implement a retention system such as VRH that the condition of the desired future
stand needs to be identified as well as the prediction of the ecosystem response to the harvest
(Mitchell & Beese, 2002). The short-term response seems to be better understood as there are
several studies that focus on short-term growth and carbon sequestration responses to one or
several thinning events (Maguire et al., 2006; Aubry et al., 2009; Powers et al., 2010), but fewer
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studies exist that address the long-term effects (Powers et al., 2011; Roberts et al., 2016).
Silvicultural treatments, such as VRH, are intended to increase levels of resource
availability (Bradford et al., 2010) through the diminishing of competition and forest density.
This makes VRH an intriguing technique for improving growth rates of individual tress. Finally,
the fact that the tree age and silvicultural practices are known in plantations makes them
attractive to study to determine the effects of a variety of environmental and intrinsic factors on
tree growth (Bowman et al., 2013).
2.4.1 Effect on Radial Tree Growth
VRH, like other forest management techniques, are employed because they are expected
to impact tree growth. Evidence from a variety of studies indicate that this response varies, with
some forests experiencing increases in growth (Bebber et al., 2004; Powers et al., 2010), while
others show evidence of higher mortality (Bladon et al., 2007; Bladon et al., 2008). It is
uncertain why some trees remain healthy while others die after a harvest (Brooks & Mitchell,
2011). Mortality rates have been seen to increase 2.5 to 4 times compared to that of control
stands, which has been suggested to be related to water stress mechanisms such as an increase in
evaporative demand (Bladon et al., 2007). On the other hand, Dwyer et al. (2010) noted that
radial growth rates of trees in treatment plots were significantly higher when compared to control
plots. It was concluded that their model confirmed that growth and mortality was density
dependent, but it is important to also remember that tree death depends on multiple factors which
could have cumulatively caused the increase in mortality (Dwyer et al., 2010). Powers et al.
(2010) found an increase in radial growth after VRH when compared to control forest stands,
which was consistent with other studies (Deal & Tappeiner, 2002; Bebber et al., 2004;
McDonald and Urban, 2004; Roberts & Harrington, 2008). This was particularly apparent with
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forest edge trees experiencing greater growth when compared to unharvested or interior forest
environments (Powers et al., 2010), as these locations likely experience a greater increase in
resource availability.
It is important to note that the response to VRH seems to be lagged, with a gradual
acclimation period before leading to increased growth (Bebber et al., 2004; Powers et al., 2010).
This acclimation likely occurs due to changes in leaf morphology or foliar characteristics in
response to new light gradients and resource availability (Bebber et al., 2004; Powers et al.,
2010). In addition, simulation models predict there will be a net gain in above-ground biomass in
certain intensities of thinning treatments within approximately 20 years, with moderate to lesser
amounts of thinning being optimal (Dwyer et al., 2010). These studies have brought into
question how long this lagged response takes to become fully acclimated and if the resulting
increased growth is maintained in the long-term.
There are a variety of ways that radial growth can be determined, such as through
circumference growth rates of the stem (Dwyer et al., 2010) or calculating %GC between preand post-harvest years (Bebber et al., 2004; Powers et al., 2010). Powers et al. (2010) found that
every treatment post-harvest of VRH, regardless of the spatial pattern, had a significant increase
in radial growth when compared to the unharvested control. Similarly, Bebber et al. (2004) found
an increase in radial growth as well, but with individual post-harvest years as opposed to
averaged post-harvest years. It was also demonstrated that this effect can occur in older-aged
forests, such that with diminished competition trees in the older-aged forest increased radially
Bebber et al., 2004). This finding further brings into question the decline in forest productivity
seen with aging forests. Both studies also compared the harvested stands with an unharvested
control stand, which allowed them to get a more accurate representation of the growth response.
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2.4.2 Radial Growth Differences Based on Levels of Retention & Spatial Retention Patterns
Researchers have begun to investigate if there are growth differences post-harvest
between the levels of retention and spatial retention patterns utilized in VRH. It has been
concluded in many studies that there is often little difference between aggregated and dispersed
retention patterns, but regardless of spatial retention pattern there will be an increase in growth
when compared to unharvested stands (Roberts & Harrington, 2008; Powers et al., 2010; Palik et
al., 2014). Dispersed crown retention is beneficial if the goal is to maintain components of the
forest structure through time by retaining individual or small groups of trees (Mitchell & Beese,
2002). Aggregated crown retention is beneficial if the goal is to maintain some undisturbed
portions of forest structure to act as a refuge for various organisms, thus maintaining habitats
(Mitchell & Beese, 2002; Aubry et al., 2009). Maguire et al. (2006) found that dispersed
retention led to greater total growth, which seems to be due to the uniform distribution of trees
which allows for greater utilization of site resources. This was seen for both the 40% retention
level and the 15% retention level, when compared to the corresponding aggregated retention
levels. Despite these increases, growth acceleration was not seen in residual trees after 4-5 years
post-harvest (Maguire et al., 2006). Conversely, Palik et al. (2014) found that biomass growth
was only marginally higher in dispersed retention treatments than in aggregated. These studies
demonstrate that VRH is beneficial to facilitate forest growth, but differences may occur between
differing spatial patterns.
There is little consensus in the literature with regards to what retention level results in the
most facilitated growth post-harvest. It has been found that retention levels as low as 15% result
in forest growth and diversity that is very similar to clearcutting (Heithecker & Halpern, 2006;
Aubry et al., 2009). This may be due to sudden exposure to high intensity light (causing a
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“shock” response), or wind and snow damage to the trees at lower levels of retention (Maguire et
al., 2006; Bladon et al., 2007; Aubry et al., 2009; Beese et al., 2019). Levels of retention that
tend to mimic clearcutting, like 15% retention, may also have negative impacts on the carbon
sequestration of those trees over time (Maguire et al., 2006; Davis et al., 2009). It seems that
retention levels should therefore be greater than 15% in order to effectively promote future
growth and carbon sequestration, as well as to retain plant and animal species (Heithecker &
Halpern, 2006; Aubry et al., 2009). It becomes clear that the optimal level of crown retention is
greater than 15%, but there does not seem to be agreement on what that optimal level may be.
Xing et al. (2018) studied multiple species and concluded that post-harvest growth in different
retention levels varied across species. Xing et al. (2018) also concluded that trees in lower
retention levels, 10% and 20% for example, grew faster post-harvest, but more residual trees
experienced mortality. Under higher retention levels of 50% and 75%, trees grew slower in postharvest years, but there was considerably less tree mortality (Xing et al., 2018).
The difference in growth between interior and exterior trees within the aggregates has
also been an avenue of inquiry. Recent studies have shown that growth is typically higher in the
exterior trees as compared to those growing in the interior of aggregate plots (Roberts &
Harrington, 2008; Powers et al., 2009; Powers et al., 2010). These results are expected to occur
as long as any edge effects, such as increased light exposure and temperature, are not severe
(Aubry et al., 2009). It does not seem to be evident in the literature, however, if the level of
retention would impact these effects further.
Despite some of the variances reported in the literature, many studies suggest that partial
harvests utilizing VRH tend to facilitate residual tree growth when compared to unharvested
controls. The extent of that increase varies however, depending on species type and level of
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retention, with dispersed patterns of retention generally yielding better growth results. That being
said, more work is needed in this area to better understand the effect of forest management
techniques on tree growth, including in red pine plantations throughout the Great Lakes region.
This understanding will aid in the development of future forest management strategies for this
region as the climate continues to change and atmospheric CO 2 continues to increase.
2.4.3 Effect on Carbon Sequestration
Since forests have the capabilities to effectively sequester and store carbon, the use of
forest management practices to sequester greater amounts of carbon and play a role in climate
change mitigation have become increasingly of interest (Unwin & Kriedemann, 2000; Nunery &
Keeton, 2010; Burton et al., 2013). This is due to the fact that thinning treatments have been seen
to accelerate both stem growth and carbon sequestration, especially when implemented in
ecosystems that are undergoing restoration (Dwyer et al., 2010). The reasons behind this
increased utilization is due to a number of factors including economic gains, climate change
mitigation and adaptation efforts, and biodiversity improvement (Huston & Marland, 2003;
Schaedel et al., 2017). It has been found that land use changes such as forest management of
existing forests, as well as afforestation, tend to have an immediate effect on the rate of carbon
sequestered as biomass (Jandl et al., 2007). Afforestation is the conversion of land that has not
been previously forested in the past 50 years and by establishing a forest both the above-ground
carbon and soil carbon pools become replenished (Jandl et al., 2007; Berthrong et al., 2009).
Therefore, there is clearly an effect, but there remains some debate if this effect changes in
response to differing harvest intensities and spatial patterns (Davis et al., 2009).
Studies have generally found that management techniques like VRH aid in improving
carbon sequestration rates after a harvesting event, but carbon sequestration is dependent on a
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variety of factors including the frequency and intensity of the harvest, previous land-use
attributes, the management techniques used, and whether the study was analyzing short-term or
long-term effects. When comparing historically harvested sites with repeated harvests, Davis et
al. (2009) found that there was generally an increase in long-term carbon storage in the forests
that had partial harvests. This long-term increase in carbon storage is due to carbon sequestration
being stimulated from the harvest approximately 37% during a 55-year period (Davis et al.,
2009). It was suggested that the frequency at which the harvests occurred played an important
role in determining the amount of carbon that would be sequestered and stored (Davis et al.,
2009). Schuler (2004) found similar results with harvested stands exhibiting increased
productivity over the long-term due to growth declines in older and unmanaged stands. De las
Heras (2013) also concluded that thinning events led to a decrease in carbon storage in the shortterm, but improved productivity and thus carbon sequestration longer-term. This positive effect
on productivity led to forest restoration and greater amounts of stored carbon in the medium- to
long-term (De las Heras et al., 2013). This suggests that partial harvests such as VRH aid in
increasing carbon sequestration, but productivity and carbon storage should continue to be
monitored to see if this trend continues or if carbon sequestration eventually reaches a saturation
point and declines.
Several studies seem to agree that implementing forest management methods early in the
life of a stand benefits structural development and carbon sequestration in the long-term (Dwyer
et al., 2010; Schaedel et al., 2017). However, when the frequency of harvesting increases, the
carbon storage of various species tends to decrease in the long-term due to the constant loss of
above-ground biomass (Powers et al., 2011). Interestingly, harvest intensity seems to have less of
an effect on carbon storage for some species, such as red pine, but causes greater declines in

40

carbon storage for other species, such as northern hardwoods (Powers et al., 2011). The Powers
et al. (2011) study discusses carbon storage and not carbon sequestration, but it still demonstrates
how harvesting techniques may affect species differently and some techniques may be better
suited for some species over others.
As briefly discussed, allometric equations are one of the most common methods for
determining biomass (Tritton & Hornbeck, 1982; Crow & Schlaegel, 1988), but the applications
of their use for determining the effect of harvesting events on carbon sequestration differs
throughout the literature. Bradford et al. (2010) utilized diameter measurements with allometric
equations to estimate total above-ground biomass, which was converted to assess growth
dominance. De las Heras et al. (2013) utilized allometric equations to estimate productivity of
the forest ecosystem. Schaedel et al. (2017) used allometric equations to estimate biomass to
ultimately calculate the carbon concentration in various carbon pools. Others utilized allometric
equations to calculate carbon sequestration, with each study having different overarching
objectives (Davis et al., 2009; Dwyer et al., 2010; Powers et al., 2011). Based on the results from
these studies, allometric equations can be used to estimate carbon sequestration and related
information. Stable isotopes are also commonly utilized to understand carbon sequestration, as
stable carbon isotopes such as δ13C are an index of iWUE (Andreu-Hayles et al., 2011), which
can either work to increase or decrease photosynthetic carbon assimilation rates. Powers et al.
(2010) found that following VRH, some trees exhibited greater iWUE due to an increased carbon
assimilation rate rather than a decrease in stomatal conductance. This was determined by
examining both δ13C and δ18O, as δ18O is the index for stomatal conductance and gives insight
into whether water relations are the cause for the change in δ13C (Powers et al., 2010). Bladon et
al. (2007) noted trends with δ13C when comparing VRH treatments pre-harvest and post-harvest,

41

such as greater δ13C in larger trees compared to smaller ones, as well as an inverse relationship
between δ13C and annual precipitation. This may explain why exterior trees or areas that
experience drier conditions are more susceptible to greater water stress, especially post-harvest
(Bladon et al., 2007). Brooks and Mitchell (2011) suggest that stable isotopes within tree rings
are effective for retrospective analyses of management process and that cellular δ13C can be
considered a reliable indicator of associated physiological processes. Conversely, Brooks and
Mitchell (2011) suggest that δ18O is not as reliable as it is influenced by and is responding to
differences in microclimate. Overall, it is clear that allometric equations and stable isotopes
provide reliable results that can be easily obtained from tree rings and that they are useful in
understanding plant physiological processes related to carbon sequestration.
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Chapter 3
Assessing climatic drivers of growth of red pine (Pinus resinosa) plantation
forests in southern Ontario, Canada
Jessica I. Zugic, Michael F.J. Pisaric, Shawn M. McKenzie, & M. Altaf Arain
A modified version of this chapter will be submitted to the journal Dendrochronologia for publication

3.1 Introduction
Since the onset of the Industrial Revolution, atmospheric carbon dioxide (CO2) emissions
have increased due to anthropogenic activities (Le Quéré et al., 2018; Bush et al., 2019). The
pre-Industrial Revolution level of atmospheric CO2 concentration was approximately 280 ppm,
which has since increased to approximately 411 ppm (Dlugokencky & Tans, 2018; Lindsey,
2018; Scripps Institution of Oceanography at UC San Diego, 2020). Forests play an important
role in offsetting CO2 emissions by taking up CO2 during photosynthesis (Unwin & Kriedemann,
2000; Pan et al., 2011). Global atmospheric CO2 concentrations are expected to increase to CO2equivalent concentrations as high as between 430 ppm to >1000 ppm by the end of the century,
depending on climate action and mitigation measures adopted in the coming decades (IPCC,
2014; Lindsey, 2018).
Globally, it is expected that mean temperatures will increase by 1-4°C by 2100 compared
to average temperatures during the period 1986-2005 (Flato et al., 2019). Across Canada, surface
warming is occurring at a rate more than twice the global average due to changes in snow and
sea ice cover (Flato et al., 2019). Climate model scenarios or Representative Concentration
Pathways (RCPs) have been developed to model future climate change and it is expected that
average temperatures across Canada will increase by ~1.8-6.0°C and ~1.7-6.0°C in Ontario by
2100 compared to measured values between 1986-2005 depending on the emission scenario
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(Zhang et al., 2019). Mean annual precipitation is also expected to increase 7-24% across Canada
and 5-17% across Ontario by 2100 (baseline period 1986-2005) (Zhang et al., 2019). If only
summertime precipitation is considered, the changes would be near zero for Canada by 2100 due
to the offsetting differences between northern Canada (expected to have large increases in
summer precipitation) and southern Canada (expected to have large decreases in summer
precipitation) (Zhang et al., 2019). Given these expected changes in climate by the end of the
current century, there are likely to be cascading impacts on the makeup and functioning of
natural ecosystems.
Across Ontario, natural ecosystems have been systematically altered for nearly two
centuries. Agricultural clearcutting dramatically changed the landscape of southern Ontario,
removing vast tracts of forested lands and replacing it with less diverse agricultural lands. Some
of these lands were only marginally suited for agriculture. Hence, many agricultural fields were
abandoned in the first part of the 20th century due to environmental degradation such as soil
erosion and desertification of the land that followed forest clearance (Elliott, 1998). These
abandoned fields posed an additional risk due to erosion that occurred following land
abandonment. Many areas in the Great Lakes region of Canada and the United States were
subsequently planted with red pine (Pinus resinosa) plantations due to the species ability to grow
well in sandy, nutrient-limited soils (Ek et al., 2006; Gahagan et al., 2015). Plantation forests are
now the focus of renewed interest, especially for utilizing them as sinks of CO 2 through
management processes such as variable retention harvesting (VRH). VRH is a technique where
some of the above-ground stock is removed to promote increased growth in the remaining trees,
with the hope that more CO2 is sequestered from the atmosphere and stored in the tree biomass
(Franklin et al., 1997; Sullivan et al., 2001; Dwyer et al., 2010; Nunery & Keeton, 2010; Powers

51

et al., 2010). Ontario has many hectares of plantation forests across the province with varying
degrees of management being undertaken. However, given the projected changes in climate, it is
important to understand how these plantation forests may respond to these expected changes in
climate.
It is widely accepted that dendrochronology can aid in understanding the climatic
parameters that control the growth of trees. The ability to use tree rings to analyze and
reconstruct past climate can be attributed to the annual growth of trees and their reliability as
proxy data sources (Esper et al., 2002). Tree-ring analysis can be used to assess long-term trends
in growth, which are often influenced by climatic parameters such as temperature and
precipitation (Peters et al., 2015).
In the Great Lakes region of Canada and the United States, there have been a number of
studies examining the climate-growth relationships of trees growing in plantation and natural
forest settings using tree rings (Graumlich, 1993; Kipfmueller et al., 2010; Ashiq & Anand;
2016; McKenzie et al., 2018; Sharma & Parton, 2018). According to McKenzie et al. (2018), air
temperature is an important factor for growth of white pine plantation trees along the north shore
of Lake Erie. In ecologically similar red pine forest stands, growing season total precipitation
and mean temperature were important climate controls of tree growth across Ontario (Sharma &
Parton, 2018). Further west, along the Minnesota and Ontario border, climatic drivers of red pine
growth included summer precipitation (June/July), as well as a positive response to the Palmer
Drought Severity Index (PDSI) during summer months (Kipfmueller et al., 2010). Despite slight
geographical differences, these studies demonstrate the importance of climate parameters such as
mean temperature and precipitation during the growing season for tree growth across the Great
Lakes region.
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In this study, the climate-growth relationships of a red pine plantation that underwent a
variable retention harvest were investigated. This plantation is located at the Turkey Point tract
of the St. Williams Conservation Reserve (SWCR) along the north shore of Lake Erie, in
southern Ontario. In 1931, this red pine plantation (referred to as TP31) was established and in
February of 2014 it underwent VRH. This study will investigate how this VRH affected the
climate-growth relations of red pine trees growing in a plantation setting. The period of analysis
used in this study mainly utilized the pre-harvest period from 1937-2013. The understanding
gained in this study, will further our understanding of climate-growth relations in red pine
plantation forests and assist in determining how future changes to the climate system may impact
growth in these abundant forest types across Ontario. It is expected that VRH is an effective
method to aid in future climate change mitigation techniques and forest management in the Great
Lakes region. Therefore, the objectives of this study are: (1) to determine the climatic drivers of
growth for red pine plantation trees in southern Ontario, Canada; and (2) to use pre-harvest
climate-growth relationships to examine how management techniques such as VRH change
climate-growth relations. Such information will be important for the continued management of
these systems as climate continues to change.

3.2 Site Description
The SWCR is located in Norfolk County on the north shore of Lake Erie in southern
Ontario. It consists of two forest tracts, which together make up approximately 1034 ha of
Crown Land (SWCRMP, 2007). This land was formerly operated as the St. Williams Provincial
Forest but is currently under the auspices of the Ontario Ministry of Natural Resources and
Forestry (OMNRF). Ontario’s goal for the SWCR tracts is to increase biological diversity, while
continuing to protect the area’s cultural heritage (SWCRMP, 2007).
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The Turkey Point tract of the SWCR contains a 20.2-ha red pine plantation established in
1931 (TP31). The study site is located at 42°42’N, 80°21’W and an elevation of 220 m above sea
level (Figure 3.1a). TP31 is associated with the Turkey Point Flux Station (TPFS) as well as with
the Global Water Futures Program and it underwent a VRH treatment in February of 2014, with
the goal of increasing structural complexity and biodiversity through maintaining structural
components of the forest (Franklin et al., 1997; Mitchell & Beese, 2002; Powers et al., 2010).
The goal of the management strategy is to ultimately convert the plantation back to the native
forest types, such as mixed upland forests and oak savanna (Szeicz & MacDonald, 1991). In this
experimental design there is a total of 20 plots, each approximately 0.89 ha in size, with 5
different treatments replicated 4 times (Figure 3.1b). The 5 treatments include forest plots that
have been managed by removing different percentages of the canopy trees utilizing two distinct
spatial patterns. The spatial patterns are a dispersed removal of trees and an aggregate removal.
The percentage of trees removed and the spatial patterning employed include: 33% crown
retention in a dispersed pattern (33D), 55% crown retention in a dispersed pattern (55D), 33%
crown retention in aggregates of varying sized patches (33A), 55% crown retention in aggregates
of varying sized patches (55A), and a reference control plot in which no trees were removed
(CN). This design was randomized so the effects of VRH on tree growth could be effectively
assessed.
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Figure 3.1: (A) Site location in relation to the Great Lakes in Norfolk County, southern Ontario,
Canada. (B) Experimental design for TP31 site at the Turkey Point Tract including the five
treatments: unharvested control (CN) in white, 33% crown retention and dispersed pattern (33D)
in yellow, 55% crown retention and dispersed pattern (55D) in orange, 33% crown retention and
aggregated pattern (33A) in green, and 55% crown retention and aggregated pattern (55A) in
blue.
55

3.2.1 Climate
The climate of southern Ontario is classified as Humid High Moderate Temperate
(HMTh) and is one of the mildest climatic regions of Canada (Crins et al., 2009). Southern
Ontario typically has cool winters and long, hot, and humid summers (Figure 3.2) (Crins et al.,
2009). Climate data (1937-2018) was obtained from the Delhi climate station, approximately
25km north of the study site (https://climate.weather.gc.ca /). The mean annual temperature from
1937-2018 is 8.0°C; mean annual maximum temperature is 13.2°C and mean annual minimum
temperature is 2.9°C. Total annual precipitation from 1937-2018 is 961.6mm and is distributed
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Figure 3.2: Climograph of mean, maximum, and minimum monthly temperature (represented by
the solid and dashed red lines, respectively) and total monthly precipitation (represented by the
blue bars) recorded at Delhi climate station and Tillsonburg Wwtp climate station (1937-2018).
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3.3 Methodology
3.3.1 Field Methods
Tree cores were collected during the spring and summer of 2019. While using random
sampling, cores were taken using a Haglöf increment borer with an internal diameter of 5mm.
Tree cores were taken at breast height or approximately 1.3 m above any basal root flare. Two
cores were usually taken from each tree, typically one from each side of the stem to account for
within-tree variability. Within the aggregated sites, trees located on the interior as well as the
exterior of the circular patches were sampled to account for any variation based on tree position
within the aggregate plots. A total of 601 trees were sampled (approximately 30 from each plot)
and resulted in a total of n=1206 cores. In some instances, more than two cores were collected
per tree to ensure the pith was captured. Tree cores were packaged in plastic straws to air dry and
returned to Brock University for processing. Diameter at breast height (DBH) was measured and
recorded for each tree using a diameter tape.
3.3.2 Laboratory Methods
Tree cores were glued to wood core mounts and allowed to dry and then sanded with
increasingly finer grades of sandpaper to expose the annual rings (Stokes & Smiley, 1968). The
cores were visually crossdated using the list method (Yamaguchi, 1991) and then ring widths
were measured to the nearest 0.001mm using the programs CooRecorder and CDendro (Larsson,
2018). The ring-width measurements were used to verify the visual crossdating using the
software program COFECHA (Holmes, 1983; Holmes 1994). COFECHA statistically crossdates
each of the samples and flags discrepancies or potential errors with the visual crossdates. Errors
identified using COFECHA were then confirmed by a second visual examination of the ringwidth patterns. In combination, the visual and statistical dating procedures ensure quality control
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for the dating of each tree-ring series (Speer, 2010).
3.3.3 Standardization
The program ARSTAN (Cook & Holmes, 1986) was used to iteratively detrend the treering data. Standardization is used to remove noise, such as age-related growth trends (Speer,
2010). Tree-ring measurements were detrended using conservative curve fitting approaches
including negative exponential curves and positive, negative, and horizontal lines. A few
samples were detrended with a cubic smoothing spline in order to accurately fit the data. The
residual chronology was chosen and utilized for the analysis of climate-growth relationships for
two reasons: 1) the residual chronology has all autocorrelation stripped from the series allowing
it to be used in statistical tests such as regression analysis (Speer, 2010), and 2) it showed the
strongest correlations to climatic parameters when tested with the control plot chronologies
(Table A1 in Appendix I).

3.4 Climate Data
Historical climate data for 1937-2013 was obtained from the Delhi climate station,
located approximately 25 km north of the study site (https://climate. weather.gs.ca/; Figure 3.2).
This data includes monthly mean temperature (°C), maximum temperature (°C), minimum
temperature (°C), and total precipitation (mm). There were 17-months of missing precipitation
data between November 1996 to March 1998. Correlation with the nearby Tillsonburg Wwtp
climate station (located approximately 34 km from the study site), was conducted. The
correlation between precipitation data from the two stations during the period 1965 to 2006
(omitting the months of missing data) is r = 0.9115 (p < 0.001). Therefore, 17-months of missing
precipitation data were then predicted for the Delhi climate station using regression analysis
between the Delhi and Tillsonburg Wwtp climate stations during the period 1965-2006 (Figure
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A1 and Table A4 in Appendix I).
For the drought index, the Standardized Precipitation Evapotranspiration Index (SPEI)
was calculated (McKenzie et al., 2020) using the SPEI package (Beguería & Vicente-Serrano,
2013) in R (R Core Team, 2015). SPEI is a drought index that is based on precipitation and
potential evapotranspiration (PET) (Vicente-Serrano et al., 2010) and was calculated using the
following equation:
𝐶 +𝐶 𝑊+𝐶2 𝑊 2

1
SPEI = W – 1+𝑑 0𝑊+𝑑
1

2𝑊

2 +𝑑 𝑊 3
3

,

(1)

where W = √−2 ln(𝑃) for P ≤ 0.5
and if P > 0.5, then P is replaced by 1 – P. The constants are C0 = 2.515517, C1 = 0.802853, C2 =
0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308 (Vicente-Serrano et al., 2010). A
positive SPEI value indicates water surplus and a negative SPEI value indicates water deficit
(Vicente-Serrano et al., 2010). SPEI was chosen over other drought indices such as PDSI and the
Standardized Precipitation Index (SPI) due to its sensitivity to evapotranspiration, as well as its
simplistic calculation and multiscalar considerations with respect to time (Vicente-Serrano et al.,
2010; Beguería et al., 2014). Multiscalar considerations are especially important since it has been
widely accepted that drought is a multiscalar phenomenon (Vicente-Serrano et al., 2010). SPEI
essentially demonstrates that droughts have “memory”. For example, SPEI2 has a two-month
drought “memory” effect that includes the current month plus one month previous (Beguería et
al., 2014). Five multiscalar periods were considered and compared with ring-width indices in this
study, including 1-, 2-, 3-, 6-, and 12-months, from 1937-2013.

3.5 Analytical Methods
3.5.1 Climate Correlation Analysis
A correlation matrix was developed between the pre-harvest residual chronologies for
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each treatment in order to determine their suitability for constructing a master ring-width
chronology to compare with various climate indices. This matrix demonstrated that all
chronologies from the different treatments are highly correlated (all r > 0.89, p < 0.001),
allowing all individual tree-ring series to be included in the development of a regional
chronology to investigate climate-growth relations using simple correlation analysis. Climategrowth relationships were investigated between the residual chronology and climatic parameters
including monthly mean temperature (°C), maximum temperature (°C), minimum temperature
(°C), total precipitation (mm), and SPEI at 1-, 2-, 3-, 6-, and 12-month periods from 1937-2013.
Since the study site underwent a VRH treatment in 2014, the climate-growth analysis included
data only to 2013 and did not include the post-harvest years. This period was chosen in order to
understand the climate-growth relations pre-harvest and in the absence of any forest management
practices. For each year, the correlation analysis included the previous May (pMay) to December
of the current growing season. Pearson’s correlations were computed in a matrix using SPSS
(IBM Corp., 2015), with significance levels of 0.05 and 0.01. Following correlation analysis,
months with the highest correlations were averaged (e.g., May-June-July precipitation) to create
multiple-month indices and Pearson’s correlations were computed for these averaged indices to
determine if grouped climatic indices resulted in stronger climate-growth relations. This data was
used to determine the climatic factors explaining variability in the growth of these red pine trees
prior to VRH.
To examine the impact of the management practice on the growth response to climate,
moving correlations were computed between climate indices and the ring-width chronologies.
The moving correlations were then plotted to compare the post-harvest years between VRH
treatments and different climatic parameters. This analysis helps to determine if VRH impacts
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the growth response of red pines to climate in the various treatments used at the TP31 plantation.

3.6 Results
3.6.1 Tree-Ring Growth and Chronologies
Summary statistics for the 20 red pine chronologies are presented in Table 3.1. All
chronologies are comparable and show similar statistics, with most chronologies spanning from
1936-2018. The average series intercorrelation is 0.646, with plot 13 (33A) having the lowest
(0.551) series intercorrelation and plot 08 (33D) having the highest (0.736) (Table 3.1). The
series intercorrelation for all treatment plots are relatively high, which suggests that growth of
the trees in the different plots are controlled by a common factor. Based on the correlation
analysis between the chronologies of the different treatments, all chronologies are highly
correlated with one another (Table 3.2). The correlations ranging between 0.898 and 0.974, with
an average correlation of 0.940. Due to the highly correlated chronologies, it was justified that a
master chronology of all treatments could be created and used in analysis. The mean ring width
ranged from 1.47 mm for plot 21 (CN) to 1.89 mm for plot 14 (55D). The average annual growth
increment across all sites was 1.64 mm. Finally, the autocorrelation was high for all treatment
plots; all chronologies exceeded 0.870, which suggests there is persistence in growth from one
year to the next.
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Table 3.1: Summary statistics for tree-ring chronologies from the 20 VRH treatment plots from the Turkey Point tract of the SWCR. n
represents the number of series for each plot. The VRH treatments include: CN (an unharvested reference control stand), 33A (33%
crown retention in an aggregated pattern), 55A (55% crown retention in an aggregated pattern), 33D (33% crown retention in a
dispersed pattern), and 55D (55% crown retention in a dispersed pattern).
VRH
Treatment
CN - Plot 01
CN - Plot 03
CN - Plot 10
CN - Plot 21
33A - Plot 02
33A - Plot 07
33A - Plot 13
33A - Plot 17
55A - Plot 04
55A - Plot 06
55A - Plot 11
55A - Plot 19
33D - Plot 08
33D - Plot 12
33D - Plot 15
33D - Plot 20
55D - Plot 05
55D - Plot 09
55D - Plot 14
55D - Plot 18

Latitude, Longitude
42°42'25.28" N, 80°21'11.46" W
42°42'19.43" N, 80°21'06.83" W
42°42'18.17" N, 80°21'19.07" W
42°42'16.94" N, 80°21'42.56" W
42°42'22.30" N, 80°21'09.19" W
42°42'19.64" N, 80°21'15.67" W
42°42'12.94" N, 80°21'23.11" W
42°42'22.66" N, 80°21'38.43" W
42°42'17.99" N, 80°21'10.22" W
42°42'23.98" N, 80°21'14.53" W
42°42'16.87" N, 80°21'22.19" W
42°42'15.34" N, 80°21'37.15" W
42°42'16.70" N, 80°21'13.53" W
42°42'14.02" N, 80°21'19.92" W
42°42'16.65" N, 80°21'33.99" W
42°42'13.94" N, 80°21'40.42" W
42°42'20.96" N, 80°21'12.48" W
42°42'15.33" N, 80°21'16.74" W
42°42'15.49" N, 80°21'25.41" W
42°42'18.30" N, 80°21'39.51" W

Chronology
Interval
1937-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1936-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1936-2018
1937-2018

Number
of Years
82
83
83
82
83
83
83
82
83
83
83
83
83
83
82
83
83
83
83
82

n
62
60
62
60
60
60
61
60
60
62
60
60
60
60
60
60
63
61
60
60

Series
Mean Ring
Intercorrelation Width (mm)
0.651
1.55
0.680
1.58
0.583
1.79
0.642
1.47
0.722
1.58
0.633
1.61
0.551
1.75
0.651
1.50
0.654
1.62
0.603
1.62
0.569
1.65
0.662
1.60
0.736
1.67
0.600
1.82
0.715
1.54
0.644
1.64
0.711
1.52
0.615
1.67
0.609
1.89
0.690
1.64

Standard
Deviation
1.240
1.216
1.565
1.123
1.308
1.372
1.525
1.123
1.314
1.294
1.396
1.332
1.173
1.571
1.088
1.163
1.152
1.308
1.352
1.148

Autocorrelation
0.910
0.887
0.936
0.906
0.898
0.909
0.922
0.902
0.904
0.919
0.927
0.897
0.872
0.937
0.877
0.880
0.893
0.904
0.893
0.894
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Table 3.2: Pre-harvest (1937-2013) residual chronology correlation matrix between treatments
(CN, 33A, 55A, 33D, 55D). Correlations matrix determined one master RWI chronology could
be made for pre-harvest years. The dark grey shading indicates significant correlations at 0.001
level.
CN

CN
33A
55A
33D
55D

33A
55A
33D
1
0.971887714
1
0.923673872 0.911225407
1
0.958936942 0.932965823 0.89988976
1
0.967319835 0.965456385 0.897510818 0.973589523

55D

1

The pre-harvest and post-harvest growth trends were plotted for the five treatments
(Figure 3.3). Growth of trees in the different treatment plots closely track one another prior to
VRH in February 2014 (Figure 3.3). Following the harvest in 2014, growth for the different
treatment plots still track the year-to-year variability displayed by the control site chronology,
but the magnitude of growth (i.e., ring width) is different depending on the VRH treatment
utilized. The largest growth differences were noted for the 33D and 55D treatments, which
showed higher growth rates in the years following the VRH treatments. For example, in 2017 the
average growth index for 33D and 55D were approximately 19% and 20% higher than the
control chronology. Interestingly, following the VRH treatment, tree growth at the 55A plots was
consistently lower than the control trees. In 2017 for example, 55A tree growth was
approximately 7% lower than growth recorded at the control plot. The aggregated plots that
retained only 33% of the trees post-harvest, tracked the pattern and magnitude of tree growth in
the control plots closely following the VRH treatment (Figure 3.3).
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Figure 3.3: Residual chronology for each treatment (CN, 33A, 55A, 33D, and 55D) ring width
indices (RWI) during pre-harvest years (2009-2013) and post-harvest years (2014-2018). The
dashed line marks the year the variable retention harvest occurred (in 2014).
3.6.2 Climate-Growth Relationships
The climate-growth analysis indicates that red pine growth is correlated to spring and
summer conditions (May-August) (Figure 3.4). The highest correlations between ring width and
climate are with May-July mean temperature (r = -0.43536, p < 0.001), May-August maximum
temperature (r = -0.47647, p < 0.001), May-June precipitation (r = 0.38961, p < 0.001), and July
SPEI at the 3-month timescale (r = 0.48164, p < 0.001) (Figure 3.4). When compared to one
another, the five treatments have similar climate-growth relations. This includes negative
correlations with spring and summer mean and maximum temperatures, and positive correlations
with spring and summer precipitation and SPEI3 (Tables A2 and A3 in Appendix I). While all
these parameters influence red pine growth, the highest correlation with growth is July SPEI3,
which has a ‘drought memory’ of 3 months from May-July (Figure 3.4).
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Figure 3.4: Climate-growth relationships. Climate correlation from 1937-2013 between the
master chronology for each treatment (treatment RWI’s were averaged) and monthly mean
temperature (orange), monthly maximum temperature (red), total precipitation (blue) and SPEI3
(purple). The letter p preceding a month represents “previous”. The * represents p values <0.05
and the ** represents p values <0.001.
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In order to visualize the most significant climate-growth relationships, the master
chronology was plotted against July SPEI3, May-August maximum temperature, and May-June
total precipitation from 1937-2013 (Figure 3.5). This further exemplifies the strength of the
relationships found and how well ring widths track variability in local climate. There is also a
significant negative correlation between the master chronology and January mean temperature (r
= -0.321, p < 0.001) and January maximum temperature (r = 0.336, p < 0.001) (Figure 3.4).
3.6.3 Post-Harvest Growth Response to Climate
Moving correlations analysis show that the dispersed treatments (33D and 55D) have a
positive correlation (r > 0.460) with May-August maximum temperature post-harvest, but the
control and aggregated treatments (33A and 55A) have a weak positive (CN) (r = 0.121) and
slightly negative (33A and 55A) (r < -0.060) correlation (Figure 3.6a). Similarly, the correlations
between CN, 33A, and 55A and May-June total precipitation become negative, whereas the
correlations for 33D and 55D only diminish slightly and remain positive post-harvest (Figure
3.6b). Finally, when comparing the treatments post-harvest for their correlations with July
SPEI3, it was found that all treatments excluding the CN are slightly positive and the CN is
slightly negative (Figure 3.6c). Essentially, the July SPEI3 correlations demonstrate little
difference between all treatments post-harvest.
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Figure 3.5: Master ring-width chronology in relation to July SPEI3, maximum temperature (°C),
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relationship. Each relationship is further exemplified in a scatter plot in the corner of each graph.
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3.7 Discussion
3.7.1 Climate-Growth Relationships
Correlation analysis determined that the most significant climatic drivers of red pine
growth at the TP31 plantation are May-August maximum temperature, May-June precipitation,
and July SPEI3. July SPEI3 has the highest correlation with red pine growth at the study site.
The negative correlation between growth and growing season temperature is consistent with
other studies of red pine in the Great Lakes region (Graumlich, 1993; St. George et al., 2008;
Kipfmueller et al., 2010; Magruder et al., 2013; Sharma & Parton, 2018). It has been suggested
that negative correlations associated with high temperatures later in the growing season may be
attributed to diminished soil moisture due to higher rates of evapotranspiration (Graumlich,
1993). Consequently, the trees may experience water stress due to the high temperatures and
limited precipitation, thus impacting the photosynthetic activity of a plant. This reduced
photosynthetic activity results in lower carbohydrate reserves, less cambial activity, and less
growth (Fritts, 1966; Kozlowski & Pallardy, 1996; Ashiq & Anand, 2016). The correlations
between tree growth and maximum temperature demonstrate how high temperatures can
negatively affect photosynthesis in trees, since higher temperatures tend to favour respiration
over carbon accumulation (Lin et al., 2013). Therefore, at high temperatures, carbon
sequestration may be negatively impacted, hindering overall tree growth.
The negative relationship between January maximum temperature and tree growth is
interesting but could be a spurious relation. Alternatively, it could also be related to cold
hardiness and dehardening. Cold hardiness refers to the process that plants initiate in low
temperatures in order to survive long periods of cold, such as those that occur during the winter
months (Chang et al., 2020). Conifer species in boreal and temperate locations, like red pine,
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have known adaptations to cold hardiness (Chang et al., 2020) to ensure their survival and reduce
potential injury from cold temperatures (Man et al., 2017). However, periods of dehardening,
where unseasonably warm days are followed by seasonably cold days, can result in damage to
the tree or even slow tree growth (Man et al., 2017). While it is difficult to conclude with
certainty, this may explain the significant and negative relation between red pine growth and
January maximum temperatures at TP31.
Fritts (1966) suggested that combined temperature and precipitation effects, as
exemplified in a parameter such as evapotranspiration, will show the highest correlation with tree
growth. This probably explains why SPEI showed the highest overall correlation with tree
growth, since SPEI incorporates both precipitation and evapotranspiration data. The significant
positive correlation with July SPEI3 (May-July) and May-June precipitation demonstrates that
greater amounts of precipitation/moisture lead to enhanced tree growth. This positive
relationship with growing season precipitation and drought indices during summer months is
consistent with several other studies conducted in the Great Lakes region (Graumlich, 1993; St.
George et al., 2008; Kipfmueller et al., 2010; Magruder et al., 2012). Similarly, St. George et al.
(2008) found a positive relationship to May-July precipitation and a negative relationship to June
temperatures. St. George et al. (2008) suggested that these relationships are linked to summer
moisture stress; with red pines west of Lake Superior growing best during cool and wet
summers. The results of the climate-growth relationships in this study indicate that red pine trees
at TP31 in southern Ontario also grow better under cooler and wetter summer conditions. Given
the sandy nature of the soils at TP31, this finding is not surprising. The well-drained nature of
the soils permits rapid percolation of precipitation down through the soil column. Red pine root
development is also laterally extensive and moderately deep vertically (Rudolf, 1990). Therefore,
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as moisture deficits increase during the summer months and water tables lower, especially during
warm summer conditions, it is possible that red pine trees at TP31 become moisture limited.
Conversely, during summers with sufficiently high precipitation levels and lower summer
temperatures, soil moisture does not become depleted or as rapidly and red pine growth tends to
be higher. Figure 3.5 helps to clarify these relationships, showing that May-August maximum
temperatures between 23-24.5°C and May-June precipitation between 50-120 mm lead to the
highest growth rates for red pine at TP31.
3.7.2 Post-Harvest Growth Response to Climate
The moving correlation analysis determined that the dispersed VRH treatments resulted
in a positive response to climatic conditions post-harvest, when compared to the aggregated
treatments and the control. Since both maximum temperature and precipitation have positive
correlations with tree growth post-harvest, this demonstrates that high temperatures between
May and August combined with sufficient precipitation during the months of May through June,
lead to greater tree growth when a dispersed VRH treatment is implemented. Interestingly, the
aggregated and control treatments did not show a similar response. The aggregated and control
treatments have negative correlations with maximum temperature and precipitation post-harvest,
further demonstrating the beneficial impacts of the dispersed harvesting treatment. It is possible
that the dispersed pattern of retention provides the residual trees with access to greater water
availability, which can then be used for growth in photosynthesis (Kozlowski & Pallardy, 2008).
Trees growing in the aggregated and control plots do not appear to experience the same access to
water resources due to the greater density of trees and the remaining high degree of between-tree
competition (Kozlowski & Pallardy, 2008). Rudolf (1990) noted that in a plantation forest in
Ontario, the roots of a single red pine tree, grew laterally into the growing space of 23 adjacent
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trees. Similarly, roots from 11 other trees invaded the rooting space of the studied tree. Thus, tree
competition can be an important factor controlling growth above and below ground. To further
address this, water relations would need to be examined using carbon and oxygen isotopes to
determine the intrinsic water use efficiency (iWUE) of these trees.
Magruder et al. (2013) studied the impacts of thinning practices on climatic resiliency of
red pines in the Great Lakes region and found that higher intensity thinnings and removing the
less dominant trees had a larger positive influence on the growth response to climate. Although
this method of thinning differs from VRH at TP31, it shows that partial harvests can positively
impact the climate-growth responses of red pines in the Great Lakes region post-harvest. The
findings of Magruder et al. (2013) are also supported by several modelling studies that conclude
that forest management is a plausible method to ensure growth remains the same or is improved
under changing climatic conditions (Yousefpour et al., 2012; Magruder et al., 2013). The impact
of VRH on climate-growth relationships in red pine plantations has been sparsely studied in the
Great Lakes region and warrants further investigation to better understand how management
techniques can improve growth and carbon sequestration under changing climatic conditions.
Finally, the post-harvest correlations for July SPEI3 are less clear. Since SPEI is
calculated from precipitation and temperature data (Vicente-Serrano et al., 2010), it was
expected that relations between tree growth and July SPEI3 would be similar to the relations
with maximum temperature and total precipitation. However, the correlations between tree
growth and SPEI3 are not substantially different post-harvest between any of the treatments.
Perhaps since SPEI is based on precipitation and PET data and does not consider air temperature
directly (mean temperature is used in the PET calculation) (Vicente-Serrano et al., 2010), there
may be disconnect in the climate-growth relations between SPEI and maximum temperature.
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3.8 Conclusions
This study presents an analysis of the pre-harvest climate-growth relationships of trees in
a southern Ontario red pine plantation. The analysis demonstrates that the main climatic drivers
of growth for these trees include growing season maximum temperature, precipitation, and July
SPEI3. These relationships are consistent with results from other studies of red pine trees
throughout the Great Lakes region. This study demonstrates that maximum temperatures from
May-August negatively impact tree growth, but adequate water availability from May-July leads
to enhanced tree growth. The climatic driver that explains the most variability in tree growth
according to correlation analysis is July SPEI3, demonstrating the importance of the
multifactorial effects that temperature and precipitation have on tree growth. The climatic
relationships identified in this study are important as they aid in the understanding of how
abundant red pine plantations across Ontario and the Great Lakes region may respond to
changing climatic conditions.
VRH is a management technique that has been found to have positive impacts on climategrowth relationships post-harvest for dispersed crown retention treatments. Positive correlations
between maximum temperature and total precipitation indicate that tree growth in a dispersed
VRH pattern grow best under lower- to moderately-warm summer temperatures and
precipitation. It remains uncertain how the climate may change across southern Ontario in the
coming decades, but a warmer and possibly drier climate is expected. Based on the results of this
study, if future climate projections are correct, management of red pine plantations throughout
Ontario may become more difficult, especially if the goal is to maximize growth and carbon
sequestration. It is imperative to continue to study how plantation systems respond to changing
climate conditions, especially in response to future climate change.
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Chapter 4
Assessing the impacts of variable retention harvesting on growth and carbon
sequestration of red pine (Pinus resinosa) plantation trees in southern
Ontario, Canada
Jessica I. Zugic, Michael F.J. Pisaric, Shawn M. McKenzie, M. Altaf Arain, & William C. Parker
A modified version of this chapter will be submitted to the journal Frontiers in Forests and Global
Change for publication

4.1 Introduction
In recent decades, increasing levels of atmospheric carbon dioxide (CO 2) have become a
growing concern. Since the Industrial Revolution and the growth in anthropogenic activities (Le
Quéré et al., 2018; Bush et al., 2019), atmospheric CO2 emissions have increased from
approximately 280 ppm in the mid-1700s to approximately 411 ppm in 2020 (Dlugokencky &
Tans, 2018; Lindsey, 2018; Scripps Institution of Oceanography at UC San Diego, 2020).
Depending on climate change mitigation tactics utilized in the next few decades, global
atmospheric CO2 levels are predicted to increase further, to between CO2-equivalent
concentrations of 430 ppm to >1000 ppm by 2100 (IPCC, 2014; Lindsey, 2018).
It is known that forest processes are a natural method to offset CO 2 emissions by taking
up CO2 through photosynthesis (Unwin & Kriedemann, 2000; Pan et al., 2011). However, recent
studies have concluded that despite higher concentrations of atmospheric CO2, some forests are
not increasing in growth in response to this increasing abundance of CO2 (Andreu-Hayles et al.,
2011; Peñuelas et al., 2011; Giguère-Croteau et al., 2019). Instead, these forests are becoming
more efficient with regards to their water use efficiency. Fortunately, recent studies have
suggested that silvicultural practices are a potential mechanism to stimulate growth and increase
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carbon sequestration in forests (Montgomery et al., 2013; Palik et al., 2014; Roberts et al., 2017).
Silvicultural practices are designed to optimize growth and thus have been increasingly
used in recent decades to influence forest productivity and aid in climate change mitigation
efforts (De las Heras et al., 2013). One such practice is variable retention harvesting (VRH),
which maintains some structural elements of the harvested stand by using a combination of
different spatial patterns and harvesting intensities (Mitchell & Beese, 2002). Two main spatial
patterns are used, including dispersed crown retention, which results in a uniformly spaced stand,
and aggregated crown retention, which results in patches of residual trees (Palik et al., 2014).
The overall goal of VRH varies but is typically used to improve or maintain the structural
complexity, biodiversity, carbon storage and carbon sequestration of a forest (Franklin et al.,
1997; Sullivan et al., 2001; Dwyer et al., 2010; Nunery & Keeton, 2010; Powers et al., 2010). It
is important to note that the impact of VRH may vary depending on factors such as species,
climate, and the spatial pattern and level of retention used.
The effect of different retention levels and spatial retention patterns have been the focus
of numerous studies in the past two decades (Heithecker & Halpern, 2006; Aubry et al., 2009;
Powers et al., 2010; Montgomery et al., 2013; Palik et al., 2014; Roberts et al., 2016). Dispersed
retention results in uniformly spaced forests, whereas aggregated retention results in clusters of
undisturbed forests (Aubry et al., 2009). It has been found that when retention levels are as low
as 15%, the impacts on plant growth and forest biodiversity seem to mimic clearcutting
(Heithecker & Halpern, 2006; Aubry et al., 2009). In general, VRH will increase growth when
compared to unharvested stands (Roberts & Harrington, 2008; Powers et al., 2010), but it
remains unclear which retention level leads to optimal growth with the least amount of residual
tree mortality (Heithecker & Halpern, 2006). However, some studies have found that less
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mortality tends to occur with higher retention levels (Maguire et al., 2006), and that lower
retention levels result in greater tree death, but faster growth (Xing et al., 2018). Davis et al.
(2009) found that forest productivity tends to decrease in the short-term following a harvest, but
that total carbon sequestration is stimulated in the medium- to long-term. This lag may represent
the period it takes for forests to fully acclimate to the changes in light gradients and leaf
morphologies after harvesting (Powers et al., 2010).
The differences in harvesting intensities have been an area of interest for researchers, but
so have the differences in spatial retention patterns. In general, it has been found that differences
in the outcomes of dispersed and aggregated retention patterns do not greatly differ from one
another (Montgomery et al., 2013; Palik et al., 2014). Within aggregated crown retention
treatments themselves, if edge effects are not too severe (Aubry et al., 2009), exterior trees tend
to experience increased resource availability and increased growth (Powers et al., 2009; Powers
et al., 2010). Ongoing research on the impacts of VRH is important as it will aid in further
understanding how this management technique can be used to increase forest growth and carbon
sequestration in a variety of forest types and tree species, including red pine (Pinus resinosa)
trees in southern Ontario.
Red pine plantations are abundant across southern Ontario as well as in many areas in the
Great Lakes region in Canada and the United States. These plantations were planted in the early
1900s as a method to stimulate growth in the sandy soils that resulted from the abandonment of
agricultural fields (Ek et al., 2006; Gahagan et al., 2015). Red pine was chosen in this
reforestation process due to their ability to grow well in sandy soils and their shade intolerant
characteristics (Ek et al., 2006). In this study, the impact of VRH management practices on red
pine tree growth and carbon sequestration was investigated at the Turkey Point tract of the St.
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Williams Conservation Reserve (SWCR) along the north shore of Lake Erie, in southern Ontario,
Canada. A red pine plantation, referred to as TP31, was planted in this area in 1931 by the
Ontario Ministry of Natural Resources and Forestry (OMNRF) (SWCRMP, 2007), and in
February of 2014, TP31 underwent a variable retention harvest. This research investigates how
VRH at the TP31 site has impacted red pine tree growth and carbon sequestration under current
climatic conditions. As far as we are aware, there have been a limited number of studies that
have examined how VRH impacts red pine tree growth and carbon sequestration in the Great
Lakes region (Magruder et al., 2012 Magruder et al., 2013). Therefore, the research undertaken
in this study aims to add the southern Ontario perspective to this body of literature. It is
important to continue work in this area of research as VRH may prove to be a plausible method
to aid in future climate change mitigation techniques and forest management in the red pine
dense Great Lakes region.
The objectives of this study are: (1) to determine how forest management practices of
VRH influence tree growth, carbon content, and annual carbon sequestration of red pine
plantation trees in southern Ontario, Canada; and (2) to determine if the position of the tree on
the exterior or interior of a retained aggregate plot impacts tree growth, carbon content, and
annual carbon sequestration of red pine plantation trees.

4.2 Site Description
The study site is in the SWCR of Norfolk County, in southern Ontario, Canada. The
SWCR consists of two large tracts, the Nursery tract and the Turkey Point tract, which make up
approximately 1034 ha of Crown Land and was formerly part of the St. Williams Provincial
Forest Station (SWCRMP, 2007). Currently, the OMNFR regulates and operates the SWCR
tracts, with the aim for these tracts to increase in biodiversity in an effort to restore the forest
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back to the native ecological communities (SWCRMP, 2007).
This study focuses on the Turkey Point tract, referred to as TP31, which is a 20.2-ha red
pine plantation that was planted in 1931. This site is associated with two ongoing projects,
including the Turkey Point Flux Station (TPFS) and the Global Water Futures Program. TP31 is
located at 42°42’N, 80°21’W and an elevation of 220m above sea level (Figure 4.1a). To
increase forest structural complexity and biodiversity as well as to ultimately convert the
plantation back to the native forest types, such as mixed upland forests and oak savanna (Szeicz
& MacDonald, 1991), TP31 underwent VRH in February of 2014. The experimental design of
the VRH includes 20 plots that are approximately 0.89 ha in size, with 4 replicates of 5
treatments (Figure 4.1b). The layout of the replicated treatments was randomized so the impacts
of VRH could be properly evaluated. The treatments include: 33% crown retention in a dispersed
pattern (33D), 55% crown retention in a dispersed pattern (55D), 33% crown retention in
aggregated patches (33A), 55% crown retention in aggregated patches (55A), and a reference
control in which no canopy was removed (CN). Visualization of the understory and overstory of
the treatments can be seen in Figure 4.2 for the control plots (Figure 2a, 2d), dispersed crown
retention treatments (Figure 2b, 2e), and aggregated crown retention treatments (Figure 2c, 2f).
4.2.1 Land Use
Historical and present day biological, environmental, and human induced factors have
had tremendous impact on the structure and composition of the current forest ecosystems in
southern Ontario (Elliott, 1998). Many southern Ontario forests have been impacted by
agriculture, harvesting, and even urban development (Elliott, 1998). In some areas of Ontario,
including the SWCR, the land use was so extensively altered that it resulted in major landscape
changes and the desertification of those areas (Ontario Ministry of Natural Resources &
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Figure 4.1: (A) Location of field site in relation to the Great Lakes in southern Ontario, Canada. (B) Experimental design for TP31
site at the Turkey Point Tract with five treatments: unharvested control (CN) in white, 33% crown retention and dispersed pattern
(33D) in yellow, 55% crown retention and dispersed pattern (55D) in orange, 33% crown retention and aggregated pattern (33A) in
green, and 55% crown retention and aggregated pattern (55A) in blue.
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Figure 4.2: Understory and ground level field site photos for A) control plots, B) dispersed crown retention treatments, and C)
aggregated crown retention treatments. Overstory and crown level field site photos for D) control plots, E) dispersed crown retention
treatments, and F) aggregated crown retention treatments
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Borczon, 1982). The SWCR experienced desertification because of extensive agricultural land
use up until the early 1900s, where it then became part of the St. Williams Provincial Forest
Station and led to these lands to be reforested (SWCRMP, 2007). This forest flourished under
conservation and management efforts, which resulted in the variety of forests that exist within
the SWCR today, including oak savanna, Carolinian forest, and conifer plantations like TP31
(SWCRMP, 2007). The SWCR is one of many areas in Ontario and the Great Lakes region that
have experienced similar agricultural histories and land use change.
4.2.2 Climate
Southern Ontario’s climate has been classified in the Humid High Moderate Temperate
(HMTh) Ecoclimatic Region (Crins et al., 2009). This climate is one of the milder areas in
Canada and is characterized by cool winters and hot and humid summers (Crins et al., 2009).
Climate data (1937-2018) was obtained from the Delhi climate station, which is approximately
25km north of TP31 (https://climate.weather.gc.ca /). There are 17 months of missing
precipitation data in the Delhi climate record, from November 1996 to March 1998. The missing
data were predicted using a regression equation created between Delhi and the nearby
Tillsonburg Wwtp climate station (34km from TP31) (Figure A1 and Table A4 in Appendix I).
Mean annual temperature at Delhi is 8.0°C (1937-2018), with the mean annual maximum
temperature being 13.2°C and the mean annual minimum temperature being 2.9°C (Figure 4.3).
Precipitation is evenly distributed throughout the year and total annual precipitation averages
961.9mm (Figure 4.3) (https://climate.weather.gc.ca/).
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Figure 4.3: Climograph of mean, maximum, and minimum monthly temperature (°C)
(represented by the red solid and dashed lines respectively) and total monthly precipitation (mm)
(represented by the blue bars) recorded at Delhi climate station (1937-2018).

4.3 Methodology
4.3.1 Field Methods
Tree cores were collected during the spring and summer of 2019. Random sampling was
utilized, and cores were taken at breast height (1.3m) with a Haglöf increment borer with an
internal diameter of 5mm. Two cores were collected from each tree to account for variability
within individual trees. In a few cases, more than two cores were sampled per tree to ensure the
initial years of growth were captured. Within the aggregated crown retention treatments, an equal
number of trees located on the interior and exterior of the aggregate were sampled to account for
any variation based on microclimate. Furthermore, the interior and exterior trees were randomly
selected based on their position, with an equal number being sampled from the four cardinal
directions. Approximately 30 trees from each plot were sampled and normally 2 cores were
collected from each tree, which resulted in a total of 601 trees and n=1206 cores. Tree cores were
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packaged in straws and transported back to Brock University, where they were air dried and
underwent processing. In addition to collecting the tree cores from each tree, diameter at breast
height (DBH) was also measured and recorded using a diameter tape.
4.3.2 Laboratory Methods
Tree cores were prepared for measuring by being glued to wood core mounts, wrapped
tightly with string and stored until the glue dried (Stokes & Smiley, 1968; Speer, 2010). Once
dry, the cores were sanded with increasingly finer grades of sandpaper so that the tree rings were
clearly visible (Stokes & Smiley, 1968). Using the list method, the tree cores were visually
crossdated (Yamaguchi, 1991). Ring widths were then measured to the nearest 0.001mm using
the software programs CooRecorder and CDendro (Larsson, 2018). In order to verify the visual
crossdating, the software program COFECHA (Holmes, 1983; Holmes 1994) was utilized to
statistically crossdate each of the samples and correct any discrepancies or mistakes. COFECHA
creates a master chronology while statistically matching segments of each core with the master
tree-ring chronology (Speer, 2010). In combination, visual crossdating and the statistical dating
with COFECHA help to ensure adequate quality control for assigning calendar dates to each tree
ring (Speer, 2010).

4.4 Allometric Calculations
An allometric equation that is specific for red pine (Pinus resinosa) was chosen and
utilized in order to convert field measurements into biomass, carbon content, and carbon
sequestration. It was not within the scope of this study to create an allometric equation for
several reasons. First, such an undertaking is very laborious and time consuming. Second,
creating allometric equations is a destructive process where an entire tree is cut down and the
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different components of the tree biomass are collected, dried and weighed (Crow & Schlaegel,
1988). The choice of which allometric equation to use was based on several factors, including
tree species, location, tree component used to create the equation, and ecological zone, which
were aimed to emulate similar features to the current study site. The database GlobAllomeTree
was utilized in this search as it contains tree allometric equations from various studies throughout
the world (Henry et al., 2013). In addition, allometric equations developed in other studies and
not included in the GlobAllomeTree database were also consulted. The allometric equation
chosen for this study was developed by Lambert et al. (2005), which used the Energy from the
FORest reseach program (ENFOR) data set of biomass measurements from across Canada to
create two equations for measuring aboveground biomass.
The chosen allometric equation was created from 371 red pine trees (with 272 coming
from Ontario) with an average DBH of 22.4 ± 0.6 cm and height of 16.4 ± 0.3 m (Lambert et al.,
2005). This equation was chosen over site specific equations because there were no current
equations that perfectly represented this study site, and Lambert et al. (2005) present an equation
based on a Canadian context as well as the inclusion of many more trees than in other equations
(Ker, 1980; Bockheim et al., 1984; Gower et al., 1993). The chosen allometric equation estimates
aboveground biomass of the individual tree component of stemwood, as this mass involves the
majority of the tree, and is represented by the general form:
ywood = βwood1 Dβwood2 + ewood

(1)

where ywood is the dry biomass of the stemwood of a living tree (kg), βwood1 and βwood2 are model
parameters with coefficient estimates, D is the DBH (cm), and ewood is the error term (Lambert et
al., 2005). For a mean prediction of biomass, ewood was assumed to be 0, as it is assumed ewood
follows a normal distribution with a mean of 0. Based on the βwood1 and βwood2 estimates for red
pine, the allometric equation (Lambert et al., 2005) that was used for this study is:
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ywood = 0.0564(D 2.4465).

(2)

4.4.1 Calculating Annual Biomass
Once the allometric equation was chosen, data collected from the field was used to
calculate biomass (in kg). Most allometric equations utilize DBH as the independent variable and
input. At the TP31 site, the DBH was calculated from the bark using the equation outlined by
Dai et al. (2013). The DBH equation is as followed:
DBHk = DBHj – 2 x

RWi

(3)

where DBH is the diameter at breast height, k is the kth year, j is the final year of growth (a
known/measured DBH) and the upper limit of the summation, i is the starting year and lower
limit of the summation (i is the sum of the kth year plus 1), and RWi is the sum of the ring
widths from year i to year j (Dai et al., 2013). Once DBH was calculated for each year using
equation (3), it was then inserted into equation (2) to determine the above-ground biomass on an
annual basis. Annual biomass was then estimated by subtracting the total biomass from the
previous year from the total biomass in the year of interest (e.g., annual biomass for 2010 = total
biomass of 2010 – total biomass of 2009).
4.4.2 Calculating Annual Carbon Content
In order to determine the amount of carbon sequestered, annual biomass was first
converted to carbon content. Carbon content (in kg C) can be converted from biomass by using
the biomass transformation coefficient of 0.5, as it can be assumed that in general approximately
50% of tree’s dry biomass is carbon (Parker et al., 2009; Powers et al., 2011; Dai et al., 2013; De
las Heras et al., 2013).
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4.4.3 Calculating Annual Carbon Sequestration
Annual sequestered carbon (in kg of CO2) was then estimated by multiplying the total
carbon content by 3.667 kg, as 1 kg biomass of carbon equals the uptake of 3.667 kg CO2
(Parker et al., 2009).

4.5 Analytical Methods
4.5.1 Percent Growth Change
In order to assess the effect of VRH on red pine growth, percent growth change (%GC)
was calculated. This was calculated using the radial growth average technique, and is represented
by:
%GC =

[(𝑀2 – 𝑀1 )]
𝑀1

x 100%

(4)

where M1 is the mean of the averaged years of radial growth pre-harvest, and M2 is the mean of
the averaged years of radial growth post-harvest (Nowacki & Abrams, 1997). Since the harvest
was in February of 2014, the post-harvest years included 2014-2018 and the pre-harvest years
included 2009-2013. The ring-width index (RWI) during these five-year periods were averaged
to determine if growth changed between pre- and post-harvest within each of the treatment types.
A one-way analysis of variance (ANOVA) test was run to determine if there were any significant
differences between and within treatments, followed by a post hoc Tukey test to determine where
those differences occur (computed with https://astatsa.com/ OneWay_Anova_with_TukeyHSD/).
Growth differences were also examined in the aggregated plots, using raw ring-widths in the
%GC calculation. T-tests were used to determine differences in growth in the aggregated plots,
which occurred between: 1) the exterior and interior trees in the 33A treatment, 2) the exterior
and interior trees in the 55A treatment, and 3) the exterior and interior trees of the aggregated
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plots combined (disregarding retention level).
4.5.2 Impact of Management Strategy
To determine the overall impact of VRH as a management strategy, the effect on annual
tree biomass, carbon content, and carbon sequestration were analyzed with several statistical
tests. The annual biomass, carbon content, and carbon sequestration were averaged for the preharvest (2009-2013) and post-harvest years (2014-2018) for each plot. These values were sorted
into the five treatments (CN, 33A, 55A, 33D, and 55D) and t-tests were used to determine
differences in pre-harvest and post-harvest annual biomass (kg), annual carbon content (kg C),
and annual carbon sequestration (kg CO2) for each treatment run.
4.5.3 Impact of Variable Retention Harvesting Treatments
To determine the difference between the variable retention harvesting treatments,
differences in post-harvest annual biomass (kg), annual carbon content (kg C), and annual carbon
sequestration (kg CO2) were analyzed. One-way ANOVA tests were run to determine if any
significant differences occurred between post-harvest treatments. Following the ANOVAs, post
hoc Tukey tests were run to determine where any differences occurred in the data (computed
with https://astatsa.com/OneWay_Anova_with_TukeyHSD/). In addition to this, several t-tests
were run to determine differences in biomass, carbon content, and carbon sequestration in the
aggregated plots, which occurred between: 1) the exterior and interior trees in the 33A treatment,
2) the exterior and interior trees and the 55A treatment, and 3) the exterior and interior trees of
the aggregated plots combined (disregarding retention level).
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4.6 Results
4.6.1 Tree-Ring Growth and Chronologies
The tree-ring chronologies for all 20 VRH treatment plots are comparable and show
similar statistics (Table 4.1). Most of the chronologies (15/20) span the period from 1936-2018,
with the remaining 5 spanning from 1937-2018. The series intercorrelation for every treatment is
> 0.550, which is relatively high, thus suggesting that all treatment plots are impacted by a
common growth signal. The average series intercorrelation is 0.646, with a range spanning
0.551-0.736 (plot 13 (33A) being the minimum value and plot 08 (33D) being the maximum
value) (Table 4.1). The average annual growth increment is 1.64 mm, with a range spanning
1.47–1.89 mm (plot 21 (CN) being the minimum value and plot 14 (55D) being the maximum
value). Finally, autocorrelation was high for all treatment plots, with a mean autocorrelation of
0.903, and all plots exceeding 0.871 (Table 4.1). High autocorrelation suggests that tree growth
in year t is influenced by growth in year t-1.
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Table 4.1: Tree-ring chronologies and summary statistics for the 20 VRH treatment plots from TP31. n represents the number of
series for each plot. The VRH treatments include: CN (an unharvested reference control stand), 33A (33% crown retention in
aggregated patches), 55A (55% crown retention in aggregated patches), 33D (33% crown retention in a dispersed pattern), and 55D
(55% crown retention in a dispersed pattern).
VRH
Treatment
CN - Plot 01
CN - Plot 03
CN - Plot 10
CN - Plot 21
33A - Plot 02
33A - Plot 07
33A - Plot 13
33A - Plot 17
55A - Plot 04
55A - Plot 06
55A - Plot 11
55A - Plot 19
33D - Plot 08
33D - Plot 12
33D - Plot 15
33D - Plot 20
55D - Plot 05
55D - Plot 09
55D - Plot 14
55D - Plot 18

Latitude, Longitude
42°42'25.28" N, 80°21'11.46" W
42°42'19.43" N, 80°21'06.83" W
42°42'18.17" N, 80°21'19.07" W
42°42'16.94" N, 80°21'42.56" W
42°42'22.30" N, 80°21'09.19" W
42°42'19.64" N, 80°21'15.67" W
42°42'12.94" N, 80°21'23.11" W
42°42'22.66" N, 80°21'38.43" W
42°42'17.99" N, 80°21'10.22" W
42°42'23.98" N, 80°21'14.53" W
42°42'16.87" N, 80°21'22.19" W
42°42'15.34" N, 80°21'37.15" W
42°42'16.70" N, 80°21'13.53" W
42°42'14.02" N, 80°21'19.92" W
42°42'16.65" N, 80°21'33.99" W
42°42'13.94" N, 80°21'40.42" W
42°42'20.96" N, 80°21'12.48" W
42°42'15.33" N, 80°21'16.74" W
42°42'15.49" N, 80°21'25.41" W
42°42'18.30" N, 80°21'39.51" W

Chronology
Interval
1937-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1936-2018
1936-2018
1936-2018
1937-2018
1936-2018
1936-2018
1936-2018
1936-2018
1937-2018

Number
of Years
82
83
83
82
83
83
83
82
83
83
83
83
83
83
82
83
83
83
83
82

n
62
60
62
60
60
60
61
60
60
62
60
60
60
60
60
60
63
61
60
60

Series
Mean Ring
Intercorrelation Width (mm)
0.651
1.55
0.680
1.58
0.583
1.79
0.642
1.47
0.722
1.58
0.633
1.61
0.551
1.75
0.651
1.50
0.654
1.62
0.603
1.62
0.569
1.65
0.662
1.60
0.736
1.67
0.600
1.82
0.715
1.54
0.644
1.64
0.711
1.52
0.615
1.67
0.609
1.89
0.690
1.64

Standard
Deviation
1.240
1.216
1.565
1.123
1.308
1.372
1.525
1.123
1.314
1.294
1.396
1.332
1.173
1.571
1.088
1.163
1.152
1.308
1.352
1.148

Autocorrelation
0.910
0.887
0.936
0.906
0.898
0.909
0.922
0.902
0.904
0.919
0.927
0.897
0.872
0.937
0.877
0.880
0.893
0.904
0.893
0.894
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The growth trends for the five treatments were plotted from pre-harvest (2009-2013) to
post-harvest (2014-2018) (Figure 4.4). It is clear that prior to VRH in February 2014, tree growth
in the different treatment plots were similar. However, after harvesting, the different treatments
continue to follow the same year-to-year variability seen in the control plot, but they differ in
magnitude. The 33D and 55D treatments exhibit the largest growth differences. The 33D and
55D chronologies indicate growth was higher post-harvest in these plots in comparison to the
control plots (Figure 4.4). For example, the largest differences can be seen in 2017, when the
average growth index for 33D and 55D trees were approximately 19% and 20% higher than the
control plot. It is important to note that tree growth at the 55A treatment plots were consistently
lower after the VRH treatment when compared to the control plots. To illustrate this, in 2017 the
average growth index for 55A trees were approximately 7% lower than the growth index for the
control plots. Finally, following VRH, the 33A crown retention treatment demonstrated the
nearly same pattern and magnitude of the tree growth as the control plots (Figure 4.4).
4.6.2 Percent Growth Change
The pre-harvest and post-harvest growth trends were visualized for the five treatments
(Figure 4.4). It is clear in Figure 4.4 that the treatments appear to follow a similar growth trend
pre-harvest (before 2014), but growth trends for the different spatial retention plots seem to
diverge post-harvest. A one-way ANOVA and post-hoc Tukey test was conducted to compare
the effect of VRH treatment on the %GC (Table A5 and A6 in Appendix II). The average %GC
for each treatment is plotted in Figure 4.5a. The analysis of variance showed that the effect of
VRH treatment on %GC was significant, F(4,15) = 4.831, p < 0.05. A post-hoc Tukey test
showed that the 33D and 55A differed significantly at p < 0.05. All other group comparisons
were not significantly different.
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Ring Width Index (RWI)
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Figure 4.4: Ring width indices (RWI) for the residual chronology of each treatment (CN, 33A,
55A, 33D, and 55D) during pre-harvest years (2009-2013) and post-harvest years (2014-2018).
The dashed line marks the year the variable retention harvest occurred (in 2014).

To determine the effect of VRH treatment on the %GC in exterior and interior trees in the
aggregated plots three t-tests were computed (Table A18 in Appendix III). The average percent
growth change for exterior and interior trees in the 33A and 55A plots is plotted in Figure 4.5b. It
was found that the %GC of exterior trees is significantly higher than the %GC of interior trees in
the 33A treatment, t(6) = 4.979, p < 0.05. Conversely, the %GC of exterior trees and interior
trees in the 55A treatment does not differ significantly, t(6) = -1.708, p = 0.139. When retention
level was excluded, the %GC of exterior trees was significantly higher than the %GC of interior
trees in the aggregated plots combined, t(14) = 4.183, p < 0.001.
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Figure 4.5: (A) Average percent growth change (%GC) in RWI for each treatment (CN, 33A,
55A, 33D, and 55D), with standard deviation shown in error bars. The averages include four
plots for each treatment. (B) Average percent growth change (%GC) in raw ring-widths for the
exterior and interior trees in the 33A and 55A treatments. The averages include four plots for
each the 33A and 55A treatment. The * indicates significant p values < 0.05.
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4.6.3 Impact of Management Strategy
To determine the impact of VRH from pre-harvest to post-harvest, differences in annual
biomass (kg), annual carbon content (kg C), and annual carbon sequestration (kg CO2) were
analyzed for each treatment with t-tests (Tables A7-A11 in Appendix II). These differences are
presented in Figure 4.6. It was found that the post-harvest annual biomass, carbon content, and
carbon sequestration for the control (CN) (t(38) = 4.413, p < 0.001), 33% aggregated crown
retention (33A) (t(38) = 2.312, p < 0.05), and 55% aggregated crown retention (55A) (t(38) =
3.793, p < 0.001) were significantly lower than the pre-harvest values . Conversely, the preharvest and post-harvest annual biomass, carbon content, and carbon sequestration for the 33%
dispersed crown retention (33D) (t(22) = 0.358, p = 0.724) and 55% dispersed crown retention
(55D) (t(38) = -0.638, p = 0.528) were generally the same or slightly higher, but did not differ
significantly.
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Figure 4.6: Box and whisker plots comparing pre-harvest and post-harvest treatments between CN, 33A 55A, 33D, and 55D for (A)
annual biomass (kg); (B) annual carbon content (kg C) and; (C) annual carbon sequestration (kg CO2). The * indicates a significance
level of p < 0.05 and the ** indicates a significance level of p < 0.001.
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4.6.4 Impact of Variable Retention Harvesting Treatments
To determine the difference between the VRH treatments, differences in post-harvest
annual biomass (kg), annual carbon content (kg C), and annual carbon sequestration (kg CO 2)
were analyzed with ANOVA tests and post-hoc Tukey tests (Tables A12-A17 in Appendix II).
These differences are visualized in box and whisker plots in Figure 4.7a-c. The ANOVAs
showed that the effect of VRH treatment on annual biomass, carbon content, and carbon
sequestration was significant, F(4, 95) = 7.485, p < 0.001. A post-hoc Tukey test showed that
significant differences occurred between: 33D and CN (p < 0.001), 33D and 33A (p < 0.001),
33D and 55A (p < 0.001), 55D and CN (p < 0.05), 55D and 33A (p < 0.05), and 55D and 55A (p
< 0.05). All other group comparisons were not significantly different. The annual carbon
sequestration through the pre-harvest and post-harvest years is presented in Figure 4.8, with
dispersed treatments on a continuous upward trend. This demonstrates the differences seen
between the treatments and the control plots in the post-harvest period.
Finally, t-tests were run to determine the differences in post-harvest annual biomass,
carbon content, and carbon sequestration between interior and exterior trees in the aggregated
plots (Tables 19-21 in Appendix III). These differences are presented in Figure 4.7d-f. Exterior
trees have significantly higher post-harvest annual biomass, carbon content, and carbon
sequestration than the interior trees when the aggregated plots are combined (33A and 55A),
t(78) = 6.677, p < 0.001. This same relationship is maintained if retention levels are examined
separately with the 33% aggregated crown retention (33A) (t(38) = 4.623, p < 0.001) as well as
the 55% aggregated crown retention (55) ( t(38) = 4.793, p < 0.001).
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Figure 4.7: Box and whisker plots comparing all treatments (CN, 33A, 55A, 33D, 55D) for the
post-harvest time period (2014-2018) for (A) annual biomass (kg); (B) annual carbon content (kg
C); (C) annual carbon sequestration (kg CO2), as well as between interior and exterior trees in
the combined aggregated plots for (D) annual biomass (kg); (E) annual carbon content (kg C)
and; (F) annual carbon sequestration (kg CO2). Compact letter display shows that different letters
are significantly different (p < 0.05 for comparisons with 55D and p < 0.001 for comparison with
33D). The ** indicates a significance level of p < 0.001.
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Figure 4.8: Annual carbon sequestration for pre-harvest (2009-2013) and post-harvest (20142018) years, with standard deviation error bars for each treatment. The dashed line marks the
year the variable retention harvest occurred (in 2014).

4.7 Discussion
4.7.1 Tree-Ring Growth and Percent Growth Change
The post-harvest tree growth of the VRH treatments demonstrates that the dispersed
treatments have a greater magnitude of growth (more than 19% higher) when compared to the
control (Figure 4.4). Other studies have also found higher growth post-harvest in dispersed
treatments, but these results were not always statistically significant (Maguire et al., 2006;
Powers et al., 2010). In order to test if this relationship was statistically significant, %GC was
determined and analyzed. The ANOVA determined that the VRH treatment has a significant
effect on %GC, specifically between the 33D treatment and the 55A treatment (Figure 4.5a),
with an average of nearly 14.5% difference in growth between the two management strategies. In
general, it seems that the dispersed treatments (33D and 55D) led to facilitated growth postharvest, as evidenced by the positive %GC, whereas the growth from pre-harvest to post-harvest
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decreased in the aggregated (33A and 55A) and control (CN) treatments. This is consistent with
other studies, which have found that following a partial harvest the treatment groups tend to
experience an increase in growth relative to the unharvested control plots (Latham & Tappeiner,
2002; Bebber et al., 2004; Roberts & Harrington, 2008; Powers et al., 2010). However, the
current study found that only the dispersed treatments showed positive %GC and the aggregated
treatments showed similar, and slightly more negative (55A) growth than the control (less than
1% difference in growth). North et al. (1996) showed similar results in which the aggregated
harvesting treatment experienced “thinning shock” where the treatment groups showed less
growth post-harvest. This could be a potential explanation as to why the aggregated treatments
do not demonstrate improved growth post-harvest. It is also possible that the initial response of
the trees to the harvest prioritized the distribution of resources to below-ground growth rather
than above-ground growth (North et al., 1996). Lower growth in aggregated treatments was also
noted by Maguire et al. (2006), in which they attributed it to the trees experiencing shock from
the sudden exposure at the edge of the aggregates (which would not be as severe in dispersed
treatments). Additionally, Powers et al. (2010) saw no significant differences between harvesting
treatments; but they did note that the dispersed treatments in their study had the highest %GC.
These results are similar to the findings in the current study.
The differences in post-harvest growth between dispersed and aggregated treatments may
also be attributed to edge effects such as higher exposure to light and temperature, which
aggregates have been found to be more susceptible to (Aubry et al., 2009). Bladon et al. (2008)
noted increased mortality of dispersed residual trees post-harvest as well, but that study utilized a
much lower retention level of 10%. The difference in %GC between the aggregated and
dispersed treatments could also be related to the fact that the aggregated plots have fewer trees
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(exterior trees only) benefitting from VRH, with only the exterior trees being impacted (Chen et
al. 1992; Sherich et al., 2007; Powers et al., 2009). Conversely, trees in the dispersed treatments
would have most trees being exposed to improved growing conditions following the removal of
neighbouring trees. Thus, the interior trees would effectively operate in the same manner as trees
growing in an unharvested control plot. The equal sampling of interior and exterior trees creates
two dissimilar sample sets: one environment with improved access to resources such as sunlight
and soil moisture and the other with similar environmental conditions to unharvested plots. This
in turn could affect the determination of overall %GC in the aggregate harvest plots.
When examining the difference in %GC between the interior and exterior trees in the
aggregated treatments, it is apparent that exterior trees have significantly higher %GC compared
to interior trees. Conversely, when 55A is analyzed on its own, there is no significant difference
in %GC between the interior and exterior trees. These results are generally consistent with other
studies in that exterior trees have higher growth post-harvest than interior trees (Deal &
Tappeiner, 2002; McDonald & Urban, 2004; Powers et al., 2009; Powers et al., 2010). This
result is expected due to the increased availability of resources that the exterior trees may
experience post harvest. Further, this apparent availability of resources occurs in a gradient,
where resources such as light and temperature, generally decrease with increasing distance from
the forest edge (Matlack, 1993; Heithecker & Halpern, 2007; Powers et al., 2009). The lower
%GC determined for interior trees may be due to decreases in carbon assimilation rates caused
from less light availability (Powers et al., 2009). The higher retention treatment (55A) also
showed a higher %GC in the exterior trees, but there was no significant difference (Figure 4.5b).
Despite it being unclear which retention level is optimal (Heithecker & Halpern, 2007; Roberts
& Harrington, 2008), this study demonstrates that the higher retention level (55%) is not as
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beneficial for promoting increased tree growth than lower retention levels (e.g., 33%).
4.7.2 Impact of Management Strategy
The effect of VRH from pre-harvest to post-harvest was determined for each treatment,
with the annual biomass, carbon content, and carbon sequestration being significantly lower in
the control (CN) and aggregated treatments (33A and 55A). Conversely, the dispersed treatments
(33D and 55D) were relatively the same or slightly higher post-harvest but demonstrated no
significant differences. In general, this is consistent with other studies that found that VRH will
increase growth when compared to unharvested stands (Latham & Tappenier, 2002; Bebber et
al., 2004; Roberts & Harrington, 2008; Powers et al., 2010). The difference with these studies is
that not all treatments lead to enhanced growth, biomass, carbon content, and carbon
sequestration. As mentioned previously, this could be due to factors such as “thinning shock”,
where the sudden exposure of trees in the aggregated treatments could cause trees to initially
allocate newly available resources to below-ground growth (North et al., 1996; Maguire et al.,
2006). Changes in exposure, such as increased exposure to light and higher temperatures, could
also be too severe in aggregated plots (Aubry et al., 2009). In addition to this, it is well known
that edge trees typically experience higher growth rates compared to interior trees which may be
suppressed due to their more limited access to light resources in particular (Chen et al., 1992;
Matlak, 1993; Sherich et al., 2007; Powers et al., 2009). This discussion offers potential
explanations for the differences in growth seen post-harvest but would be strengthened from
additional research regarding direct measures of the changes in resource availability.
The results of this study suggest that VRH is a silvicultural method that does impact postharvest annual biomass, carbon content, and carbon sequestration. The t-tests demonstrate that
each treatment may yield different results, and that some treatments may even lead to lower
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growth (CN, 33A, and 55A) post-harvest. These results are consistent with other studies that
have found that VRH treatments can lead to facilitated growth, higher annual biomass and
carbon sequestration post-harvest (Latham & Tappeiner, 2002; Bebber et al., 2004; Roberts &
Harrington, 2008; Powers et al., 2010).
In addition to the differences noted between treatments, there is also important variation
within treatments in this study. For example, our results demonstrate that even within the same
treatment type (e.g., 33D) there are individual tree responses to the same environmental stresses.
This can be seen in the larger range and span of data in the dispersed treatments than the control
or aggregated treatments (Figure 4.6). The different responses at the individual tree level could
be related to differences in physiological responses. For example, it has been noted that the
physiological response to water stress will outweigh improvements in other aspects of plant
metabolism, such as in increased photosynthesis, which could be a result of a harvest (Kozlowski
& Pallardy, 1996). Perhaps water stress is a reason for less post-harvest growth in aggregated
treatments since their forest structure results in two extremes of resource availability; exterior
trees gain access to more resources, whereas interior trees undergo no change. This study did not
examine changes in water stress, so it is difficult to conclude that any differences in growth and
carbon sequestration are attributable to changes due to the availability of water. However, Chen
et al. (1992) did conclude that important differences in the biological response of trees to harvest
treatments is partly based on factors including the distance from the forest edge. It can be
concluded however, that the differences in growth seen between the treatments from pre-harvest
to post-harvest can at least be partially attributed to the management technique of VRH.
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4.7.3 Impact of Variable Retention Harvesting Treatments
The ANOVA tests and post-hoc Tukey tests demonstrate that there are significant
differences between treatments post-harvest for annual biomass, carbon content, and carbon
sequestration. Both dispersed treatments (33D and 55D) are characterized by increases in these
measures as compared to the control (CN) plots and both aggregated treatments (33A and 55A).
The results of this study suggest that lower retention levels and the dispersed crown retention
treatment lead to the highest increases in post-harvest biomass, carbon content, and carbon
sequestration. Interestingly, there is no consensus in the literature as to which retention pattern or
level of retention are optimal for promoting growth and carbon sequestration (Heithecker &
Halpern, 2006; Roberts & Harrington, 2008; Powers et al., 2010; Xing et al., 2018). Several
studies have argued that retention levels need to be >15% because levels this low mimic
clearcutting in their impacts on growth and forest diversity (Heithecker & Halpern, 2006; Aubry
et al., 2009). Retention levels near 40% have been found to be beneficial in improving postharvest growth (Aubry et al., 2009), which is close to the 33% retention used in some of the plots
examined in this study. Xing et al. (2018) found that growth rates varied based on species in
different retention levels, but lower retention levels led to faster growth. The studies by Aubry et
al. (2009) and Xing et al. (2018) lend some support for the lower retention levels being more
beneficial for enhancing post-harvest annual biomass, carbon content, and carbon sequestration.
When looking at spatial retention patterns, some studies have concluded that differences
between dispersed and aggregated crown retention treatments are often not significantly different
from one another (Montgomery et al., 2013; Palik et al., 2014). Maguire et al. (2006) and Powers
et al. (2010) generally saw no significant differences between the harvesting treatments, but they
did note that the dispersed treatment had that highest growth post-harvest. In conjunction with
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this, Maguire et al. (2006) suggested that aggregated treatments may be more prone to slower
growth than dispersed treatments because they may experience sudden shock from the exposure
of the harvest, which is not as severe in a dispersed treatment. Despite non-significant results,
these studies (Maguire et al., 2006; Powers et al., 2010) lend support to the idea that the
dispersed crown retention treatment results in better growth post-harvest than the aggregated
crown retention treatment. Additionally, it has been suggested that the physiological response of
trees to environmental stresses such as a harvest, will be impacted by several environmental
factors (Chen et al., 1992; Kozlowski & Pallardy, 1996). Not surprisingly, it is often difficult to
discern which of these factors is impacting the tree most.
Results from the current study suggest there is a delay in the response of trees to the
variable retention harvest. All treatments are characterized by increases in growth one year after
the VRH treatment (2015) (Figure 4.8). Facilitated growth persisted for another two growing
seasons for the dispersed treatments (through the 2017 growing season). Growth of trees in the
aggregated and control treatments plateau after 2015. These results suggest that the dispersed
treatments are better optimized for increasing annual biomass, carbon content, and carbon
sequestration. These results are consistent with the findings and conclusions of Powers et al.
(2010). The delayed growth response to the VRH treatments is observed in other studies as well
(Youngblood, 1991; Latham & Tappeiner, 2002; Bebber et al., 2004; Powers et al., 2010).
Delayed growth responses apparent in all of the VRH treatments examined in this study, suggest
that physiological acclimation to VRH is a gradual response. Powers et al. (2010) suggest there
is a period of adjustment needed by the trees to adapt to changes in leaf morphology or
adjustments in new light or temperature gradients that arise due to the VRH treatments.
Unlike the dispersed treatment growth responses, aggregated treatments show diminished
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growth, annual biomass, carbon content, and carbon sequestration after the application of the
VRH treatments. Rudolf (1990) discusses the shade intolerance of red pines, which results in
very slow growth when under cover, especially in older trees. Since a large portion of residual
trees in aggregates are growing in an interior environment, this shade intolerance may help
explain the diminished growth seen across the aggregate as a whole. This could also be related to
“thinning shock” previously discussed (North et al., 1996; Maguire et al., 2006) or water stress,
in which trees may be prioritizing water-use efficiency instead of growth. Peñuelas et al. (2011)
have described similar responses in other forest types, while Giguère-Croteau et al. (2019) have
described similar growth responses in some old growth forests. Since carbon and oxygen isotope
analysis were not conducted in this study, this explanation remains speculative, but does provide
potential insights into the growth differences seen between treatments.
When examining the differences in growth, biomass accumulation, carbon content, and
carbon sequestration between interior and exterior trees in the aggregated treatments, exterior
trees have significantly higher accumulation than interior trees for the aggregated plots
combined, as well as plots 33A and 55A individually. These results are expected and are
consistent with findings from previous studies (Chen et al., 1996; Latham & Tappeiner, 2002;
Sherich et al., 2007; Powers et al., 2009; Powers et al., 2010). Differences between exterior and
interior tree growth and carbon sequestration is related to resource gradients. Strong
environmental gradients develop from the exterior edge of a plot towards the plot centre
(Matlack , 1993; Heithecker & Halpern, 2007; Powers et al., 2009). The aggregated plot centres
experience environmental conditions similar to the control plots where no VRH treatments were
carried out. As a result, there is greater competition for resources in the centre of an aggregate
plot versus at the edge. This can include competition for light resources, soil nutrients and soil
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moisture. Air and soil temperature typically increase near aggregate forest edges, and these
resources have been found to aid in increasing metabolic processes such as photosynthesis (King
et al., 1999; Powers et al., 2009). Interestingly, in the current study, the 33A retention treatment
has marginally greater post-harvest annual biomass, carbon content, and carbon sequestration
than the 55A treatment. Boucher et al., (2007) have suggested that higher harvesting levels can
lead to better light conditions for growth and hence higher growth overall. This supports the idea
that lower retention such as that in the 33A treatment can lead to greater increases in post-harvest
growth.
Based on the findings in this study, the VRH treatment that should be used to maximize
growth at the TP31 site or similar red pine plantations in southern Ontario should be the 33%
dispersed crown retention treatment (33D). In general, the lower retention level (33%) of either
treatment (aggregated or dispersed) resulted in more optimal growth post-harvest, but the
dispersed spatial retention pattern led to higher magnitude increases in growth compared to the
aggregated spatial retention pattern. Therefore, in similar areas to TP31, it is recommended to
utilize the 33D treatment if the goals of VRH are strictly to maximize and increase the growth
and carbon sequestration of a red pine plantation.

4.8 Conclusions
This study assessed the impact VRH has on the growth and carbon sequestration of red
pine trees in a southern Ontario plantation. The analysis demonstrates that VRH can have a
positive impact on tree growth, biomass accumulation, carbon content, and carbon sequestration,
but these positive impacts are related to the spatial patterns and levels of retention of the VRH
management techniques employed. The results from this study indicate that VRH can aid in
improving post-harvest growth, which is consistent with previous studies. However, there is
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relatively no consensus in the literature on which type of treatment may provide the best
management practices for improved growth. This suggests that the impacts of VRH are specific
to factors that impact growth such as tree species, resource availability, geographical location,
forest type (e.g., plantation), and even climate. This study demonstrates that when examining
%GC, dispersed treatments are superior in promoting post-harvest tree growth than the
aggregated treatments.
Results from the aggregated plots examined in this study indicate that %GC computed for
the aggregated plots was similar to the unharvested control plots. These results are confirmed
when looking at the trends of annual biomass, carbon content, and carbon sequestration from
pre-harvest to post-harvest. Although not significant, lower accumulated biomass and carbon
sequestered post-harvest were not computed for the dispersed treatments, unlike the aggregated
and control plots which did indicate lower accumulated biomass and carbon sequestration. Since
aggregated treatments have often been found to have positive growth impacts post-harvest, it is
still unclear as to why the aggregates in this study did not show this trend. A possible explanation
for this is that the aggregated residual trees experienced thinning shock following the harvest, or
that edge effects were too severe with regards to light or temperature exposure and intensity.
These explanations were not the focus of this study however, so additional research would be
needed to confirm this. Within the aggregates, the exterior trees responded to the harvest as
expected with significantly higher growth, annual biomass accumulation, carbon content, and
carbon sequestration post-harvest compared to interior trees. This demonstrates that exterior trees
in the aggregated crown retention treatments show improved growth, but increased growth is not
apparent when examining the aggregated treatments as a whole. Overall, this suggests that if the
goal of VRH is strictly to increase growth or carbon sequestration, then the dispersed treatment
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would be more beneficial since most trees in this spatial retention pattern will show improved
growth following the VRH treatment.
When comparing treatments directly it was determined that the lower level of retention
(33%) and the dispersed spatial pattern resulted in the highest post-harvest increases in annual
biomass, carbon content, and carbon sequestration. Previous studies have not found such large
differences between dispersed and aggregated treatments, but these studies included different
tree species, forest types (e.g., natural forest vs. managed plantation), and geographical locations.
Several reasons have the potential to explain the differences seen between treatment types, such
as edge effects or differing physiological responses to water stress or thinning shock.
While the reasons for the less growth and carbon sequestration occurring in the
aggregated plots remains speculative, the results of this study provide a new insight into using
VRH as a sustainable forest management technique. Climate continues to change, with
predictions of increasing temperature and decreasing growing season precipitation across
southern Canada in the future. These predicted changes in climate will impact the growth of
managed and unmanaged forests across the province. With an abundance of red pine plantations
in southern Ontario, this study provides knowledge for future implications in forest management.
The results of this study suggest that treatments similar to the 33D crown retention treatment
improve growth and carbon sequestration. Therefore, VRH treatments such as dispersed
retention could be of use as a climate change mitigation tactic in parts of southern Ontario and
the Great Lakes region.
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Chapter 5
Conclusions and Future Directions
5.1 Overall Conclusions
Variable retention harvesting is a plausible method to increase growth and carbon
sequestration of red pine trees in southern Ontario plantations. It is important to study
silvicultural techniques, such as VRH, as they may aid in mitigating the impacts of climate
change in the near future. In southern Ontario, climate projections indicate that temperatures are
likely to increase in the coming decades while growing season precipitation will likely decrease.
Tree growth will inevitably be impacted by these changing climatic conditions, which makes
studying management strategies to aid in increasing carbon sequestration important. These
results also have implications for forest management and could impact factors such as tree
physiology and forest health, the costs and economics associated with management techniques,
and the environmental sustainability of plantation forests under changing climatic conditions.
The major findings of this research include:
1) The main climatic drivers of tree growth in this red pine plantation are growing season
maximum temperature (May-August) and growing season precipitation (May-June). July
SPEI3 (May-July) is also positively correlated with red pine growth in southern Ontario.
Maximum growing season temperatures have a negative impact on tree growth, while
growing season precipitation generally leads to enhanced tree growth. Overall, July
SPEI3 has the highest correlation with red pine growth in this study.
2) VRH may improve the growth response to climate if a dispersed crown retention
treatment is implemented. Maximum temperature and total precipitation have positive
correlations post-harvest, at higher magnitudes for the dispersed treatments than the
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aggregated treatments or the control plots. The correlation with July SPEI3 does not show
any notable differences between the treatment types and warrants further investigation.
3) VRH has increased tree growth, accumulated biomass, carbon content, and carbon
sequestration, but only in dispersed crown retention treatments or within the exterior trees
in aggregated crown retention treatments. It is important to emphasize that these results
represent short-term growth enhancements. It remains to be seen if these post-harvest
trends persist over longer time frames. In the short-term (5 years post 2014-harvest),
these results demonstrate the beneficial use of a partial harvest such as VRH to increase
future tree growth and ultimately carbon sequestration.
4) The dispersed crown retention treatment and the lower level of retention (33D) showed
the highest increase in tree growth and carbon sequestration post-harvest. The aggregated
treatments did not show an increase in growth post-harvest. This is an interesting finding
and may be attributed to the following: a) thinning shock; b) severe edge effects from
light or temperature exposure; and/or c) water stress or other physiological stresses
caused from the disturbance. Based on these results, if the goal of VRH is to exclusively
increase tree growth, biomass, or carbon sequestration, then utilizing the dispersed
retention pattern may be more beneficial.
5) As expected, the post-harvest tree growth and carbon sequestration were significantly
higher in exterior trees in the aggregated crown retention treatments than interior trees.
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5.2 Research Limitations
This study aimed to determine the climatic drivers of growth and the impact of VRH on
red pine tree growth and carbon sequestration at a red pine plantation in southern Ontario,
Canada. In order to fully understand and interpret the results of this research, study limitations
have to be taken into consideration. The research limitations of this study include the following:
1) The study timeline for the research is short, encompassing only 5 years post-harvest. A
longer time period, such as 10 years post-harvest (2014-2023), would be needed to fully
realize if the improved growth response to climate continues post-harvest for the
dispersed crown retention treatment. The final moving correlation window is from 20142018, but it would be interesting to see how long after the harvest (2014) the positive
correlations between tree growth and maximum temperature and total precipitation
continue for the dispersed treatments. It is recommended that the study be revisited in
another 5 years to see how climate-growth relations change 10 years post-harvest. A
longer timeline would also help in the understanding of how long the positive impact of
VRH will persist with regards to increasing carbon sequestration. The trend for the
dispersed crown retention treatment shows that annual carbon sequestration is still on an
increasing trajectory in 2018. Knowing the impact 10, or even 20 years post-harvest
would provide a better understanding of the long-term impacts of VRH. The current
study can only discuss short-term impacts.
2) The climate data was taken from a climate station 25 km north of the field site. Having
climate data acquired closer to or at the field site would provide more accurate
measurements of climatic parameters for TP31. This is particularly true in regard to total
precipitation, which is known to vary widely over small distances.
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3) This research utilized an allometric equation that was created in another study and
incorporated red pine data from across Canada. Utilizing such an equation can provide
more robust results since information about more trees are incorporated into the
calculations for making the allometric equation, but a species and location-specific
equation may have provided more accurate estimates of biomass. Often, large scale
equations can over- or underestimate accrued biomass.
4) For this study, only red pine trees were sampled to estimate how VRH impacts tree
growth and carbon sequestration. In addition to red pine trees in each of the treatment
plots, other vegetation types (understory) were also present but not sampled. Therefore,
to get a representation of total carbon sequestered from the entire plot, all the vegetation
types would need to be analyzed through direct sampling methods or via measurements
such as eddy covariance.
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5.3 Future Directions
Future studies should focus on determining what the long-term impacts of VRH are on
the growth response to climatic parameters as well as on red pine tree growth and carbon
sequestration. This study determined the short-term (5-years post-harvest) impact, which
seemingly are continuing to increase in the dispersed crown retention treatments. Overall, this
study helped to confirm that the dispersed crown retention treatment will positively impact more
trees overall (since only exterior aggregate trees benefit from the harvest in the aggregated
treatments). These results suggest that the dispersed spatial retention pattern may be more
beneficial to increasing overall stand growth and carbon sequestration. Accordingly, another
aspect that could be investigated in future research is assembling a more representative analysis
of the entire treatment plots, by including analyses of the other vegetation that occurs in the plots
(i.e., understory) in addition to the red pine trees. This would aid in understanding the total
carbon accumulation for the entire plot, as opposed to just the trees in response to the VRH
treatments. These types of future studies will ultimately help to better understand how VRH can
be utilized in promoting growth and carbon sequestration in southern Ontario’s red pine
plantations.
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Appendix I: Climate-Growth Relationships
Figure A1: Regression analysis between Delhi climate station and Tillsonburg Wwtp climate
station for monthly total precipitation (mm) between 1965 and 2006. It is noted that November
of 1996 to March of 1998 were omitted in this comparison due to the missing data at the Delhi
climate station.
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Table A1: Pearson correlation results between climate parameters including mean temperature (°C), minimum temperature (°C),
maximum temperature (°C), and total precipitation (mm) and ring width indices (RWI) for the standard chronology, residual
chronology, and arstan chronology. The letter p preceding a month represents “previous growth year”. Light grey shading indicates
significant correlations at 0.05 level and dark grey shading indicates significant correlations at 0.01 level.
Climatic Parameter
Mean Temperature (°C)

pMay

pJun

pJul

pAug

pSept

pOct

pNov

pDec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

RWI Standard Chronology

-0.1956

-0.1102

-0.2339

-0.1874

-0.1938

-0.0189

-0.1214

-0.1936

-0.2986

-0.1621

0.0436

-0.1082

0.0554

-0.2227

-0.1766

-0.1851

-0.1360

-0.1583

-0.1014

-0.0973

RWI Residual Chronology

-0.0001

0.1458

-0.1939

-0.0531

-0.1621

0.1852

-0.0587

-0.2181

-0.3094

-0.0816

0.1364

0.0564

-0.1505

-0.2485

-0.2895

-0.1980

-0.1219

-0.1588

-0.1383

-0.2023

RWI Arstan Chronology

-0.2110

-0.1096

-0.1964

-0.1605

-0.2001

-0.0512

-0.1254

-0.1683

-0.2733

-0.1423

0.0491

-0.1109

0.0726

-0.2059

-0.1453

-0.1520

-0.1418

-0.1752

-0.1070

-0.0817

Minimum Temperature (°C)
RWI Standard Chronology

-0.0908

-0.0951

-0.2036

-0.1208

-0.0767

-0.0105

-0.0617

-0.2059

-0.2698

-0.1232

0.0931

-0.0768

-0.0257

-0.1889

-0.0998

-0.0863

0.0007

-0.1425

-0.0207

-0.1052

RWI Residual Chronology

-0.1320

0.1020

-0.2730

-0.0689

-0.1495

0.1656

-0.0744

-0.2320

-0.2820

-0.0656

0.1594

0.0677

-0.1658

-0.1643

-0.1410

-0.0940

-0.0858

-0.2305

-0.1094

-0.2119

RWI Arstan Chronology

-0.0517

-0.0834

-0.1524

-0.0796

-0.0709

-0.0237

-0.0614

-0.1819

-0.2482

-0.1043

0.0973

-0.0626

-0.0020

-0.1635

-0.0618

-0.0419

0.0033

-0.1393

-0.0215

-0.0912

-0.1097

-0.2053

-0.2127

-0.2422

-0.0201

-0.1532

-0.1724

-0.3149

-0.1944

0.0012

-0.1218

-0.0796

-0.2147

-0.2046

-0.2474

-0.2153

-0.1332

-0.1549

-0.0850

Maximum Temperature (°C)
RWI Standard Chronology

-0.1238

RWI Residual Chronology

-0.1587

0.1517

-0.0882

-0.0233

-0.1347

0.1601

-0.0337

-0.1989

-0.3247

-0.0934

0.1064

0.0417

-0.3014

-0.2703

-0.3480

-0.2627

-0.1164

-0.0692

-0.1426

-0.1875

RWI Arstan Chronology

-0.1000

-0.1191

-0.1870

-0.2053

-0.2577

-0.0592

-0.1615

-0.1463

-0.2861

-0.1749

0.0062

-0.1368

-0.0685

-0.2086

-0.1852

-0.2321

-0.2280

-0.1609

-0.1653

-0.0687

RWI Standard Chronology

-0.0259

0.1671

-0.0631

-0.0303

-0.0493

-0.1309

0.0510

0.0272

-0.1947

-0.2064

0.2030

-0.0427

0.0752

0.1993

0.0255

-0.0440

-0.0104

-0.1015

0.1076

-0.0069

RWI Residual Chronology

-0.1393

0.0117

-0.1464

0.0205

-0.0823

-0.1429

-0.0850

0.0414

-0.1391

-0.0707

0.1712

0.1226

0.2865

0.3050

0.1702

0.0347

-0.1342

-0.1940

-0.0306

-0.0734

RWI Arstan Chronology

-0.0080

0.1814

-0.0353

-0.0590

-0.0039

-0.1117

0.0773

0.0289

-0.1919

-0.1860

0.1980

-0.0601

0.0852

0.2062

0.0483

-0.0747

0.0361

-0.0895

0.1357

-0.0013

Total Precipitation (°C)
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Table A2: Pre-harvest climate-growth correlations (1936-2013). Pearson correlation results between climate parameters including
mean temperature (°C), minimum temperature (°C), maximum temperature (°C), and total precipitation (mm) and ring width indices
(RWI) for the control (CN) and variable retention harvest treatments; 33% aggregated crown retention (33A), 55% aggregated crown
retention (55A), 33% dispersed crown retention (33D), and 55% dispersed crown retention (55D). The letter p preceding a month
represents “previous”. Light grey shading indicates significant correlations at 0.05 level and dark grey shading indicates significant
correlations at 0.01 level.
Climatic Parameter

pMay

pJun

pJul

pAug

pSept

pOct

pNov

pDec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

Mean Temperature (°C)
CN

-0.1589

0.1458

-0.1939

-0.0531

-0.1621

0.1852

-0.0587

-0.2181

-0.3094

-0.0816

0.1364

0.0564

-0.2640

-0.2485

-0.2895

-0.1980

-0.1219

-0.1588

-0.1383

-0.2023

33A

-0.1945

0.1489

-0.2510

-0.0938

-0.1888

0.2057

-0.0392

-0.2118

-0.2994

-0.1236

0.1262

0.0705

-0.2839

-0.2758

-0.2850

-0.1694

-0.1113

-0.1262

-0.1518

-0.2342

55A

-0.1719

0.0809

-0.2494

-0.1544

-0.2041

0.1327

-0.0734

-0.1840

-0.3317

-0.1204

0.1002

-0.0205

-0.2523

-0.2405

-0.2743

-0.1950

-0.1248

-0.1526

-0.1522

-0.2258

33D

-0.1626

0.1589

-0.1437

-0.0047

-0.1882

0.1901

-0.0235

-0.1606

-0.3102

-0.0654

0.0973

0.0589

-0.3019

-0.2371

-0.2957

-0.1919

-0.1482

-0.1588

-0.1864

-0.2236

55D

-0.1899

0.1464

-0.2061

-0.0207

-0.1519

0.1746

-0.0204

-0.1888

-0.3125

-0.0675

0.1246

0.0627

-0.2852

-0.2675

-0.2678

-0.1432

-0.1051

-0.1482

-0.1785

-0.2355

Minimum Temperature (°C)
CN

-0.1320

0.1020

-0.2730

-0.0689

-0.1495

0.1656

-0.0744

-0.2320

-0.2820

-0.0656

0.1594

0.0677

-0.1658

-0.1643

-0.1410

-0.0940

-0.0858

-0.2305

-0.1094

-0.2119

33A

-0.1625

0.1118

-0.3034

-0.0992

-0.1800

0.1862

-0.0500

-0.2239

-0.2706

-0.0987

0.1584

0.0763

-0.1941

-0.1888

-0.1442

-0.0589

-0.0716

-0.1889

-0.1098

-0.2366

55A

-0.1559

0.0412

-0.3109

-0.1441

-0.1770

0.1042

-0.0666

-0.2000

-0.3006

-0.0907

0.1414

-0.0088

-0.1841

-0.1834

-0.1562

-0.0949

-0.0571

-0.1821

-0.0899

-0.2316

33D

-0.1397

0.1221

-0.2260

-0.0008

-0.1657

0.2115

-0.0339

-0.1715

-0.2875

-0.0389

0.1145

0.0743

-0.1915

-0.1377

-0.1340

-0.0797

-0.0769

-0.1979

-0.1453

-0.2357

55D

-0.1689

0.1226

-0.2585

-0.0142

-0.1253

0.2015

-0.0172

-0.1938

-0.2871

-0.0356

0.1438

0.0811

-0.1686

-0.1549

-0.1033

-0.0315

-0.0424

-0.1947

-0.1387

-0.2417

0.0417

-0.3014

-0.2703

-0.3480

-0.2627

-0.1164

-0.0692

-0.1426

-0.1875

Maximum Temperature (°C)
CN

-0.1587

0.1517

-0.0882

-0.0233

-0.1347

0.1601

-0.0337

-0.1989

-0.3247

-0.0934

0.1064

33A

-0.1938

0.1488

-0.1531

-0.0677

-0.1513

0.1743

-0.0220

-0.1941

-0.3162

-0.1424

0.0899

0.0581

-0.3135

-0.2945

-0.3394

-0.2443

-0.1108

-0.0509

-0.1657

-0.2259

55A

-0.1616

0.0935

-0.1466

-0.1311

-0.1765

0.1256

-0.0653

-0.1628

-0.3500

-0.1448

0.0600

-0.0271

-0.2700

-0.2438

-0.3149

-0.2564

-0.1469

-0.0953

-0.1818

-0.2138

33D

-0.1589

0.1559

-0.0481

-0.0026

-0.1637

0.1338

-0.0073

-0.1468

-0.3204

-0.0917

0.0744

0.0400

-0.3430

-0.2766

-0.3623

-0.2680

-0.1659

-0.0940

-0.1967

-0.2061

55D

-0.1819

0.1348

-0.1190

-0.0181

-0.1397

0.1171

-0.0173

-0.1801

-0.3253

-0.0997

0.0981

0.0411

-0.3339

-0.3102

-0.3434

-0.2261

-0.1259

-0.0793

-0.1882

-0.2238

CN

-0.1393

0.0117

-0.1464

0.0205

-0.0823

-0.1429

-0.0850

0.0414

-0.1391

-0.0707

0.1712

0.1226

0.2865

0.3050

0.1702

0.0347

-0.1342

-0.1940

-0.0306

-0.0734

33A

-0.1633

0.0273

-0.1394

0.0110

-0.1338

-0.1432

-0.1073

0.0223

-0.1661

-0.0643

0.1726

0.0726

0.2798

0.3086

0.1497

0.0297

-0.1687

-0.1988

0.0151

-0.0704

55A

-0.1302

0.0938

-0.1478

0.0293

-0.0946

-0.1847

-0.0704

0.0284

-0.1325

-0.1407

0.1719

0.0775

0.2103

0.3149

0.0771

0.0126

-0.1198

-0.1629

0.0016

-0.0872

33D

-0.1072

0.0054

-0.1461

0.0433

-0.0219

-0.0952

-0.0171

0.0880

-0.1338

-0.0187

0.1866

0.1009

0.3593

0.3836

0.1975

0.0244

-0.0722

-0.1869

0.0336

-0.0302

55D

-0.1120

0.0279

-0.1468

0.0261

-0.0901

-0.1046

-0.0415

0.0430

-0.1694

-0.0293

0.1964

0.0706

0.3502

0.3603

0.1871

0.0012

-0.0991

-0.2176

0.0115

-0.0466

Total Precipitation (mm)
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Table A3: Pre-harvest climate-growth correlations (1936-2013). Pearson correlation results between the Standardized Precipitation
Evapotranspiration Index (SPEI), at 1-month (SPEI1), 2-month (SPEI2), 3-month (SPEI3), 6-month (SPEI6), and 12-month (SPEI12)
timescales, and ring width indices (RWI) for the control (CN) and variable retention harvest treatments; 33% aggregated crown
retention (33A), 55% aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55% dispersed crown retention
(55D). The letter p preceding a month represents “previous”. Light grey shading indicates significant correlations at 0.05 level and
dark grey shading indicates significant correlations at 0.01 level.
Treatment

pMa
y

pJun

pJul

pAug

pSept

pOct

pNov

pDec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

-0.0781
-0.1181

0.0147
0.0254

-0.0826
-0.0948

0.0601
0.0505

-0.0178
-0.0435

-0.1426
-0.1581

-0.0688
-0.0911

0.0535
0.0433

-0.1806
-0.1759

-0.1046
-0.0969

0.1470
0.1675

0.0929
0.0649

0.3182
0.3159

0.3280
0.3372

0.2390
0.2145

0.0277
0.0166

-0.1423
-0.1567

-0.1273
-0.1419

-0.0084
0.0469

-0.0778
-0.0721

-0.0704
-0.0577
-0.0695

0.1071
0.0162
0.0269

-0.0745
-0.1011
-0.1120

0.0540
0.0630
0.0548

-0.0344
0.0601
-0.0093

-0.1766
-0.1079
-0.1051

-0.0522
-0.0133
-0.0323

0.0490
0.0966
0.0649

-0.1684
-0.1617
-0.1833

-0.1751
-0.0560
-0.0531

0.1341
0.1687
0.1842

0.0622
0.0783
0.0636

0.2432
0.3918
0.3808

0.3314
0.3990
0.3860

0.1425
0.2633
0.2546

-0.0105
0.0300
-0.0066

-0.1381
-0.0679
-0.1014

-0.0926
-0.1155
-0.1496

0.0394
0.0676
0.0511

-0.0700
-0.0301
-0.0477

-0.0469
-0.0772
-0.0442
-0.0400
-0.0492

-0.0298
-0.0477
0.0257
-0.0158
-0.0148

-0.0573
-0.0575
0.0128
-0.0621
-0.0643

-0.0172
-0.0380
-0.0056
-0.0174
-0.0367

0.0079
-0.0226
0.0136
0.0675
0.0039

-0.1087
-0.1432
-0.1412
-0.0291
-0.0784

-0.1523
-0.1733
-0.1620
-0.0943
-0.1033

-0.0125
-0.0336
-0.0104
0.0505
0.0186

-0.0718
-0.0859
-0.0681
-0.0332
-0.0766

-0.1844
-0.1793
-0.2189
-0.1421
-0.1592

0.0504
0.0682
0.0006
0.0906
0.1045

0.1752
0.1533
0.1531
0.1750
0.1622

0.2998
0.2713
0.2218
0.3369
0.3145

0.3946
0.4017
0.3505
0.4857
0.4707

0.4029
0.4017
0.3380
0.4728
0.4572

0.1897
0.1712
0.1023
0.2045
0.1748

-0.0309
-0.0543
-0.0523
0.0125
-0.0336

-0.1985
-0.2261
-0.1630
-0.1398
-0.1882

-0.0904
-0.0705
-0.0422
-0.0383
-0.0770

-0.0396
-0.0036
-0.0119
0.0395
0.0124

SPEI1
CN
33A
55A
33D
55D

SPEI2
CN
33A
55A
33D
55D

SPEI3
CN

-0.0487

-0.0228

-0.0888

-0.0132

-0.0418

-0.0810

-0.1458

-0.1073

-0.0729

-0.1099

-0.0476

0.1092

0.3118

0.3739

0.4583

0.3806

0.0825

-0.1094

-0.1440

-0.0981

33A
55A
33D

-0.0932
-0.0229
-0.0367

-0.0374
0.0234
-0.0161

-0.1081
-0.0354
-0.0822

-0.0257
0.0606
-0.0082

-0.0807
-0.0328
0.0045

-0.1186
-0.0911
-0.0092

-0.1844
-0.1570
-0.0567

-0.1298
-0.1234
-0.0440

-0.1026
-0.0694
-0.0187

-0.1164
-0.1389
-0.0528

-0.0417
-0.0792
-0.0105

0.0971
0.0561
0.1301

0.2903
0.2534
0.3494

0.3622
0.3239
0.4380

0.4560
0.3682
0.5476

0.3755
0.3095
0.4339

0.0493
0.0200
0.1342

-0.1392
-0.0994
-0.0686

-0.1475
-0.0980
-0.0652

-0.0790
-0.0622
-0.0371

55D

-0.0426

-0.0171

-0.0881

-0.0233

-0.0591

-0.0643

-0.1080

-0.0656

-0.0625

-0.0892

-0.0203

0.1207

0.3306

0.4156

0.5291

0.3998

0.0903

-0.1251

-0.1152

-0.0765

-0.0086
-0.0170

-0.0164
-0.0367

-0.0667
-0.0948

-0.0575
-0.0919

-0.0619
-0.0981

-0.1469
-0.1902

-0.1365
-0.1722

-0.1135
-0.1544

-0.1125
-0.1549

-0.1643
-0.2084

-0.1026
-0.1219

0.0046
-0.0215

0.1527
0.1346

0.2535
0.2470

0.3817
0.3669

0.4344
0.4145

0.3182
0.2849

0.2409
0.2143

0.1227
0.1140

-0.0217
-0.0329

-0.0407
0.0115
0.0332

-0.0089
0.0011
0.0171

-0.0445
-0.0617
-0.0582

0.0050
-0.0502
-0.0639

-0.0178
-0.0267
-0.0705

-0.1131
-0.0894
-0.1363

-0.1028
-0.0695
-0.1178

-0.1186
-0.0395
-0.0965

-0.1148
-0.0341
-0.0970

-0.2020
-0.0742
-0.1379

-0.1427
-0.0314
-0.0593

-0.0244
0.0578
0.0207

0.0886
0.2121
0.1784

0.1970
0.3237
0.2991

0.2818
0.4567
0.4345

0.3484
0.4896
0.4571

0.2457
0.3920
0.3485

0.1869
0.3358
0.2819

0.1089
0.2166
0.1592

-0.0377
0.0554
-0.0002

CN
33A
55A

0.0071
0.0052
-0.0600

0.0060
0.0163
-0.0386

0.0069
0.0169
-0.0213

0.0255
0.0335
0.0011

-0.0016
-0.0153
-0.0163

-0.0286
-0.0482
-0.0412

-0.1045
-0.1323
-0.1060

-0.1061
-0.1458
-0.1053

-0.1533
-0.1882
-0.1394

-0.1939
-0.2274
-0.1748

-0.1571
-0.1777
-0.1457

-0.1354
-0.1736
-0.1302

-0.0109
-0.0467
-0.0296

0.0801
0.0460
0.0391

0.1613
0.1199
0.0963

0.1804
0.1406
0.0971

0.1663
0.1304
0.0905

0.1748
0.1363
0.1167

0.1979
0.1710
0.1394

0.1629
0.1431
0.1092

33D
55D

0.0551
0.0562

0.0414
0.0438

0.0266
0.0332

0.0579
0.0616

0.0490
0.0264

0.0199
0.0041

-0.0504
-0.0648

-0.0458
-0.0745

-0.0894
-0.1244

-0.1214
-0.1616

-0.0758
-0.1186

-0.0561
-0.1110

0.0814
0.0219

0.1858
0.1245

0.2717
0.2084

0.2874
0.2205

0.2710
0.2205

0.2717
0.2094

0.2949
0.2297

0.2558
0.1988

SPEI6
CN
33A
55A
33D
55D

SPEI12
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Table A4: Regression analysis results between the master RWI chronology (all treatment’s RWI
averaged) and July SPEI3.
Regression Statistics
Multiple R
R Square
Adjusted R Square
Standard Error
Observations

0.4816
0.2320
0.2217
0.1519
77

ANOVA
df
Regression
Residual
Total

Intercept
July SPEI 3

1
75
76

Coefficients
0.9850
0.0853

SS
0.5225
1.7297
2.2522

Standard Error
0.0173
0.0179

MS
0.5225
0.0231

t Stat
56.8906
4.7596

F
22.6537

P-value
1.9118E-63
9.2189E-06

Significance F
9.2189E-06

Lower 95%
0.9505
0.0496

Upper 95%
1.0195
0.1211
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Appendix II: Impact of Variable Retention Harvesting on Tree Growth,
Biomass, Carbon Content, and Carbon Sequestration
Table A5: ANOVA summary and results table for percent growth change (%GC) between the
control (CN) and variable retention harvest treatments; 33% aggregated crown retention (33A),
55% aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55%
dispersed crown retention (55D).
Summary
Groups
CN
33A
55A
33D
55D
ANOVA
Source of Variation
Between Groups
Within Groups
Total

Count
4
4
4
4
4
SS
820.362
636.829
1457.190

Sum
-24.046
-10.012
-25.423
32.478
30.062
df
4
15
19

Average
-6.012
-2.503
-6.356
8.119
7.515
MS
205.090
42.455

Variance
15.332
4.998
19.456
128.962
43.529
F
4.831

P-value
0.0105

F critical
3.056

Table A6: Post-hoc Tukey Test for differences in the percent growth change (%GC) between the
control (CN) and variable retention harvest treatments; 33% aggregated crown retention (33A),
55% aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55%
dispersed crown retention (55D).
Post-Hoc Tukey Test
Treatment Pairs
CN vs 33A
CN vs 55A
CN vs 33D
CN vs 55D
33A vs 55A
33A vs 33D
33A vs 55D
55A vs 33D
55A vs 55D
33D vs 55D

Tukey HSD Q Statistic
1.0770
0.1056
4.3375
4.1521
1.1826
3.2605
3.0751
4.4431
4.2577
0.1854

Tukey HSD p-value
0.8999947
0.8999947
0.0520170
0.0662984
0.8999947
0.1966696
0.2413563
0.0452519
0.0577698
0.8999947

Interpretation
Insignificant
Insignificant
Insignificant
Insignificant
Insignificant
Insignificant
Insignificant
* p<0.05
Insignificant
Insignificant
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Table A7: T-test results between the control (CN) pre-harvest and post-harvest (A) annual
biomass (kg); (B) annual carbon content (kg C); and (C) annual carbon sequestration (kg CO2).
The ** represents p values <0.001.
(A) Annual Biomass (kg)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
(B) Annual Carbon Content (kg C)

Pre-Harvest Post-Harvest
2.399302415 1.834946162
0.217075005 0.110011068
20
20
0.163543037
38
4.413034394
4.07202E-05
1.68595446
8.14403E-05 **
2.024394164

Pre-Harvest
Mean
1.199651208
Variance
0.054268751
Observations
20
Pooled Variance
0.040885759
df
38
t Stat
4.413034394
P(T<=t) one-tail
4.07202E-05
t Critical one-tail
1.68595446
P(T<=t) two-tail
8.14403E-05
t Critical two-tail
2.024394164
(C) Annual Carbon Sequestration (kg CO2)
Pre-Harvest
Mean
4.399120979
Variance
0.729745875
Observations
20
Pooled Variance
0.549786266
df
38
t Stat
4.413034394
P(T<=t) one-tail
4.07202E-05
t Critical one-tail
1.68595446
P(T<=t) two-tail
8.14403E-05
t Critical two-tail
2.024394164

Post-Harvest
0.917473081
0.027502767
20

**

Post-Harvest
3.364373789
0.369826657
20

**
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Table A8: T-test results between the 33% aggregated crown retention (33A) pre-harvest and
post-harvest (A) annual biomass (kg); (B) annual carbon content (kg C); and (C) annual carbon
sequestration (kg CO2). The * represents p values <0.05.
Annual Biomass (kg)
Pre-Harvest
Mean
2.18989906
Variance
0.263331279
Observations
20
Pooled Variance
0.214873988
df
38
t Stat
2.31241541
P(T<=t) one-tail
0.013133817
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.026267634
t Critical two-tail
2.024394164
(B) Annual Carbon Content (kg C)
Pre-Harvest
Mean
1.09494953
Variance
0.06583282
Observations
20
Pooled Variance
0.053718497
df
38
t Stat
2.31241541
P(T<=t) one-tail
0.013133817
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.026267634
t Critical two-tail
2.024394164
(C) Annual Carbon Sequestration (kg CO2)
Pre-Harvest
Mean
4.015179927
Variance
0.88524662
Observations
20
Pooled Variance
0.722346667
df
38
t Stat
2.31241541
P(T<=t) one-tail
0.013133817
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.026267634
t Critical two-tail
2.024394164

Post-Harvest
1.850931781
0.166416697
20

*

Post-Harvest
0.925465891
0.041604174
20

*

Post-Harvest
3.393683421
0.559446713
20

*
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Table A9: T-test results between the 55% aggregated crown retention (55A) pre-harvest and
post-harvest (A) annual biomass (kg); (B) annual carbon content (kg C); and (C) annual carbon
sequestration (kg CO2). The ** represents p values <0.001.
Annual Biomass (kg)
Pre-Harvest
Mean
2.256084363
Variance
0.175254418
Observations
20
Pooled Variance
0.131686424
df
38
t Stat
3.792566909
P(T<=t) one-tail
0.000259921
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.000519842
t Critical two-tail
2.024394164
(B) Annual Carbon Content (kg C)
Pre-Harvest
Mean
1.128042182
Variance
0.043813605
Observations
20
Pooled Variance
0.032921606
df
38
t Stat
3.792566909
P(T<=t) one-tail
0.000259921
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.000519842
t Critical two-tail
2.024394164
(C) Annual Carbon Sequestration (kg CO2)
Pre-Harvest
Mean
4.13653068
Variance
0.589156677
Observations
20
Pooled Variance
0.442693181
df
38
t Stat
3.792566909
P(T<=t) one-tail
0.000259921
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.000519842
t Critical two-tail
2.024394164

Post-Harvest
1.820869466
0.088118429
20

**

Post-Harvest
0.910434733
0.022029607
20

**

Post-Harvest
3.338564165
0.296229685
20

**
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Table A10: T-test results (assuming unequal variances) between the 33% dispersed crown
retention (33D) pre-harvest and post-harvest (A) annual biomass (kg); (B) annual carbon content
(kg C); and (C) annual carbon sequestration (kg CO2).
Annual Biomass (kg)
Post-Harvest
Mean
2.861787411
Variance
2.0472988
Observations
20
df
22
t Stat
0.357736363
P(T<=t) one-tail
0.361974952
t Critical one-tail
1.717144374
P(T<=t) two-tail
0.723949904
t Critical two-tail
2.073873068
(B) Annual Carbon Content (kg C)
Post-Harvest
Mean
1.430893705
Variance
0.5118247
Observations
20
df
22
t Stat
0.357736363
P(T<=t) one-tail
0.361974952
t Critical one-tail
1.717144374
P(T<=t) two-tail
0.723949904
t Critical two-tail
2.073873068
(C) Annual Carbon Sequestration (kg CO2)
Post-Harvest
Mean
5.247087218
Variance
6.882449929
Observations
20
df
22
t Stat
0.357736363
P(T<=t) one-tail
0.361974952
t Critical one-tail
1.717144374
P(T<=t) two-tail
0.723949904
t Critical two-tail
2.073873068

Pre-Harvest
2.743269092
0.147904701
20

Pre-Harvest
1.371634546
0.036976175
20

Pre-Harvest
5.02978388
0.497214526
20
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Table A11: T-test results between the 55% dispersed crown retention (55D) pre-harvest and
post-harvest (A) annual biomass (kg); (B) annual carbon content (kg C); and (C) annual carbon
sequestration (kg CO2).
Annual Biomass (kg)
Post-Harvest
Mean
2.707864825
Variance
1.240618778
Observations
20
Pooled Variance
1.15377304
df
38
t Stat
-0.63758704
P(T<=t) one-tail
0.263782936
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.527565871
t Critical two-tail
2.024394164
(B) Annual Carbon Content (kg C)
Post-Harvest
Mean
1.353932412
Variance
0.310154694
Observations
20
Pooled Variance
0.28844326
df
38
t Stat
-0.63758704
P(T<=t) one-tail
0.263782936
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.527565871
t Critical two-tail
2.024394164
(C) Annual Carbon Sequestration (kg CO2)
Post-Harvest
Mean
4.964870156
Variance
4.170615749
Observations
20
Pooled Variance
3.878664501
df
38
t Stat
-0.63758704
P(T<=t) one-tail
0.263782936
t Critical one-tail
1.68595446
P(T<=t) two-tail
0.527565871
t Critical two-tail
2.024394164

Pre-Harvest
2.924435512
1.066927302
20

Pre-Harvest
1.462217756
0.266731826
20

Pre-Harvest
5.361952511
3.586713252
20
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Table A12: ANOVA summary and results table for differences in annual biomass (kg) between
the control (CN) and variable retention harvest treatments; 33% aggregated crown retention
(33A), 55% aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55%
dispersed crown retention (55D) for the post-harvest treatments.
Post-Harvest Summary
Groups
CN
33A
55A
33D
55D
ANOVA
Source of Variation
Between Groups
Within Groups
Total

Count
20
20
20
20
20

Sum
36.699
37.019
36.417
57.236
54.157

SS
21.871
69.397
91.268

Average
1.835
1.851
1.821
2.862
2.708

df
4
95
99

MS
5.468
0.730

Variance
0.110
0.166
0.088
2.047
1.241
F
7.485

P-value
2.762E-05

F critical
2.467

Table A13: Post-hoc Tukey Test for differences in annual biomass (kg) between the control
(CN) and variable retention harvest treatments; 33% aggregated crown retention (33A), 55%
aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55% dispersed
crown retention (55D) for the (A) pre-harvest; and (B) post-harvest treatments.
Post-Harvest Post-hoc Tukey Test
Treatment Pairs
Tukey HSD Q Statistic
CN vs 33A
0.0836
CN vs 55A
0.0737
CN vs 33D
5.3729
CN vs 55D
4.5675
33A vs 55A
0.1573
33A vs 33D
5.2893
33A vs 55D
4.4839
55A vs 33D
5.4466
55A vs 55D
4.6412
33D vs 55D
0.8054

Tukey HSD p-value
0.8999947
0.8999947
0.0023333
0.0143594
0.8999947
0.0028472
0.0170968
0.0019534
0.0122850
0.8999947

Interpretation
Insignificant
Insignificant
** p<0.01
* p<0.05
Insignificant
** p<0.01
* p<0.05
** p<0.01
* p<0.05
Insignificant
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Table A14: ANOVA summary and results table for differences in annual carbon content (kg C)
between the control (CN) and variable retention harvest treatments; 33% aggregated crown
retention (33A), 55% aggregated crown retention (55A), 33% dispersed crown retention (33D),
and 55% dispersed crown retention (55D) for the post-harvest treatments.
Post-Harvest Summary
Groups
CN
33A
55A
33D
55D
ANOVA
Source of Variation
Between Groups
Within Groups
Total

Count
20
20
20
20
20
SS
5.468
17.349
22.817

Sum
18.349
18.509
18.209
28.618
27.079

Average
0.917
0.925
0.910
1.431
1.354

df
4
95
99

MS
1.367
0.183

Variance
0.028
0.042
0.022
0.519
0.310
F
7.485

P-value
2.762E-05

F critical
2.467

Table A15: Post-hoc Tukey Test for differences in annual carbon content (kg C) between the
control (CN) and variable retention harvest treatments; 33% aggregated crown retention (33A),
55% aggregated crown retention (55A), 33% dispersed crown retention (33D), and 55%
dispersed crown retention (55D) for the post-harvest treatments.
Post-Harvest Post-hoc Tukey Test
Treatment Pairs
Tukey HSD Q Statistic
CN vs 33A
0.0836
CN vs 55A
0.0737
CN vs 33D
5.3729
CN vs 55D
4.5675
33A vs 55A
0.1573
33A vs 33D
5.2893
33A vs 55D
4.4839
55A vs 33D
5.4466
55A vs 55D
4.6412
33D vs 55D
0.8054

Tukey HSD p-value
0.8999947
0.8999947
0.0023333
0.0143594
0.8999947
0.0028472
0.0170968
0.0019534
0.0122850
0.8999947

Interpretation
Insignificant
Insignificant
** p<0.01
* p<0.05
Insignificant
** p<0.01
* p<0.05
** p<0.01
* p<0.05
Insignificant
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Table A16: ANOVA summary and results table for differences in annual carbon sequestration
(kg CO2) between the control (CN) and variable retention harvest treatments; 33% aggregated
crown retention (33A), 55% aggregated crown retention (55A), 33% dispersed crown retention
(33D), and 55% dispersed crown retention (55D) for the post-harvest treatments.
Post-Harvest Summary
Groups
CN
33A
55A
33D
55D
ANOVA
Source of Variation
Between Groups
Within Groups
Total

Count
20
20
20
20
20
SS
73.526
233.293
306.819

Sum
67.287
67.874
66.771
104.942
99.297
df
4
95
99

Average
3.364
3.394
3.339
5.247
4.965
MS
18.381
2.456

Variance
0.370
0.559
0.296
6.882
4.171
F
7.485

P-value
2.762E-05

F critical
2.467

Table A17: Post-hoc Tukey Test for differences in annual carbon sequestration (kg CO2)
between the control (CN) and variable retention harvest treatments; 33% aggregated crown
retention (33A), 55% aggregated crown retention (55A), 33% dispersed crown retention (33D),
and 55% dispersed crown retention (55D) for the post-harvest treatments.
Post-Harvest Post-hoc Tukey Test
Treatment Pairs
Tukey HSD Q Statistic
CN vs 33A
0.0836
CN vs 55A
0.0737
CN vs 33D
5.3729
CN vs 55D
4.5675
33A vs 55A
0.1573
33A vs 33D
5.2893
33A vs 55D
4.4839
55A vs 33D
5.4466
55A vs 55D
4.6412
33D vs 55D
0.8054

Tukey HSD p-value
0.8999947
0.8999947
0.0023333
0.0143594
0.8999947
0.0028472
0.0170968
0.0019534
0.0122850
0.8999947

Interpretation
Insignificant
Insignificant
** p<0.01
* p<0.05
Insignificant
** p<0.01
* p<0.05
** p<0.01
* p<0.05
Insignificant

135

Appendix III: Interior versus Exterior Trees in Aggregated Treatments
Table A18: T-test results for percent growth change (%GC) between (A) exterior and interior
trees in the 33% aggregated crown retention (33A); (B) exterior and interior trees in the 55%
aggregated crown retention (55A); and (C) exterior and interior trees in the both aggregated
treatments combined (33A and 55A). The ** represents p values <0.001.
(A)
Mean
Variance
Observations
Pooled Variance
Df
t Stat
P (T<=t) two-tail
t Critical two-tail
(B)
Mean
Variance
Observations
Pooled Variance
Df
t Stat
P (T<=t) two-tail
t Critical two-tail
(C)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P (T<=t) two-tail
t Critical two-tail

Exterior 33A
Interior 33A
-4.5823958
-27.8689821
71.4463321
16.05587481
4
4
43.7511035
6
4.97881878
0.00250468 **
2.44691185
Exterior 55A
Interior 55A
-15.1208989
-25.014476
37.4489334
96.8086742
4
4
67.1288038
6
-1.7077091
0.13855693
2.44691185
Exterior
Interior
-9.5923533
-25.70662
63.9226275
54.78594954
8
8
59.3542885
14
4.18325648
0.00092002 **
2.14478669
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Table A19: T-tests results for differences in annual biomass (kg) between (A) the interior and
exterior trees for the post-harvest aggregated treatments (33A and 55A combined); (B) the
interior and exterior trees in 33A; and (C) the interior and exterior trees in 55A. The **
represents p values <0.001.
A)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
B)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
C)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Exterior
Interior
2.140924421 1.522482458
0.21148286 0.131695804
40
40
0.171589332
78
6.67680676
1.61225E-09
1.664624645
3.22449E-09 **
1.990847069
Exterior 33A Interior 33A
2.186003835 1.515045585
0.253100788 0.168095571
20
20
0.210598179
38
4.623471562
2.13608E-05
1.68595446
4.27216E-05 **
2.024394164
Exterior 55A Interior 55A
2.095845008
1.52991933
0.17671739 0.102110959
20
20
0.139414175
38
4.792983503
1.26466E-05
1.68595446
2.52931E-05 **
2.024394164
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Table A20: T-tests results for differences in annual carbon content (kg C) between (A) the
interior and exterior trees for the post-harvest aggregated treatments (33A and 55A combined);
(B) the interior and exterior trees in 33A; and (C) the interior and exterior trees in 55A. The **
represents p values <0.001.
A)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
B)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
C)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Exterior
Interior
1.070462211 0.761241229
0.052870715 0.032923951
40
40
0.042897333
78
6.67680676
1.61225E-09
1.664624645
3.22449E-09 **
1.990847069
Exterior 33A Interior 33A
1.093001917 0.757522793
0.063275197 0.042023893
20
20
0.052649545
38
4.623471562
2.13608E-05
1.68595446
4.27216E-05 **
2.024394164
Exterior 55A Interior 55A
1.047922504 0.764959665
0.044179348
0.02552774
20
20
0.034853544
38
4.792983503
1.26466E-05
1.68595446
2.52931E-05 **
2.024394164
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Table A21: T-tests results for differences in annual carbon sequestration (kg CO2) between (A)
the interior and exterior trees for the post-harvest aggregated treatments (33A and 55A
combined); (B) the interior and exterior trees in 33A; and (C) the interior and exterior trees in
55A. The ** represents p values <0.001.
A)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
B)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
C)
Mean
Variance
Observations
Pooled Variance
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Exterior
Interior
3.925384927 2.791471586
0.710946635 0.442724713
40
40
0.576835674
78
6.67680676
1.61225E-09
1.664624645
3.22449E-09 **
1.990847069
Exterior 33A Interior 33A
4.008038031 2.777836081
0.850854551 0.565090621
20
20
0.707972586
38
4.623471562
2.13608E-05
1.68595446
4.27216E-05 **
2.024394164
Exterior 55A Interior 55A
3.842731822 2.805107091
0.594074783 0.343268682
20
20
0.468671732
38
4.792983503
1.26466E-05
1.68595446
2.52931E-05 **
2.024394164
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