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ABSTRACT

Improving forest productivity is critical to meet increasing global demand for wood
products. However, increased frequency of drought events can negatively impact tree
growth and productivity. I investigated volume growth genetic variation and drought
response of three 20-year-old white spruce (Picea glauca) varietal test sites in New
Brunswick, Canada with the objective to: 1) test if volume breeding values could be used
to predict drought vulnerability through tree-ring analysis of a recent multiyear drought;
and 2) to quantify the within and among family variation for volume growth to determine
the optimal ratio of varieties to families that need to be field tested to maximize genetic
gains for growth traits. | found varieties with higher genetic volume growth rates
exhibited higher drought resistance, suggesting that breeding for volume growth could
also improve drought resistance. Also, there was more within family variation than
among family variation, suggesting that more varieties per family and fewer families

should be bred and tested to maximizing genetic volume gains.
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Chapter 1: General Introduction

Background

Forests are environmentally, socially, and economically important to Canadians.
Environmentally, forests support biodiversity by providing habitat to thousands of
species (Natural Resources Canada, 2018), soil formation and retention (Rozhkov and
Karpachevskii, 2006), flood mitigation (Bhattacharjee & Behera, 2018), and mitigating
climate change through sequestering carbon (Ashton et al., 2012). Socially, forests
provide recreation and ecotourism opportunities such as hunting, foraging, camping, and
hiking. Forests are also culturally important to Indigenous people and other Canadians.
Economically, forestry contributes $24.6 billion dollars, or 1.6%, to Canada’s gross
domestic product and employed 209,940 people in 2017, making it a significant part of
Canadian economy (Natural Resources Canada, 2018). The forestry sector includes tree
planting, forest management, harvesting, trucking, and processing of the wood into
lumber, pulp, and other products (Natural Resources Canada, 2018). In 2016, 586 million
seedlings were planted on previously harvested provincial forests (Natural Resources

Canada, 2018).

Better forests through tree improvement

Planting trees for reforestation is no small endeavor. It takes significant energy, cost, and
time to collect seed, grow and plant seedlings, and manage stands from a seedling to
rotation age (Park and Wilson, 2007). The long rotation age of commercial tree species

in Canada increases the risk of disturbance impacts such as spruce budworm, fire, or
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hurricanes. Climate change is now adding climate anomalies to that list (Allen et al.,
2015), including heat waves and drought. Some of these risks may be mitigated using tree
improvement to select individuals with traits such as disease resistance, drought
tolerance, or fast growth (White et al., 2009).

Tree improvement is a continuous cycle. The first cycle starts with phenotypic selection
of wild trees to form a breeding population. Phenotypic characteristics of a tree is
comprised of its genetic makeup and environmental growing conditions. Since tree
improvement is focused on improving genetic performance, the environmental
component needs to be separated to quantify the genetic variation. To separate out the
genetic variation from the environmental component, wild selections are bred together,
progenies are established in field tests, and then evaluated for performance of desired
traits. Parents from the original population are ranked based on the performance of their
progenies. The cycle is repeated by making new selections from field-tested progenies to
form the second generation. Moving to the second generation increases the quantity of
favorable alleles for the selected trait(s) within the population, which improves the trait’s
performance (i.e., more alleles for fast growth increases growth of progenies). These
inherited alleles are quantified as additive genetic variation (Falconer and Mackay, 1996).
Additive genetic variation is of high importance to tree improvement because it is often
the most readily inherited genetic effect (White et al., 2009). Additive genetic variation
accounts for the average allele effect from each 2n allele contributed from each parent
associated with a particular trait that is not in dominance (interactions between alleles at a
specific locus) or epistasis (interactions between loci) (White et al., 2009). Different traits

are under different amounts of additive genetic variation/control. Narrow sense
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heritability is used to measure the amount of additive genetic variation there is for a given
trait. It is the ratio of additive genetic variation to phenotypic variation, which describes
how much potential for improvement can be achieved through selection (White et al.,
2009). Additive genetic variation is quantified as a breeding value, which is the
performance of progeny from a specific parent compared to the mean performance of all
tested progeny from multiple parents (Falconer and Mackay, 1996). Additive genetic
performance follows a normal distribution within a population and selections are made
from the top percentile per family to move to the next generation (White et al., 2009).
The goal of traditional tree improvement is to increase the population mean of a specific
trait from one generation to the next (White et al., 2009). Breeding, testing, and selecting
progeny takes many years (5-30 years depending on species) (Isik, 2014). These top
performing selections from the breeding population are used to establish orchards for
seed production. Each seedlot is a mix of all the genotypes bred together in the orchard
with an average genetic gain value of all the contributing genotypes, compared to a wild
stand checklot. The benefit of traditional tree improvement/seed production is that all the
genetic variation and diversity is passed on to the next generation so at no point are
selections being inbred. Maintaining genetic variation allows improvement to continue
for many generations.

There are alternatives to traditional seed propagation such as somatic embryogenesis
(SE). SE can be used to mass propagate specific genotypes from the top percentile of a
population for a desired trait. SE involves using plant growth regulators to take a seed
embryo, turn the embryo into undifferentiated cells called callus, and multiply then callus

into large number of cells (Adams et al., 1994). Using plant hormones again, bulked
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callus cells are turned into many genetically identical embryos (Adams et al., 1994). A
single embryo multiplied into many genetically identical embryos is called a variety
(Park, 2014). The benefit of propagating varieties through SE is callus cells can be
cryogenically preserved for many years and thawed to produce more embryos as needed,
essentially producing an unlimited supply of embryos from a specific, high performing
genotype (Adams et al., 1994). This allows for top performing varieties to be selected
from field tests, thawed in cryogenic storage, and mass produced for instant production of
desired genetic traits. It also allows dominance and epistatic trait improvements to be
captured since these are genotype specific and cannot be readily captured through
traditional tree improvement/seed production (Adams et al., 1994; Park et al., 1994;

White et al., 2009).

Climate change impact on trees

The increase in human-produced greenhouse gas released into the atmosphere is causing
global warming (Intergovernmental Panel on Climate Change, 2019). The rising
temperatures from global warming are causing changes in precipitation, which leads to
more extreme hot and dry periods. During these periods, soil moisture decreases due to
the lack of rainfall, increased evaporation, and a vapor pressure deficit is formed from the
high temperatures. In Atlantic Canada, mean summer temperature (June-August) is
projected to rise 5.2°C by 2081 to 2100 under climate scenario RCP8.5, compared to the
mean summer temperature between 1986 and 2005 (Zhang et al., 2019). Precipitation
patterns in Atlantic Canada are projected to intensify with longer periods of drought

leading to a reduction in available soil moisture during the growing season (Zhang et al.,



2019). This leaves many forest species exposed to increasing temperatures and less
frequent rain events. This can cause harmful stress on trees, leading to reductions in
growth and mortality (Zhang et al., 2019). Vapor pressure deficits that are formed during
periods of high temperatures and drought cause stomata to close during the day to reduce
transpiration and maintain water balance. VVapor pressure deficit causes trees, to require
more hydraulic pressure to transport water through the xylem to the leaves (Meinzer,
1982), due to the binding of water within the soil (cohesion-tension theory) (Brown,
2013). This can cause harmful stress on trees, leading to reductions in growth and
mortality (Zhang et al., 2019).

When trees experience even a small amount of moisture stress, growth almost
immediately stops (Fatichi et al., 2014). Photosynthesis can continue at a lower rate
during these periods, however it is significantly reduced during times of extreme
moisture stress because of stomatal conductance. Trees regulate photosynthesis and
transpiration through opening and closing stomata (stomatal conductance) to capture CO>
and release excess moisture for cooling (Cowan, 1978). Stomatal conductance follows
day length patterns, temperature, and atmospheric CO> concentrations to maximize
carbon stores for photosynthesis, while maintaining transpiration levels (Cowan and
Farquhar, 1977; Cowan, 1978; Givnish, 1988). A vapor pressure deficit causes to close
their stomata to conserve water and reduce tension within the xylem (Grossiord et al.,
2020). However, transpiration increases with increasing vapor pressure deficits, which
results in reduced soil moisture (Grossiord et al., 2020). The reduction in soil moisture
increases the amount of pressure needed to pull water from the soil into the roots and

through the xylem to the leaves (Meinzer, 1982). Cavitation occurs when there is
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significant increased pressure in the xylem, which causes air bubbles to be drawn through
the cell wall causing the blockage of water flow (Brodribb et al., 2020). Severe cavitation
from prolonged drought can lead to long term damage or even mortality because the only
way it is repaired is through regrowth of new xylem cells, which starts once moisture
levels return to normal (Brodribb et al., 2017). This post drought cell repair/recovery
period can take years to complete, leading to long term impacts on biological processes
including growth (Brodribb et al., 2020).

Drought stressed trees also have shown decreased xylem and leaf water potential, which
leads to a reduction in cell turgor and decreased capacity for transport sugars. Decreased
cell turgor limits cell wall growth and protein synthesis, which negatively impacts growth
(Fatichi et al., 2014). There are many interlinked tree characteristics that can lead to
drought induced cavitation, growth reductions, and mortality. Rooting depth, water
holding capacity, total root area, total canopy area, and leaf phenology are all physical
characteristics that define a trees species’ resilience to drought stress (Brodribb et al.,

2020). Growth rate has also been linked to drought resistance, resilience, and recovery.

White spruce — a drought sensitive species of high forestry value

White spruce grows naturally from coast to coast in northern temperate and boreal forests
of Canada and is important for reforestation (Burns and Honkala, 1990; Little, 2013).
White spruce has a long-standing history of tree improvement since the 1960s (Beaulieu
et al., 1997) including SE propagation since the 1980s (Dunstan et al., 1988; Hakman and
von Arnold, 1988; Kartha et al., 1988). The main trait of focus was growth (height,

diameter, volume) to support industry, however there was some interest in other traits



such as stem form (Place, 1951). White spruce is naturally found in mixed wood and
occasionally pure-stand forests that regenerated after forest fires (Nienstaedt and Zasada,
1990; Chen and Popadiouk, 2002). White spruce prefers soils with glacial, lacustrine,
marine, or alluvial origin, while growth reductions are visible under more xeric or hydric
soil conditions. White spruce grows optimally on sites that are well drained (Nienstaedt
and Zasada, 1990). White spruce does not tolerate N, P, K, and Ca nutrient deficiencies
(Wilde, 1966; Alban, 1982; Quesnel and Cété, 2009), with K being the most limiting
(Phu and Gagnon, 1975). The optimal soil pH range is 5.0 to 6.0. (Nienstaedt, 1957). It
can tolerate mean daily temperatures in January of -28°C to July mean daily temperatures
of 32°C, annual precipitation from 250mm to 1300mm, and growing season lengths from
20 to 160 days (Nienstaedt, 1957).

Recent studies suggest that white spruce is displaying symptoms of decline and stress
from climate warming and drying, especially along its southern range and in the drier
western part of its range (Chhin and Wang, 2008; Peng et al., 2011; Lu et al., 2019).
Hogg et al. (2017) linked recent drought conditions in western Canada with up to 40%
reductions in aboveground biomass growth in white spruce, while Barber et al. (2000)
had already detected over the 20™" century significant negative correlation between white
spruce tree growth in Alaska and warming and low precipitation. Looking to the future,
white spruce is predicted to shift its regional habitat further north, where temperatures
and precipitation are within its thresholds (Miyamoto et al., 2010; Lu et al., 2019; Sang et
al., 2019). Miyamoto et al. (2010) reports that warming temperatures in Western Canada
caused white spruce radial growth to decrease in the south and steadily increase with

latitude, supporting the notion that white spruce can no longer thrive in its southern
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regions, supporting the notion that white spruce can no longer thrive in its southern
regions. Similarly, Lu et al. (2019) found that white spruce mortality in southeastern
Ontario has increased, and height growth has decreased with recent warming
temperatures and increased moisture stress.

One of the key mechanisms for a tree to reduce cavitation and increase drought tolerance
is to have a robust and deep root system to reach deep ground water. White spruce is
known to have shallow root systems, which are typically found in the top 30cm of the
forest floor (Strong and Roi, 1983; Kalliokoski et al., 2008). A study of boreal forest tree
species by Strong and Roi (1983) found Jack Pine, Balsam Fir and Aspen were able to
access deeper ground water because they have more vertical roots in the forms of tap,
sinker, and oblique roots, compared to white spruce and black spruce. They also found
Jack Pine, Balsam Fir and Aspen were able to laterally root through deeper mineral soil
while white spruce and black spruce only laterally rooted through the organic layer. This
supports the notion that white spruce’s shallow root system limits its water availability,
which could make it more drought sensitive and more at risk for cavitation

(Zimmermann, 1983).

Understanding genetic variation of drought tolerance (resistance and recovery)

Drought resistance is the ability of a tree to maintain growth during a drought event
through resisting cavitation (Aubin et al., 2016). Drought recovery is a tree’s ability to
return to predrought growth rates due to the ability to reactivate water transportation
(Aubin et al., 2016) and repair xylem tissues (Brodribb et al., 2020). If drought tolerance

traits have wide genetic variation, then genetic improvement could be achieved through



tree breeding (White et al., 2009). Using tree-ring measurements to assess genetic
variation of drought tolerance traits has been a popular method for conifer species.
Housset et al. (2018) reported that white pine (Pinus strobus) provenances from 38 stands
grown in a common garden study displayed a wide range of genetic variation for drought
sensitivity in July and August, while George et al. (2016) found that 10 different
European larch (Larix decidua) provenances had statistically different responses to
drought resistance. White spruce has displayed similarly large variation in tree ring-width
measurements for drought resistance and recovery. Depardieu et al. (2020) reported 27-
year tree ring measurements, from 43 white spruce provenances, grown in a common
garden study and found individual tree narrow sense heritabilities ranging from 0.30-0.35
for drought resistance and recovery. This indicates that drought traits are heritable and
can be selected for and improved through breeding and selection for white spruce.
However, growth traits need to be improved as well to continuously increase forest
productivity. The question is, is it possible to improve drought tolerance traits without
compromising tree growth productivity?

Berdanier and Clark (2015) reports observations from 28,879 trees measured for growth
traits that experienced multiply drought events. Seventy-two percent of the trees that died
within 10 years of a drought event were not able to recover to predrought growth rates
and 64% of trees that died withing 10 years of a drought had lower than average growth
rates pre-drought indicating that slower growing trees are more susceptible to further
reductions in growth and mortality. Cailleret et al. (2017) also found that trees that died
from drought stress in 36 different trees species (consisting of angiosperms and

gymnosperms) displayed slower growth compared to surviving trees before the drought
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occurred, again indicating that faster growth trees are less impacted by drought. Lastly,
Camarero et al. (2015) reports that silver fir (Abies alba) and Scots pine (Pinus sylvestris)
trees in natural stands that died after a drought displayed reductions in growth one to
three decades before a drought event occurred, while surviving trees displayed higher
growth rates pre-drought event. These studies suggest that growth rate is related to
drought tolerance and that faster growth rates are positively correlated with higher
drought resistance in certain conifers, which suggest growth rate is linked with drought
tolerance and improving growth rate through tree improvement will also improve drought

tolerance traits.

Breeding white spruce specifically for high volume growth SE varieties

The ability to make large growth rate gains through tree improvement is because of the
broad range of genetic variation within the white spruce (Nienstadet, 1968). Many
breeding strategies have been designed and trialed for traditional tree improvement.
Traditional tree improvement using half-sib and full-sib families focuses on finding
families with high family means (White et al., 2009) and low variation to reduce the
amount of variability in performance when operationally deployed. These strategies have
been proven to increase white spruce genetic gains by 10-15% over unimproved trees per
generation (Beaulieu, 1996). However, varietal forestry in white spruce has been proven
to have higher genetic gains compared to selections made from full-sib and half-sib
families because all the genetics can be captured and replicated (additive and non-
additive). Weng et al. (2008) used volume measurements from half-sib, full-sib, and

varieties that all had the same parents to quantify the genetic variation and gains in
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nursery trees (ages 2, 4, and 6) and field trials (age 9). When they kept selection intensity
consistent across family types, varietal forestry consistently produced higher genetic
volume gains. This justifies the need for white spruce varietal forestry to increase forest
productivity; however, there is little literature on how to efficiently breed to produce
numerous, high gain varieties for selection. Having many varieties available for selection
from multiple families/parents is important for maintaining an effective population size
and diversity, while having high forest productivity (Weng et al., 2010). Varietal
breeding strategies for SE need to focus on producing multiple families for selection to
maintain an effective population size while finding high family mean and high variation
for desired traits to increase the probability of producing genotypes with the highest gain
possible. Weng et al. (2008) found that varietal white spruce families had more genetic
variation within full-sib families for growth traits at ages 4, 5, and 6 and insignificant
family effects suggesting little among family variation. Wahid et al. (2012) tested white
spruce seedlings for growth traits at one and two years old and found insignificant family
effects that explained little variation in growth performance in their mixed model, but
high variation among varieties. Dean (2008) also found non-significant family effects in
coastal Douglas-fir (Pseudotsuga menziesii). Even though the literature is limited, these
studies suggest that there should be more within family variation then among family
variation in a white spruce varietal population, which indicates that more varieties per

family should be tested and less families.

11



Thesis structure

This thesis comprised three full chapters and one appendixed chapter. Chapter one
consists of a general introduction and literature review laying the context for this thesis,
including fundamentals of tree breeding and quantitative genetics, the ecology of white
spruce and its use in tree improvement, tree vulnerability to drought and physiological
processes by which drought impacts tree health and growth. Chapter two analyzes the
effects of volume breeding values on drought resistance of white spruce progenies over
four consecutive drought years (2017-2020). Chapter two is written as a journal article
and is intended for submission to a peer reviewed journal. Chapter three is a general
discussion summarizing study limitations, logical next steps, and results implementation
of the thesis. Chapter A1l (Appendix A) quantifies the amount of within- and among-
family additive genetic variation to determine the optimal ratio of number of varieties per
family to breed and field test for maximizing genetic gains. This chapter is written as a
technical report, which is intended to be used by industrial companies, such as J.D.

Irving, Limited, for designing SE breeding strategies.

Research objectives

The purpose of this study was to increase understanding of varietal white spruce genetic
variation for volume growth productivity among and within families/varieties, and how

this variation in productivity relates to drought resistance. In chapter two | test if volume
breeding values could be used to predict drought vulnerability through tree-ring analysis.

In chapter Al | quantify the within and among family variation for volume growth to
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determine the optimal ratio of varieties to families that need to be field tested to
maximize genetic gains for growth traits.
The hypothesis was:
1. SE varieties with higher volume breeding values at age 15 will display higher
drought resistance (Chapter two).
2. SE families will display more within family variation than among family
variation, which will indicate that more varieties per family should be bred and

tested and fewer families (Chapter AL, Appendix A).

Study description

For this project, | quantified additive genetic variance (breeding values) using best linear
unbiased prediction (BLUP) mixed modeling for volume using a white spruce SE variety
test series. The series was established in 2000 with three sites in St. Leonard (northern),
Juniper (central), and Elgin (southern) New Brunswick. A subset of 16 varieties were
chosen, ranging from low to high volume breeding values, to be cored at all 3 sites. Using
the cores, full tree-ring widths were measured, converted to basal area increment, and
used to quantify growth response to droughts experienced from 2017-2020 using a
drought resistance ratio (Chapter 2). Historical temperature and precipitation data was
used to quantify drought severity using a standardized precipitation evapotranspiration
index (SPEI). Mixed models were used to determine the interaction of volume breeding
values with SPEI and impact of volume breeding values on drought resistance.

To determine the optimal ratio of varieties per family to test in a SE breeding program

and quantify the within family variation (Chapter 1A), | used all the variety breeding
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values from the BLUP model to calculate the coefficient of variation for each family and
plotted the coefficient against the number of varieties within that family. Fitting an
asymptotic regression line of best fit, maximum number of varieties per family was
quantified. Family mean breeding values were used to calculate coefficient of variation

for among family variation.
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Chapter 2: Selection for volume growth could improve drought

resistance in varietal white spruce (Picea glauca)

Abstract

Severe and frequent drought events can have a negative impact on tree growth and
survival. Improving drought resistance through tree breeding and selection could increase
drought resistance and help maintain productive forests under climate change. However,
it is not well understood if drought resistance is related to genetic volume growth, a
common trait assessed for improvement. Here, | assessed drought resistance in white
spruce (Picea glauca), a drought sensitive species, using 20-year-old white spruce
varietal test sites in New Brunswick, Canada that experienced four consecutive drought
years. Using a dendroecology approach, annual radial growth was used to compare
drought resistance to volume growth across sixteen varieties from four different families
representing a large range of volume breeding values. Trees displayed steady reductions
in growth up to 50% with consecutive droughts, although large variations were observed
which higher drought resistance in varieties with higher breeding values. These results
support the hypothesis that breeding and selection for volume growth could also improve

drought resistance.

Introduction

The demand for wood products is rising globally as the world population grows, with
projected increases of 60% in roundwood consumption from 2003 to 2030 (Food and

Agriculture Organization of the United Nations, 2003). This increase in demand puts
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significant pressure on the forest products industry to grow. Planted stands are proven to
be more productive than naturally regenerated stands (Morris et al., 2014). This increase
in productivity is due to planting robust seedlings (Thiffault, 2004), implementing
silviculture practices (Fox et al., 2007), and improving genetic growth traits such as
height, diameter, and volume through tree improvement (Weng, 2011). However, climate
change is threatening the viability of the entire reforestation value chain by increasing the
risk of drought-induced injuries and mortality events (Allen et al., 2010).

Drought is a function of temperature and precipitation. Mean summer temperature (June-
August) in Atlantic Canada has risen by 1.3°C between 1948 and 2016 and is projected to
rise by another 5.2°C by the end of the century under climate scenario RCP8.5, compared
to the mean summer temperature between 1986 and 2005 (Zhang et al., 2019).
Precipitation patterns in Atlantic Canada are projected to intensify with longer periods of
drought leading to a reduction in available soil moisture during the growing season
(Zhang et al., 2019). Such decreases in soil moisture, combined with increases in vapor
pressure deficit from warming, are projected to have an overall negative impact on
planted stand growth (Berdanier and Clark, 2018; D’Orangeville et al., 2018a). A vapor
pressure deficit causes trees to close their stomata to conserve water and reduce tension
within the xylem (Grossiord et al., 2020). However, transpiration increases with
increasing vapor pressure deficits, which results in reduced soil moisture (Grossiord et
al., 2020). The reduction in soil moisture increases the amount of pressure needed to pull
water from the soil into the roots and through the xylem to the leaves (Meinzer, 1982). In
the case of extreme or prolonged drought stress, it is possible for trees to experience

hydraulic failure and cavitation. Cavitation occurs when there is significant increased
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pressure in the xylem, which causes air bubbles to be drawn through the cell wall causing
the blockage of water flow (Brodribb et al., 2020). Severe cavitation from prolonged
drought can cause mortality. The vulnerability of trees to drought can be expressed as
drought resistance, defined here as the ability to maintain growth during a drought event
through superior tolerance to increasingly negative water potential, and drought recovery,
defined as a tree’s ability to return to pre-drought growth rates due to the ability to
reactivate transportation of water through the xylem for photosynthesis (Aubin et al.,
2016).

White spruce is a prominent species for reforestation across Canada (Stiell, 1976),
because it is a native species with fast growth and ideal wood properties for structural
lumber (Zhang and Koubaa, 2008; Shmulsky and Jones, 2011) and kraft pulp (Paperi Ja
Puu/Paper & Timber, 2007). White spruce has been genetically improved through
traditional tree improvement breeding strategies to increase the growth productivity and
stem form of planted stands since the 1960’s (Beaulieu et al., 1997). White spruce is
drought sensitive due to its shallow root system, which increases hydraulic pressure and
cavitation risk during times of low soil moisture availability and high temperatures (Gale
and Grigal, 1987; Sperry et al., 1994; Cahoon et al., 2018). White spruce in its southern
most regions, such as southern Ontario, Canada, is already experiencing these stressful
conditions, which is causing mortality and reduction in growth (Lu et al., 2019). This is
also occurring across Canada (Chhin and Wang, 2008; Peng et al., 2011; Sang et al.,
2019a). Drought conditions in western Canada have been found to reduce aboveground

biomass growth in white spruce by up to 40% (Hogg et al., 2017), and white spruce tree
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growth in Alaska displays significant negative correlation with warming and reductions
in summer precipitation (Barber et al., 2000).

Traditional tree improvement for seed orchard deployment is a long-term investment,
which takes approximately 20 years per generation for white spruce. With each
generation of new selections, the average genetic improvement of a selected trait for an
improved seed orchard is an incremental 10-15% over unimproved, wild seed (Beaulieu,
1996). Somatic embryogenesis (SE) propagation allows for selecting genotypes with the
highest gain over unimproved, wild seed. SE bypasses the time required to establish and
grow seed orchards, which increases tree improvement gains per unit of time and allows
all additive and non-additive genetic effects to be captured. Non-additive genetic effects
describe specific interactions between alleles that are under dominance or epistatic
control (White et al., 2009). These interactions are not heritable and therefore cannot be
passed on to progeny. Non-additive effects can be hard to partition from additive effects
and environmental noise. A structured testing design with a high number of varieties per
family is needed to partition non-additive effects in a best linear unbiased prediction
(BLUP) model (Shalizi et al., 2020). Testing SE varieties also increases the genetic signal
and accuracy of breeding values (Shalizi et al., 2020). It is crucial to improve drought
tolerance of white spruce faster than climate change projections to maintain highly
productive planted stands. However, to measure and select for drought tolerance in field
tests of SE varieties, they need to experience severe drought stress at a relatively young
age. Typical ages for growth trait selection are between 10-20 years for white spruce
(Merrill and Mohn, 1985), which is well correlated with performance at rotation age (Luo

and Thomas, 2021). Most drought tolerance measurements are derived from
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dendrochronology methods using tree cores (Barber et al., 2000; Rolland et al., 2000;
Driscoll, 2005), which is expensive and time consuming.

Both volume and drought tolerance have been proven to be under moderate genetic
control. In a study by Depardieu et al. (2020), drought resistance, resilience, recovery,
and relative resilience were found to be under moderate genetic control at the provenance
level with individual tree narrow sense heritabilities ranging from 0.30-0.35. Volume in
spruces has individual tree narrow sense heritabilities ranging from 0.20 — 0.30 (Wang et
al., 2018). Based on the results from Depardieu et al. (2020) and Wang et al. (2018), both
drought tolerance and stem volume performance can be increased at a population level
and superior drought tolerant genotypes could be found for SE mass production.
However, Sebastian-Azcona et al. (2018) found little variation in hydraulic related traits
among white spruce provenances from across Canada, which is contradictory to
Depardieu et al. (2020) findings.

Growth traits need to be improved as well to continuously increase forest productivity.
Berdanier and Clark (2016), Cailleret et al. (2017), and Camarero et al. (2015) found
trees of varying conifer species that died by moisture stress had a lower-than-average
growth rate pre-drought and trees that survived displayed faster growth rates pre-drought.
These studies indicate that faster growth rates are positively correlated with higher
drought resistance in certain conifers and suggest that forest productivity can be increased
while increasing drought resistance. Pichler and Oberhuber (2007) report slow growing
understory Scots pine trees (Pinus sylvestris L.) have a larger reduction in growth during
an extreme heat-wave compared to vigorous overstory Scots pine trees. In studies by

Meérian and Lebourgeois (2011) and Meyer and Bréker (2001), pure even-aged stands of
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Norway spruce were found to have no significant difference in drought tolerance in terms
of tree size. Based on these studies, there are differences in micro-environment or genetic
effects that are contributing to the drought tolerance of the individual trees.

In this study, 1 examined how white spruce SE varieties with a range of volume breeding
values, performed over a multi-year drought period between 2017-2020. Here, | take
advantage of the varietal test sites that experienced this exceptional multi-year drought to
assess if volume breeding values could be used to predict drought vulnerability through
tree-ring analysis. My objectives are to; 1) quantify genetic volume growth variation by
variety, 2) test the interacting effects of drought and genetic volume growth on basal area
increment, and 3) quantify the effects of genetic volume growth on annual drought
resistance. If volume breeding values are correlated with drought resistance, then both
traits could be improved efficiently by selecting for fast volume growth. If growth rate is
positively correlated with drought tolerance, then SE varieties selected for the fastest
growth would also have the highest drought tolerance. Based on the current evidence
that both volume and drought tolerance traits are under moderate genetic control and that
fast-growing trees display equal or better drought resistance compared to slow-growing
trees, | hypothesize that SE varieties with higher volume breeding values at age 15 will

display higher drought resistance.

Methods

Study sites and genetic material

This study took place at three locations in New Brunswick, Canada. The SLD site is

located 20km northeast of Saint Leonard, NB (figure 1) and displays well drained,
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medium textured, clay loam soils with high fertility/ white spruce productivity. Mean
summer (June-August) precipitation ranges from 269-336mm with temperatures ranging
from 16.3-17.6°C (table 1). The JPR site is located 15km east of Juniper, NB (figure 1)
and displays well drained, coarse textured, sandy loam to loam sandy soils with low to
moderate fertility/ white spruce productivity. The EGN site is located 10km north of
Elgin, NB (figure 1) and displays excessively drained, coarse textured, gravelly sandy
loam soils with low fertility/ white spruce productivity.

Table 1: Mean summer (June-August) precipitation (mm) and temperatures (°C) for pre-drought

conditions (1986-2016) and individual drought years (2017-2020).

30 Years Pre- Drought Drought Years
1986-2016 2017 2018 2019 2020
Cumulative Cumulative Cumulative Cumulative Cumulative
. . Temperature . Temperature . Temperature . Temperature . Temperature
Site  [Precipitation o Precipitation o Precipitation o Precipitation o Precipitation o
(°0) (°0) (°0) (°0) (°0)

(mm) (mm) (mm) (mm) (mm)
EGN 269 17.6 256 17.6 331 18.4 361 16.8 142 17.4
JPR 314 17.1 214 17.0 316 18.0 215 17.6 181 19.0
SLD 336 16.3 233 16.2 297 17.4 226 15.8 164 17.1

One-year old containerized seedlings of white spruce varieties were used to establish the
single-tree plot test sites. The sites were established by J. D. Irving, Ltd in 2000 with a
randomized complete block design with 10 replicate blocks per site. The sites were
mechanically site prepared by chaining twice in 1999 and planted at 2-meter by 2-meter
spacing. Varieties were produced through somatic embryogenesis propagation methods
(see (Adams et al., 1994)). Somatic embryos were propagated in a laboratory setting and
grown in greenhouses in Sussex, New Brunswick by J. D. Irving, Ltd. Overall, 317 1°
generation varieties from 25 full-sib families ranging from 1-53 varieties per family were

tested, for a maximum of 3170 test trees per site. The test design was unbalanced due to
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the uneven number of varieties per family.

e High : 1894.6
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Figure 1: Study area of 3 sites located in New Brunswick, Canada. Colour gradient represents annual

growing degree days with a base temperature of 5°C (Furze, 2018).

Genetic analysis of volume (m?)

In the fall of 2015, height, and diameter at breast height (DBH, 1.3m above ground) of all
15-yr-old trees/varieties was measured from all three sites. Tree volume was calculated
using Honer’s volume equation for white spruce to account for stem taper (Honer, 1967).
The equation was derived from 2692 measured trees with heights ranging from 5-30m
and diameters at bread height ranging from 2-74cm. Volume was chosen because of its
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importance for industry. Multi-environment analysis was carried out for volume using
traditional pedigree-based, individual-tree, BLUP analysis using ASRemlI-R version
4.1.0.160 in R version 3.6.0 (Butler et al., 2018; R Core Team, 2021) to calculate
individual variety breeding values and narrow sense heritabilities. Models were compared
using Akaike information criterion (AIC) and the loglikelihood ratio test (LRT) (Isik et
al., 2017). Family effects and non-additive genetic variance were not significant and were
dropped from the model (tables 2&3). These effects were most likely not significant
because of the low number of varieties per family and unstructured mating design
(Shalizi et al., 2020). Variance structures were tested to increase accuracy of breeding
value predictions across sites (Isik et al., 2017) (table 2&3). Heterogeneous variances for
each site and heterogenous correlations between sites (CORGH) was the best fitting
variance structure for variety (additive genetic variance). Heterogenous variances (Block
Diagonal) for each site was used for the residuals. Residuals fit all assumptions of
normality.

The general model was:

Model 1 General Model: Yijym = w+A;+NA;+ Fp+ Sp+ Sk(Bj) + eijim

Where Y;jgmn: is 1" tree observation of the i Variety within the ™ family, recorded in the
i'" block within the " site. u is the overall mean, A ; (additive genetic variance), NA ;
(non-additive genetic variance), F,, (family) and S, (B;) (block within site) are random

and Sy (site) is fixed. e;jxnm, is the error term.
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The best fitted model used to predict breeding values was:
Model 9: Yijkl = u+A4;+S + B](Sk) + €ijki

Where Y;y, is " tree of the i"" variety recorded in the ;" block within the " site.  is the
overall mean, A ; (additive genetic variance) and B;(Sy) (block within site) are random
and Sy (site) is fixed. e; j is the random error term. Genetic correlation was derived
automatically from the ASRemlI-R output using model 6 for across site and model 9 for
between pairs of sites. The genetic correlation averaged 0.631 across sites (table 3, model
6), indicating some differences volume performance in among varieties on the three sites
due to genotype by environmental interactions (GXE).

Individual-tree narrow sense heritability (h?) was calculated for each site and across sites
using the variance components from the best fitting model (table 3, model 9) using the
following formula:

2
L—
2 2
oyt O €ijkl
Where o2 4, Is the additive genetic variance for each site or averaged across sites and
O-Zeijkl is the residual error for each site or the average across sites after accounting for
block effects (table 3, model 9). 024, + Gzeijkz is the total phenotypic variance.

Accuracies of breeding values was calculated using the following formula:

V2
Accuracy % = 1- <T> * 100
o A;
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Where V is the volume breeding value standard error of a variety and o2 4, Is the average

additive genetic variance across sites.

Table 2: Individual-tree model fitting for varietal volume breeding values and individual-tree narrow

sense heritability

Random Effects with Variance Structure Model Fitting
. ) LRT Chi-
Model Fit Residual . LRT Model
o Sk(By) A Na; Fn u LogLik  AIC Parameters . square (o
Description Error Comparison
=0.05)
! 1D 1D 1D 1D o | -6202 12414 5
(General)
2 1D 1D 1D o | -6203 12414 4 Model1& 1)
Model 2
3 1D 1D D | -6204 12414 3 Model 2& ) 15a7q
Model 3
4 1D 1D BD | -5827 11665 5 Model 3& _, ». 16
Model 4
5 BD 1D BD | -5821 11655 7 Model4& 1 150471
Model 5
7 1D BD BD | -5677 11369 7 Model4& ;oo 16
Model 7
8 IID  CORUH BD | -s582 11180 8 Model 7& = _, oo 16
Model 8
9 Model 9&
_ ID CORGH BD | -5579 11178 10 0.02147
(Best Fit) - Model 8

Model fitting and testing to reach besting fitting model (model 9) and determine genotype by environment interactions (symmetry

model 6). 11D is the identity matrix with one variance for all sites. BD is block diagonal with heterogeneous variances for each site.

CORYV is one genetic correlation across sites with one genetic variance across sites. CORUH is one genetic correlation across sites

with heterogenous genetic variances for each site. CORGH is different genetic correlations between pairs of sites with heterogenous

genetic variances for each site (Isik et al., 2017).

A ; = additive genetic variance effect

NA ;= non-additive genetic variance effect

F,,= family effect

Sk (B;)= block within site effect
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Tree core collection and processing

In September and October 2020, wood core samples were collected from trees from
sixteen varieties from four different families representing the full range of volume
breeding values. A subset of wood cores was taken due to time constraints. Specifically, |
collected one core per tree at one meter above ground for six trees per variety at each site,
avoiding trees with multiple stems, for a total of 288 samples. One meter was used to
capture more tree rings due to of the relatively young age of the trees. Cores were
mounted in wooden mounts within 24 hours of collection, air-dried, smoothed with a
microtome, sanded with 400 grit sandpaper, and scanned at 6x magnification using a
stereomicroscope coupled with a high-resolution camera. Annual tree growth ring widths
were dated and measured using CooRecorder (Larsson and Larsson, 2020). For cores that
didn’t include the pith, CooRecorder (Larsson and Larsson, 2020) was used to estimate
distance to the pith. The dating of cores was cross validated using cores within sites using
CDendro tree ring analysis software (Larsson and Larsson, 2020). Intra-site correlations
were SLD —0.68, JPR — 0.72, and EGN — 0.76. Six cores could not be validated with
confidence and were discarded. This left six varieties with only five cores each. Full ring
widths were converted to basal area increment (BAI, mm?year) using dpIR version 1.7.2

package (Bunn et al., 2021) in R version 3.6.0 (R Core Team, 2021).

Climate data

Monthly minimum, maximum, and average temperature, and monthly precipitation data

were obtained at weather stations located as close as possible to each site (within 80km).
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The Standardized Precipitation-Evapotranspiration Index (SPEI) was used to estimate
historical droughts at each study site (Vicente-Serrano et al., 2010). SPEI estimates water
availability from both precipitation and potential evapotranspiration (PET) and converts
it to standard deviations from the historical mean, where negative values indicate low
water anomalies. Monthly PET at each site was calculated from mean maximum monthly
temperature, mean monthly temperature and solar radiation based on latitude using the
Hargreaves formula (Hargreaves, 1994). Three-month SPEI values were calculated for
the different months of the growing season (June to September) over 2013-2020, based
on a 1950-2020 reference period, using package SPEI version 1.7 (Vicente-Serrano et al.,
2010) in R version 3.6.0 (R Core Team, 2021). For instance, a three-month SPEI value
for July of 2012 calculates the low water anomaly over the three months leading to July
of 2012, i.e. May, June and July. To compare the drought resistance across varieties, |
first had to identify, which drought index was most related to the growth of trees. To do
so, | correlated each monthly SPEI index with annual tree growth (BAI) over 2013-2020
at both sites. August SPEI, encompassing low water anomalies over June, July, and
August, displayed the strongest correlations with the corresponding annual growth at
sites SLD (r = 0.22) and JPR (r = 0.26) (figure 2b), indicating better growth under wetter
conditions. Therefore, August SPEI was used in all further analyses. Lack of severe
drought at the EGN site compared to SLD and JPR led to poor correlation with any
drought indexes (r = -0.02, figure 2b). For these reasons the site EGN was excluded from
further analyses. Droughts were defined as SPEI values lower than one standard
deviation (Sustek et al., 2017; Kingston and Treadwell, 2020; Mood et al., 2021). | found

that droughts occurred at the JPR and SLD sites in 2017, 2019 and 2020 (figure 2a).
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Statistical analysis of drought response

| choose to fit separate models for the drought analysis because only a subset of varieties
was sampled. Analyzing drought response separately could change the scale of the results
because breeding values are predictions relative to the mean of the entire breeding
population. This analysis is intended to be applied to this specific breeding population.
To verify the hypotheses, | used two approaches predicting drought resistance from the
volume breeding value of each variety, similar to Vernon et. al (2018), using mixed
modelling in the nlme version 3.1-152 R package (Pinheiro et al., 2021) under maximum

likelihood.

Growth-drought interaction

The objective of the first modeling approach was to test if drought effects on growth
(estimated with SPEI) varied according to genetic volume growth rate (volume breeding
value) over the 2013-2020 period which included drought and non-drought years.
Significant interactions between SPEI and volume breeding value would support this
hypothesis. Growth (BAI) was log-transformed to improve normality and
homoscedasticity of the residuals. The previous year’s BAI (Auto — correlation,,_4)
was added to account for temporal autocorrelation of tree rings from the same tree over
multiple years and was checked with auto-correlation function (ACF) plots (Pinheiro and
Bates, 2000). AIC and LRT were used to determine the best fitting model (Pinheiro &
Bates, 2000) (Appendix B). Residuals met all assumptions of normality. Significance was

determined at a=0.05.
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The final fitted model was defined as:

Yijklmz |J-+Vi+Mm+Vi*Mm+Dm +Am—1 +Sk+ Sk(Bj)+eijklm

Where Y is the log-transformed basal area increment of the " tree having the ™"
volume breeding value recorded in the j block within the (" site of the n'" year. p is the
overall mean., V ;(volume breeding value), M,, (august SPEI), V ; *x M,,, interacation,
D,, (DBH), A,,_;(auto-correlation), S, (site) are continuous fixed effects.

Sk (B;) (block within site) is random effect. e; ;. is the error term.

Multi-year drought effects

A second modeling method was developed to focus specifically on the drought resistance
during the period of consecutive drought (2017-2020). Annual models were fitted
separately to quantify the effect of volume breeding value on the annual drought
resistance. | quantified drought resistance following Lloret et al. (2011), where drought
resistance is calculated as the ratio of growth during drought overgrowth prior to drought.
Higher values indicate higher resistance, defined here as the ability for a tree to maintain
its growth during a drought. The average growth rate from 2013 to 2016 was used for the
pre-drought years, as no drought was recorded during that period (figure 2). Calculating
drought resistance for each year allowed for quantification of lingering effects of
consecutive years of drought stress. Model fitting was conducted using volume breeding
value as a fixed effect and site and block within site as a random effect. AIC and LRT

were used to determine the best fitting model (Appendix C). Block was not significant in
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any model and was dropped. Site was a significant effect only in 2018 and was left in
models for 2017, 2019, and 2020 to remain consistent. Residuals met all assumptions of

normality. Significance was determined at a=0.05. The final model fit was:

Y= u+Se+V i+ e

Where Yj, is the drought resistance of the | tree of the i'" volume breeding value
recorded in the (" site. p is the overall mean. S, (site) and V ; (volume breeding value)

are continuous fixed effects. e; j is the random error term.

Results

Volume breeding values and heritabilities

Site EGN (southern site) displayed the lowest amount of additive genetic variation while
site SLD (northern site) had six times more variation (table 3, model 9). This difference
in variation follows the differences in site productivity, with higher variation at more
productive sites. Individual tree narrow sense heritabilities for all sites indicated low to
moderate genetic control for volume (table 3). Genetic correlations between sites
indicated low GXE interactions (table 3). Even though the non-additive effect was not
significant according to the AIC and LRT, the non-additive variance was almost equal to
the additive variance in the general model (table 3, model 1). When the non-additive
effect was dropped, the additive variance increased (table 3, model 2&3) indicating that
removal of the non-additive effect could overestimate the additive genetic effects and

breeding values. However, choosing the more complex variance structures in model 9
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increased the individual tree narrow sense compared to the simpler models (models 1-5)
heritabilities which means that more of the additive genetic variance can be portioned
from the other effects. The subset of trees selected for the analysis of drought resistance
displayed large volume breeding values ranging from 0.014 to 0.045 m® with a maximum

standard error of 0.0025 and minimum accuracy of 96.6% (Appendix D).

Tree growth and drought events

All trees remained free-to-grow until approximately 2013-2016, where growth plateaued
with tree canopy started to close due to high density spacing (2-meter by 2-meter). This
trend was most obvious at the more productive SLD site (figure 2a). Pre-drought years
2013-2016 displayed average summer precipitation across all sites (EGN: 308mm, JPR:
354mm, SLD: 365mm), average summer temperatures of 17+£1°C, SPEI values ranging
from -0.70 to 2.04, and mean BAI of 1017mm?2+525 SE across sites. Years 2017 to 2020
displayed normal to extremely dry conditions with average summer precipitation ranging
from 142mm to 360mm, average summer temperatures ranging from 15-19°C (table 1),
and SPEI ranging from -0.22 to -2.77. By 2019 mean BAI had declined by 50% to
587+360mm?. In 2020 there was a rebound in growth across all volume breeding values
(mean BAI = 701mm?+494 SE) with higher volume breeding values having a larger

rebound (figure 2a).
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Figure 2: a) Time series of study period from 2013 to 2020 displaying mean BAI by volume breeding

value (BV) and August SPEI for each site EGN, JPR, and SLD. The grey box from 2017 to 2020

indicates the drought years with the dash line indicating drought years lower than -1.0 SPEI. The

white area from 2013-2016 is the pre-drought period. b) The relationship between August SPEI and

individual tree BAI over the 2013-2020 study period. Blue lines indicate the r correlation between

August SPEI and individual tree BAI (mm?).
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Growth sensitivity to variation in atmospheric water balance (2013-2020)

The index of climatic moisture, expressed here as the August SPEI value, had a significant,
positive effect on tree growth over the 2013-2020 period (P<0.0001). Volume breeding
value also had a significant, positive effect (P<0.0001; table 4). However, | did not detect
a significant interaction between the two (p =0.13, table 4). The lack of significance
suggested similar growth response to climate moisture across tree productivity levels
during drought and non-drought years. However, | do note a non-significant trend for
varieties with higher breeding values to display a lower decline in growth during years of

low moisture (figure 3).

Table 4: BAI response model components from growth sensitivity to atmospheric water balance

model.
Model Mean Denominator
Component (SE) DF t-ratio  p-value
Intercept 12.291 (1.898) 1479 6.476  <0.0001
August SPEI 0.0369 (0.009) 1479 4276  <0.0001
Breeding Value 0.00214 (0.000495) 1479 4332  <0.0001
Tree size 0.000978 (0.000226) 1479 4,327  <0.0001
Previous-year BAI 0.850 (0.0195) 1479 43.602 <0.0001
Site -0.0472 (0.00741) 18 -6.375  <0.0001
August SPEI - Breeding
Value Interaction -0.000455 (0.000302) 1479 -1.507 0.1321
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Figure 3: Predicted BAI values for variety volume breeding values (BV) across low to high SPEL.

Growth resistance to multi-year drought (2017-2020)

When | focused the analysis on the 2017-2020 drought period, | observed a steady
decline in the average drought resistance during the first three years of the drought period
across all varieties (2017-2019; figure 4). Controlling for site and block significant
effects, | report significantly higher drought resistance (P<0.05) with higher volume
breeding value during three out of the four years of drought (table 5). In 2020, the
different tree varieties displayed higher variability in their drought resistance, ranging
between 0.52 and 0.86 (figure 4). Varieties with higher volume breeding values
displayed larger increases in drought resistance up to +0.21 compared to 2019 (figure 4).
While varieties with smaller volume breeding values displayed moderate decreases in
resistance (figure 4). Correspondingly, volume breeding value had a stronger effect on

drought resistance in 2020 than in all three previous years of drought (table 5).
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Table 5: Fixed effects modelling results for annual drought resistance ratio models (2017-2020)

compared to SPEI of JPR and SLD sites.

Degrees SPEI  SPEI
Breeding Value of JFR  SLD

Year Model Mean (SE)  Freedom t-ratio  p-value
2017 0.00180 (0.002) 185 0.974 0332 -134 -1.33
2018 0.00612 (0.002) 185 3.337 0.001 -023 -0.64
2019 0.00405 (0.002) 185 2.053 0.0415 -1.64 -1.87
2020  0.01011 (0.002) 184 4805 <0.0001 -2.13 -2.77
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Figure 4: Resistance ratio values for volume breeding value (BV) over 4 consecutive years of drought

with the dotted line at 1.0 indicating maximum resistance potential.

Discussion

To maintain healthy, productive forests for environmental, social, and economic
purposes, it is essential to find drought resistant genotypes to withstand a warming and
drying climate. Drought resistance in white spruce has been proven to be under low to
moderate genetic control at the provenance level (Depardieu et al., 2020), and therefore

can be improved through traditional tree breeding. | investigated these findings further by
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analyzing specific varietal (genotype) genetic growth rate (volume breeding value) and
its relationship with drought resistance. Varietal forestry allows for high selection
intensity for desired traits such as growth rate, to maximize productivity per hectare of
managed land. However, there is the possibility that high selection intensity for fast
growing varieties may increase vulnerability to water stress in operational varietal stands.
My results confirm observations from earlier studies on the sensitivity of white spruce
growth to low moisture anomalies (Gagne et al., 2020; Sanchez-Pinillos et al., 2021).
This response was observed in the reduction in growth across all varieties in drought
years (SPEI > -1.0). However, varieties genetically selected for high volume growth
under normal conditions also maintained higher growth in times of low moisture
anomalies (SPEI > -1.0), which supports the hypothesis that genetic selection for high
volume growth could decrease white spruce drought sensitivity.

New Brunswick is a region that normally experiences high precipitation and low moisture
stress. Therefore, one-time drought anomalies are typically not severe enough to critically
impact tree growth. Multi-year droughts such as the one | studied are unigque
opportunities to assess drought response in areas with normally high precipitation. White
spruce is drought sensitive because of its shallow root system, which limits its ability to
reach deeper ground water (Kannenberg et al., 2019). Shallow root systems increase
hydraulic pressure tension and cavitation risk during times of low soil moisture
availability and high temperatures because it takes more force to pull moisture from the
soil (Gale and Grigal, 1987; Sperry et al., 1994; Cahoon et al., 2018). During prolonged
periods of drought stress, such as the four consecutive drought years in this study, these

attributes can lead to permanently decreased growth and early mortality (McDowell et
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al., 2011; Berdanier and Clark, 2016). All these factors make drought studies necessary
to fully understand the long-term impacts on growth and recovery.

It is well known that conifer species can experience lagged effects of environmental
stress, including drought (Anderegg et al., 2013; Kannenberg et al., 2019). Late season
droughts (August — September) do not give trees enough time to replenish carbon and
water stores before shutting down for winter dormancy. This limits resource availability
the following spring, which reduces the overall leaf out and stem growth the following
year (Bréda et al., 2006; D’Orangeville et al., 2018b). This is in line with my results,
where the breeding value effect on drought resistance the following year was proportional
to the drought severity (table 5).

In several conifer species, trees with fast growth rates prior to drought events survived
and recovered from the drought stress, while trees with slow growth rates succumbed to
the drought stress and died (Berdanier and Clark, 2016; Cailleret et al., 2017; Camarero
et al., 2015). The results confirm that white spruce varieties follow the same trend that
faster growth rates are more drought resistant. Some of the mechanisms that could
contribute to this result are 1) faster growing (high volume breeding value) varieties have
larger crowns and root systems that could better compete for limited resources compared
to slower growing varieties (Kloeppel et al., 1993; Martin-Benito et al., 2008). 2) Faster
growing varieties could also have access to more stored carbohydrates to use during
times of drought stress (Crone and Rapp, 2014). 3) Faster growing varieties have
different hydraulic properties, which reduce risk of cavitation (Sebastian-Azcona et al.,

2018).
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The large variation in resistance observed in 2020 could have been exacerbated by a large
white spruce masting event observed across New Brunswick in 2019. In white spruce,
large masting years are initiated by one to two consecutive warm summers combined
with low precipitation (Krebs et al., 2012; Roland et al., 2014), which correspond to the
weather conditions observed in 2017 and 2018 at both sites. Although not quantified, this
masting event was widely observed across New Brunswick and was estimated to be one
of the largest masting events in the last 10 years for white spruce. During masting years
resources are shifted from radial growth to reproduction (Crone and Rapp, 2014; Lucas-
Borja and Vacchiano, 2018), which could potentially explain why there was little
difference in radial growth between fast and slow growing varieties in 2019. While not
quantified, potential differences in masting intensity between varieties could have
amplified growth variations in 2020, which was also the most severe drought year of the
study period. | observe for that year the largest variations in drought resistance, ranging
from large increases for the top three varieties to steady declines in the two lowest
varieties. The amplitude of the 2020 response may have been exacerbated by legacy
effects from the 2019 masting year. Hacket-Pain et al. (2019) observed that Norway
spruce stands that experienced extreme masting years and cool summers had significant
reductions radical growth, suggesting that during adverse climatic conditions there is a
trade-off in resource allocation between masting and growth. This supports my findings
where adverse drought conditions compounded with extreme masting led to lowered
radical growth.

My analyses provide evidence to support the hypotheses that | can select for drought

tolerance through selection of fast-growing (high volume breeding value) white spruce
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genotypes, even at a young age planted at a high density. The changes in drought
resistance over the study period highlight the importance of studying multi-year drought
events, especially in the wet, eastern Canadian forest. There are many studies on white
spruce looking at single-year drought events (Chen et al., 2017; Hogg et al., 2017; Sang
et al., 2019) but few studies on the compounding effects of sequential droughts (Mood et
al., 2021). Forest managers need to fully understand the growth response to prolonged
drought stress so they can accurately predict the long-term impact on forest productivity
and survival, especially for drought-sensitive species, such as white spruce. Planting
varieties with high volume breeding values and lower drought vulnerability mitigates
climate change risk and protects the long-term investment of a planted stand through
having higher drought resistance.

This study did have some limitations, which should be addressed in further research.
They include the use of single-tree plots, lack of tree-ring data post drought, lack of
quantification of masting years, unbalanced mating design, and limited tree core samples
taken. First, larger block plot studies could be utilized to understand long term realized
gains of drought resistance of varieties in single variety blocks. Such studies should
include silviculture treatments such as thinning, which would provide better
representation of final volume gains and drought resistance at time of harvest. Second,
drought recovery could not be quantified in this study due to the lack of tree-ring data
post drought. It is important to understand whether the fast-growing genotypes can return
to pre-drought growth rates and if so, the length of time it takes. Third, tracking and
quantifying masting years is needed to determine the compounding effects of masting and

drought on growth. A more balanced mating design using full-sibling crosses could allow
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for specific combining ability and non-additive variance to be quantified and selected for.
Lastly, due to time constraints, only a portion of the varieties had core samples taken. To
improve the statistical analysis, it is recommended that all varieties be cored in the future
so that drought variables can be fit into the genetic mixed model to allow for a single-step

modeling approach.

Conclusion

Overall, | found that volume breeding values in varietal data are good predictors for
drought vulnerability. This indicates that drought resistance could be improved through
the genetic improvement of volume growth in varietal white spruce. Additionally, these
findings support the use of varietal forestry for ensuring drought-resistant forests. In
years of high moisture availability, there will be a smaller difference in growth rates
between low and high breeding values. During period of low moisture availability
(drought years), high volume breeding value varieties will be able to maintain a higher
growth rate than low volume breeding value varieties. Sequential drought events is a
topic that needs further research to understand the full impact on growth and mortality

especially when compounded with other factors such as masting.
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Chapter 3: General discussion

Summary of results

This thesis quantified the genetic variation in a SE varietal test series in New Brunswick,
Canada. The variation was used to examine how the genetic effects on growth rate is
related to drought resistance and how to optimize a breeding strategy for producing the
highest volume gain SE varieties. Firstly, | examined the relationship between drought
resistance and growth rate during a period of consecutive drought years from 2017-2020.
Overall, these results confirm that drought resistance and genetic growth rate have a
positive relationship at the genotype level. Therefore, faster growing SE varieties
displayed higher drought resistance. Varieties with high volume growth still experienced
reductions in growth over the drought years, however, they were able to maintain more
growth compared to slower growing varieties.

Similar results have been found in other studies on white spruce and other conifers where
trees with fast growth rates prior to drought events are able to survive and recover from
drought stress while trees with slow growth rates succumbed to the drought stress and
died (Berdanier and Clark, 2015; Cailleret et al., 2017; Camarero et al., 2015). This could
be because dominant (high volume breeding value) varieties have larger crowns and root
systems that could outcompete suppressed (slower growing) varieties because they are
better able to capture moisture resources (Kloeppel et al., 1993; Martin-Benito et al.,
2008).

A large masting event was observed in 2019, which potentially caused an extreme drop in

volume growth and then a rebound in growth in 2020. In white spruce, large masting
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years follow 1 to 2 years of warm summer temperatures and low precipitation (Krebs et
al., 2012; Roland et al., 2014), which is in line with these results of drought years in 2017
and 2018. Masting years cause trees to shift resource allocation from radial growth to
reproduction (Crone and Rapp, 2014; Lucas-Borja and Vacchiano, 2018), which could
potentially explain why there was little difference in radial growth between fast and slow
growing varieties in 2019. The lack of masting in 2020 could be due to the depletion of
non-structural carbohydrates from the large 2019 masting year, as reported by Crone et
al. (2009) and Crone and Rapp (2014), which also explains the sharp increase in
growth/drought resistance in 2020.

Secondly, | used the quantified genetic results to compare within- and among-family
variation to determine the optimal number of varieties per family and number of families
to test for a varietal/SE breeding strategy. | used a coefficient of variation (CV) of
volume breeding values to determine the range of breeding values within-family and
found that CV stabilized after four varieties/family were tested. However, to compare
among family variation, | used standard errors and CV for family volume breeding values
produced from a separate family model. | found that twenty varieties per family needed
to be tested to accurately predict family volume breeding values. Among family variation
was lower than within family variation because the CV of the family breeding values was
less than the within family CV range and the family effect in the individual tree model
was insignificant. Overall, these results confirm other results in the literature Weng et al.
(2008) and Wahid et al. (2012) that in white spruce there is more within family variation

than among family variation.
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From these results, a two-step breeding strategy is recommended to maximize genetic
volume gains in a SE breeding program. Step one is to breed and test twenty varieties per
family to capture family CV and mean, and as many families/parents as possible. After
testing is completed, step two is to identify families with high CV and high family means
and breed and test as many varieties from desirable families as possible. These families
are more likely to produce varieties in the top percentile of performance because of their
high CV and family mean, therefore initiating as many varieties as possible increases the
number of selections that can be made for deployment. Based on these drought results,
these selected varieties will be highly drought resistant. Therefore, SE programs are ideal
for industry so they can achieve highly productivity forests that are resistant to more

frequent and severe droughts due to climate change.

Limitations and future research

| had the benefit of using established, mature varietal test data for my studies. However,
using established data for a different purpose then it was intended can lead to some
limitations. The test site data used for chapter two and three had single tree plots, which
is ideal for BLUPs, however it makes it harder to calculate actual realized gains. Larger
block plots experience are more similar to a pure varietal stand and can include typical
silviculture treatments, such as commercial thinning, to be comparable to a pure variety
planted stand (st. Clair et al., 2004; Weng et al., 2008b; Weng, 2011). Future research
should include a large block plot realized gain study to measure drought and volume

performance on pure-variety blocks.
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In chapter two, a subset of families was sampled for tree-ring/drought analysis due to
time constraints. This led to using a two-step statistical analysis where breeding values
from the BLUP model was fitted into the drought models. Using a subset of cores and
analyzing the data in two steps could change the scale of the results because breeding
values are predictions relative to the mean of the entire breeding population. This limits
the results to this breeding population only. In future studies, it is recommended that all
varieties have core samples so that drought response can be fit into the BLUP model as
an effect, eliminating the need for the second modelling step.

The results of chapter two also uncovered the significant effects that masting has on tree
growth in white spruce. Unfortunately, masting data was not quantified to analyze
alongside the tree-rings/drought response. Consequently, expectations were drawn from
personal observations and communication records with other forestry professionals.
Because of the significant impact on growth in 2019, it is suggested that further research
analyze the relationship between masting, growth rate, and drought. Additional research
should 1) explore a trade-off in the level of masting verses the growth rate of varieties, 2)
describe drought intensity verses masting level, 3) determine if more frequent/intense
drought periods will induce more masting events, and 4) explore masting impacts to
overall forest productivity.

In chapter A1, | used a BLUP model and CV to build a breeding strategy specifically for
varietal forestry. This strategy focused on a breeding strategy for additive genetic
variation because non-additive variation (dominance and epistasis) was not significant in
the model. Non-additive variation is important for a varietal program because it can only

be captured using tissue culture propagation (Adams et al., 1994; Park et al., 1994; White
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et al., 2009). There could also be some confounded CV results because of relatedness
among families. A future study should establish a test series with a structured mating
design, such as a partial diallel with equal number of varieties per family to confirm the

results found here.

Management implications

This thesis was intended as an applied research project that could be used in industry to
foster better forestry decisions. With the threat of climate change causing more frequent
and severe drought during the growing season (Zhang et al., 2019), forest managers in
Atlantic Canada need ensure their current forests and future forests will make it to
rotation age. The results in chapter two confirm that planting fast growing white spruce
varieties is a solution for ensuring highly productive forests that are resistance to drought
stress. It is recommended that forestry companies utilize tissue culture propagation such
as SE, to improve their forest productivity as well as ensure planted stands make it to
rotation age.

The recommended breeding strategy in chapter A1 will benefit tree improvement
professionals working with industry to utilize their resource efficiently while maximizing
volume gains. Since a tree improvement cycle for white spruce can take up to 20 years
(Beaulieu, 1996), it is important to decrease that time as well as increasing the probability
of breeding top percentile varieties for volume growth. Based on the results from chapter

two, this breeding strategy will also increase drought resistance in the selected varieties.
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Appendix A: Chapter Al - A breeding strategy for maximizing white

spruce (Picea glauca) genetic volume gains for varietal forestry

Abstract

Tree improvement is an essential part of improving forest productivity. Traditional tree
improvement for white spruce (Picea glauca) can increase genetic volume gains by 10-
15% per generation. Varietal forestry, through alternative propagation methods such as
somatic embryogenesis, can further increase genetic gains by increasing selection
intensity. Varietal breeding strategies need to produce families with high family means
and high variation, to increase the probability of producing multiple varieties with high
genetic volume gain. | quantified within and among family variation of individual tree
volume using three 15-year-old white spruce varietal test sites in New Brunswick,
Canada, to determine the optimal number of varieties and families to test for producing
multiple high genetic gain varieties for selection. These results suggest there was more
within family variation than among family variation, indicating that more varieties per
family and fewer families should be bred and tested. | recommend a two-step breeding
strategy for producing many high genetic gain varieties for selection and operational

deployment.
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Introduction

Roundwood consumption is projected to increase by 60% from 2003 to 2030 due to
global increases in population (Food and Agriculture Organization of the United Nations,
2003). Increasing forest productivity to produce more wood per hectare is a key driver in
keeping up with increasing demand for wood products. The forest industry plants robust
seedlings (Thiffault, 2004), implements silviculture practices (Fox et al., 2007), and
improves growth traits through tree improvement (Weng, 2011) to increase productivity
of planted stands.

In Canada, white spruce is a prominent species for reforestation (Stiell, 1976) because it
is a native species with fast growth and ideal wood properties for structural lumber
(Zhang and Koubaa, 2008; Shmulsky and Jones, 2011) and kraft pulp (Paperi Ja
Puu/Paper & Timber, 2007). White spruce has been genetically improved through
traditional tree improvement breeding strategies to increase the growth productivity and
stem form of planted stands since the 1960s (Beaulieu et al., 1997). The goal of
traditional tree improvement is to harness a species’ natural genetic variability
(Nienstadet, 1968) to increase the population mean of a specific trait from one generation
to the next (Falconer and Mackay, 1996). Breeding, testing, and selecting progeny takes
anywhere from 5-30 years depending on the species (Isik, 2014) and white spruce on
average takes 20 years per generation (Beaulieu, 1996). Top performing selections from
each family in the breeding population are used to establish orchards for seed production.
Each seedlot is a mix of all the genotypes bred together in the orchard with an average
genetic gain value of all the contributing genotypes, compared to a wild stand checklot

(White et al., 2009). The benefit of traditional tree improvement/seed production is that
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all the genetic variation and diversity is passed on to the next generation, so at no point
are selections being inbred, and improvement can continue for many generations.

Tissue culture propagation is an alternative method to seed orchards and are a way to
target specific genotypes that are in the top percale of performance for a selected trait.
Somatic embryogenesis (SE) is a type of tissue culture propagation that has been used in
conifers, such as white spruce, to maximize growth traits for varietal forestry (Park et al.,
1993, 1994; Park, 2014). SE uses plant growth regulators to take a seed embryo, turn the
embryo into undifferentiated cells (callus), and multiply the callus into large number of
cells (Adams et al., 1994). Using plant hormones again, bulked callus cells are turned
into many genetically identical embryos (White et al., 2009). A single embryo multiplied
into many genetically identical embryos is called a variety (Park, 2014). The benefit of
propagating varieties through SE is that callus cells can be cryogenically preserved for
many years and thawed to produce more embryos as needed, essentially producing an
unlimited supply of embryos from a specific, high performing genotype (Adams et al.,
1994). This allows for top performing varieties to be selected from field tests, thawed in
cryogenic storage, and mass produced for instant production of desired genetic traits. SE
bypasses the time required to establish and grow seed orchards, which increases tree
improvement gains per unit of time. It also allows dominance and epistatic trait
improvements to be captured since these are genotype specific and cannot be readily
captured through traditional tree improvement/seed production (Adams et al., 1994; Park
et al., 1994; White et al., 2009). A structured breeding design, such as a diallel design, is
needed partition these effects in a best linear unbiased prediction (BLUP) model (White

et al., 2009). Testing SE varieties also increases the genetic signal when testing varieties
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across multiple environments, because of the increase in observations for a specific
variety. This increases the accuracy and precision of assessing genotype by environment
interactions (Isik et al., 2017). Typical ages for growth trait selection are between 10-20
years for white spruce (Merrill and Mohn, 1985), which is well correlated with
performance at rotation age (Luo and Thomas, 2021). Volume growth in spruces has
individual tree narrow sense heritabilities ranging from 0.20 — 0.30 (Wang et al., 2018).
Many breeding strategies have been designed and trialed for traditional tree improvement
with the focus of breeding half-sib and full-sib families, to find families with high family
means (White et al., 2009) and low variation to reduce the amount of variability in
performance when operationally deployed. Using half-sib and full-sib family breeding
strategies have consistently increases white spruce genetic gains by 10-15% over
unimproved trees per generation (Beaulieu, 1996). However, varietal forestry in white
spruce has proven to have higher genetic gains compared to selections made from full-sib
and half-sib families because all the genetics can be captured and replicated (additive and
non-additive), as well as the potential for high selection intensity. Weng et al. (2008)
demonstrated that volume growth of half-sib, full-sib, and varieties produced from the
same parents had different amounts of genetic variation and volume gains in nursery trees
(ages 2, 4, and 6) and field trials (age 9) and that the varieties consistently produced
higher genetic volume gains compared to half and full-sib families. This suggests that
white spruce varietal forestry is the best option for maximizing forest productivity,
however, there is little literature on how to efficiently breed to produce numerous
varieties for selection. Many varieties from multiple families/parents are needed to

maintain a high selection intensity while maintaining an effective population size and
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diversity (Weng et al., 2010). Varietal breeding strategies for SE need to focus on
producing multiple families for selection to maintain an effective population size while
breeding families with high family mean and high variation for desired traits to increase
the probability of producing genotypes with the highest gain possible. Weng et al. (2008)
quantified that varietal white spruce families had more genetic variation within full-sib
families for growth traits at ages 4, 5, and 6 because insignificant family effects when
modeling, suggested there was non-significant among family variation. Wabhid et al.
(2012) tested white spruce seedlings for growth traits at one and two years old and found
insignificant family effects that explained little variation in growth performance in their
mixed model, but high variation among varieties. Dean (2008) also found non-significant
family effects in coastal Douglas-fir (Pseudotsuga menziesii). These studies suggest that
there should be more within family variation then among family variation in a white
spruce varietal population which, indicates that a varietal breeding strategy should breed
more varieties per family should and less families.

In this study, | utilized a 15-year-old white spruce varietal test series containing three
sites to assess the among- and within-family additive genetic variation to determine what
is the optimal ratio of varieties per family to field test to maximize additive genetic gains.
Using this information, | provide a recommended breeding strategy that can support an
SE propagation program for varietal forestry. | hypothesize that there will be more
within-family variation then among-family variation, which means more varieties per

family should be field tested with fewer families overall.
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Methods

Study sites and genetic material

Refer to chapter two methods - study sites and genetic material.
Genetic analysis of volume (m?)

Individual tree model — within family variation

Refer to chapter two methods — genetic analysis of volume gain (m®) for model selection
methods. This model was used to quantify within family variation using coefficient of

variation (CV). CV for each family was calculated using the following formula:

O' .
CV% = (F“—’"”y) x 100
HUramily

Where ogqmiiy IS the standard deviation of volume breeding values within a family and
Hramiry 1S the mean of the volume breeding values within family.

The relationship between CV and number of varieties per family was compared and non-
linear regression lines applied. Logarithmic, quadradic, asymptotic, and Michaelis-
Menten non-linear regression methods were tested for best fit using AIC. Logarithmic,
quadradic, and Michaelis-Menten regression were fitted using the base stats R package
while the asymptotic regression was fitted using the drc package version 3.0-1 (Ritz et
al., 2015) in R version 3.6.0 (R Core Team, 2021). The asymptotic non-linear regression
curve fit best (figure 6). Predicted CV values were correlated with observed CV at 0.76

(Appendix E). Three families were omitted because they only contained one variety each.
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Family model — among family variation

The family effects were insignificant in the individual tree model. | fit a family model
separately using ASReml-R version 4.1.0.160 (Butler et al., 2018) in R version 3.6.0 (R
Core Team, 2021) to calculate family volume breeding values and family mean narrow
sense heritability. If a structured breeding design with a high number of varieties per
family had been used, family effects could have been more significant in the individual
tree model (Shalizi et al., 2020), which would eliminate the need to a separate family
model. Using a family model also confounds the additive and non-additive genetic effects
(White et al., 2009). However, since non-additive effects were not significant in the
individual tree model and therefore are assumed to be non-significant in the family
model. The best fit was determined using AIC and LRT (table 6) (lIsik et al., 2017).
Variance structures were tested to increase accuracy of breeding value predictions across
sites (Isik et al., 2017) (table 6&7). Heterogeneous variances for each site and
heterogenous correlations between sites was the best fitting variance structure (CORGH)
for the family effect. Heterogenous variances (Block Diagonal) for each site was used for
the residuals. Residuals fit all assumptions of normality. The fitted model used to predict
family breeding values was:

Yiemi = R+ Fn+ Se +Sk(B;) + €
Where Yy is 1" tree in the m™ family, recorded in the ™ block within the «™ site. p is the

overall mean, £, (family) and S, (B;) (block within site) are random and Sy (site) is

fixed. e;jxm, is the error term.
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Family means narrow sense heritability (h?) was calculated for each site and across sites
using the variance components from the predictive breeding values model using the
following formula:

2
O-Fm

h? =

O-ZFm + O-Zejkml
Where g2, is the additive family genetic variance and azejkml is the residual error for
each site or the average across sites after accounting for block effects (table 7). o5 +

02 ¢ m; 1 the overall phenotypic family variance.

Accuracies of breeding values was calculated using the following formula:

V2
Accuracy % = 1- <02 > * 100

Fm
Where V is the volume breeding value standard error of a family and o is the average

family genetic variance across sites.
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Table 6: Family model fitting for family volume breeding values and family means narrow sense

heritability
Random Effects with Variance Model Fitting
Model Fit Residual . LRT Model LRT Cht-
o Sk(B)) Fm LogLik  AIC  Parameters . square
Description Error Comparison
(0.= 0.05)
1
1D 1D nD | -6548 13102 3
(General)
2 1D 1D BD | -6007 12204 5 Model 1& e 16
Model 2
3 BD 1D BD | -6001 12195 7 Model 2& , 515508
Model 3
4 ID CORV BD | -5996 12004 6 --
5 1D BD BD | -5004 12001 7 Model 3& -, . 16
Model 5
Model 6&
6 ID CORUH BD | -5986 11988 8 ode 1.44E-05
Model 7
7 Model 7&
(Best Fi ID CORGH BD | -5983 11986 10 Mogelg 00168

Model fitting and testing to reach besting fitting model (model 7). 11D is the identity matrix with one error variance for all sites. BD is
block diagonal with heterogeneous error variances for each site. CORV is one genetic correlation across sites with one genetic
variance across sites. CORUH is one genetic correlation across sites with heterogenous genetic variances for each site. CORGH is
different genetic correlations between pairs of sites with heterogenous genetic variances for each site (Isik et al., 2017).

F,,= family effect
Sk (B;)= block within site effect
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The relationship between the standard error of the family breeding value and number of
varieties per family was compared using non-linear regression. Logarithmic, quadradic,
asymptotic, and Michaelis-Menten non-linear regression methods were tested for best fit
using AIC. Logarithmic, quadradic, and Michaelis-Menten regression was fitted using the
base stats package in R version 3.6.0 (R Core Team, 2021) while the asymptotic
regression was fitted using the drc package version 3.0-1 (Ritz et al., 2015) in R version
3.6.0 (R Core Team, 2021). The asymptotic non-linear regression curve fit best (figure 7).
Predicted standard errors were well correlated with observed CV at 0.99 (Appendix F).
CV was calculated across the family volume breeding values to assess the amount of

variation among families using the following formula:

[0}
CV% = <ﬂ) % 100

Hpop

Where ap,,, is the standard deviation of all family volume breeding values and pp,,, is

the mean of the family mean volume breeding values.
Results

Individual tree model - within family variation

Site EGN (southern site) displayed the lowest amount of additive genetic variation while
site SLD (northern site) had six times more variation (table 3). This difference in
variation follows the differences in site productivity. The higher the productivity, the
more variation. Family mean narrow sense heritabilities for all sites indicated low to
moderate genetic control for volume (table 3). Genetic correlations between site pairs and
across sites indicated low to moderate GXE (table 3). Variety breeding values ranged
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from 0.007 to 0.045 m* with a maximum standard error of 0.00357 and minimum
accuracy of 93.1%.

The amount of variation within families differed with the number of varieties per family
(figure 5&6). However, families with fewer than four varieties tested have a wider range
of CVs compared to families with more than four varieties tested. The asymptotic
regression line (figure 6) suggests that once four varieties per family are tested, CV will
peak at 21% and testing additional varieties will not significantly change the amount of
within family variation. Families with four or more varieties had CVs ranging from 15-

36% (figure 5).

2 2 2 3 3 4 4 4 4 6 11 12 17 19 20 20 27 29 30 41 53 # Varieties
D060 6% 5% 6% 17% 12% 26% 21% 18% 36% 21% 20% 18% 19% 21% 30% 21% 22% 22% 15% 16% 19% CV
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Figure 5: Distribution of volume breeding values within each family. The blue line is the mean
volume breeding value of the population. The red dots are the family mean volume breeding value.
The values across the top of the plot are the number of varieties in each family and the respective CV

for that family.
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Figure 6: The relationship between CV and the number of varieties per family. The black line is the

asymptotic regression line of best fit.

Family model - among family variation

Site EGN (southern site) displayed the lowest amount of additive genetic variation while
site SLD (northern site) had almost eight times more variation (table 7). This difference
in variation follows the differences in site productivity. The higher the productivity, the
more variation. Family mean narrow sense heritabilities for all sites indicated low
genetic variation for volume (table 7). The genetic correlations indicate moderate to high
GXE between pairs of sites (table 7). However, choosing the more complex model 7
increased the heritabilities and genetic correlations when compared to the simple model 1
(table 7). Family breeding values ranged from 0.015 to 0.030 m?, standard errors from
0.00068 to 0.0025, and accuracies ranging from 86.5% to 99.1%. The overall CV for the

family mean breeding values was 15.3%. The standard errors of family mean volume
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breeding values decreased in an asymptotic pattern as the number of varieties per family
tested increased (figure 7). Standard errors started to reach the y asymptote when
approximately twenty varieties per family were tested (figure 7). This suggests that to
have the highest confidence and lowest error rate of family mean volume breeding

values, a minimum of twenty varieties per family should be field tested.
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Figure 7: The relationship between the standard error of family volume (m?) breeding values and the

number of varieties tested per family. The line is the asymptotic regression line of best fit.

Overall, four varieties per family need to be tested to quantify within family variation
(CV). These CVs ranged from 15-36% suggesting a high amount of within family
variation. Among family variation was low compared to within family variation because
of the insignificant family effect in the individual tree model and the low CV of family
mean breeding values from the family model (15.3%). A minimum of twenty varieties

per family should be tested to precisely predict the family mean breeding value.
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Discussion

Tree improvement is an essential part of improving forest productivity. Tree
improvement for white spruce volume growth has been proven to successfully increase
genetic volume gains by 10-15% per generation, compared to unimproved trees
(Beaulieu, 1996). The ability to make these gains is because of the broad range of genetic
variation within white spruce (Nienstadet, 1968). Traditional tree improvement focuses
on finding families with high family means (White et al., 2009) and low CV to reduce the
amount of variation in performance when operationally deployed. Varietal breeding
strategies need to focus on high family mean and high CV to increase the probability of
producing multiple varieties with the highest gain possible. | explored how genetic
variation of SE varieties differ among and within families to develop a breeding strategy
specific to producing high performing genotypes. My results suggest that four varieties
per family need to be tested to precisely quantify within family variation and twenty
varieties per family need to be tested to precisely quantify among family variation.
Within family variation was ranged higher (CV = 15 to 36%) than among family
variation (CV=15%), which supports my hypothesis and the literature (Dean, 2008;
Weng et al., 2008; Wahid et al., 2012), that there is more within family variation than
among family variation.

To increase the probability of producing top percentile selections for a varietal forestry, I
recommend a two-step breeding strategy based on my findings. Step one is to breed and
test twenty varieties per family (to capture CV and family mean) and as many
families/crosses as operationally possible to determine, which families/crosses have a

high CV and high family mean. Once tests from step one reach a measurable age (age 5-
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10 for white spruce) then the first variety selections can be made, and it is then time to
move to the second step. In step two, families with high CV and family means are
targeted for more breeding to initiate and test as many varieties as possible. These
families have a higher probability of producing varieties in the top percentile of
performance and therefore increasing the number of probable selections for deployment.
This breeding strategy is a big opportunity for industry players that have a varietal
forestry program, because it maximizes financial, time, and other resources that limit how
much breeding and testing can be accomplished. Varietal forestry/SE propagation is
going to be a key component in maximizing forest productivity to keep up with
increasing global demand. This two-step strategy is a possible method to increasing these
gains.

| had the benefit of using real world data from established 15-year-old SE variety tests for
my analysis. However, there are some limitations. First, the tight spacing of the sites (2m
x 2m) could cause significant inter-tree competition, which leads to increased
environmental influence on the trees. When modelling, this environmental influence
increases environmental noise and decrease genetic (additive and non-additive) signal.
Age 10 measurements might produce slightly different results because of decreased
competition effects. Second, because there was no initial mating design for these trials,
there is some relatedness among families and unequal number of varieties were tested per
family making it difficult to partition family effects. This relatedness could cause some
confounded results when comparing CV among half-sib families. In future studies, a

balanced mating design such as a half diallel could be used in step one instead.
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Conclusion

In conclusion, there is more within family variation than among family variation in this
white spruce varietal population. At least four varieties per family need to be tested to
determine the amount of within family and twenty varieties per family to precisely
predict among family variation. Therefore, | recommend a two-step breeding strategy,
which focuses on finding families with high CV and high family means and then
producing many varieties from families that meet the criteria. This strategy will enable

industry to maximize their genetic gains and forest productivity through varietal forestry.
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Appendix B: Model fitting for growth-drought interaction testing

General Model:

Yijkmni = W+ V i+ M+ Vi* My + Dy + Ay + S + Sk(B;) + €ijiemni

Where Y;jximn is the basal area increment of the " tree of the i volume breeding value

recorded in the " block within the " site of the m™" year. p is the overall mean.,

V ;(volume breeding value), M,, (august SPEI), V' ; *

m interaction, D,,, (DBH), and

Ap -1 (auto-correlation). S (site) and S, (B;) (block within site) are random. e; jymn; is

the error term. The previous year’s BAI (Auto — correlation,,_,) was added to account

for temporal autocorrelation of tree rings from the same tree over multiple years and was

checked with auto-correlation function (ACF) plots (Pinheiro and Bates, 2000).

M odel Fitting
Model Fixed Effects Random Effects | LogLik AIC Dfig;ejn?f Ic_(?n-:p'\aﬂr?s((j)er: LR;I;XEh(i)—'(s)c;l)Jare
1 V.M,V =M, +D, +A,_, 5, + S5.(B;) | 928 -1838 1470 R
2 [t Mu Vs M, +4, 5.+ S(B;) | o190 1823 1480 M,\:gg;lf‘ 0.00003073
s@estril i TMm +V *M, +D,, +4,_, +5,5.(5) 932 -1846 1480 Mh:gg'ellf‘ 22616
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Appendix C: Modeling fitting for growth resistance to multi-year

drought (2017-2020)

General Model:

Yijiw = 0w+ V i+ S+ Se(B;) + ey

Where Y, is the drought resistance of the " tree of the i volume breeding value

recorded in the ;" block within the " site. p is the overall mean. V ;(volume breeding

value) is fixed. S, (site) and Si(B;) (block within site) are random. e, is the error

term.

2017 Model Fitting:

Fixed Random . Degrees of . LRT Chi-square
Model Effocts  Effects Loglik AIC freedom Model Comparison (a= 0.05)
1 V., Sg+5.(B) 30 -50 167
2V, S 30 -52 185 Model 1& Model 2 0.8632
3 V, _ 30 -54 186 Model 2& Model 3 0.6638
2018 Model Fitting:
Fixed Random ] Degrees of . LRT Chi-square
Model Effocts Effocts Loglik AIC freedom Model Comparison (0= 0.05)
1V, S, +5.(B;) 24  -38 167
2V, S 24 -40 185 Model 1& Model 2 0.5773
3 V; _ -14 35 186 Model 2& Model 3 2.20E-16
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2019 Model Fitting:

Fixed Random . Degrees of . LRT Chi-square
Model Loglik Al Model
ode Effects Effects ogt ¢ freedom odel Comparison (0=0.05)
1 VvV, 5.+ 5.(B;) 14 -18 167
2V, Sy 14 -20 185 Model 1& Model 2 0.9999
3 v, I 14 -22 186  Model 2& Model 3 0.9998
2020 Model Fitting:
Fixed Random . Degrees of . LRT Chi-square
Model Loglik AIC Model Comparison
Effects Effects gl freedom parl (0=0.05)
1V, Se +5.(8;) -13 37 166
2V, S -13 35 187 Model 1& Model 2 0.9999
3 v, I 13 33 185  Model 2& Model 3 0.7472
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Appendix D: Volume breeding values for the 16 varieties selected for

core sampling

Variety Volume (m®) Breeding Value (SE) Accuracy
30902 0.01449 (0.0237) 97.00%
30904 0.02479 (0.0235) 97.10%
30906 0.02072 (0.0225) 97.30%
30918 0.01772 (0.0245) 96.80%
32202 0.04501 (0.0243) 96.80%
32208 0.03485 (0.0246) 96.80%
32214 0.02329 (0.0253) 96.60%
32236 0.01559 (0.0244) 96.80%
32318 0.01910 (0.0241) 96.90%
32320 0.02867 (0.0251) 96.70%
32349 0.02122 (0.0232) 97.10%
32357 0.02901 (0.0230) 97.20%
32701 0.02997 (0.0246) 96.80%
32717 0.04039 (0.0236) 97.00%
32733 0.02622 (0.0249) 96.70%
32735 0.02155 (0.0238) 97.00%
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Appendix E: Individual tree analysis - predicted CV correlation with

observed CV using different non-linear regression models

Non-linear Correlation between observed and
Regression Type Formula AIC predicted CV

Logarithmic y=2.549l0g(x)+12.998 145.9 0.37

Asymptotic y=(-260.6203 + (21.42329-(-20.6203))(1-\exp(-x/0.6984)  132.6 0.76
Michaelis-Menton y=22.772*x/((1.392)+X) 143.2 0.50

Quadradic y=0.01004*x"2-0.55034*x+14.58896 148.3 0.35

91



Appendix F: Family analysis - predicted CV correlation with

observed CV using different non-linear regression models

Non-linear Correlation between observed and
Regression Type Formula AIC predicted stanard errors

Logarithmic y=-0.00047log(x)+0.0023 -369.7 0.97

Asymptotic y=(0.0028 + (0.00078-0.0027)(1-\exp(-x/4.25912) -387.9 0.99
Michaelis-Menton y=0.001103*x/((-0.576060)+Xx) -328.1 0.86

Quadradic y=0.0000012*x"2-0.000087*x+0.00209 -337.0 0.91
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